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Augmenting the Efficacy of a Polyvinyl Alcohol Selective Layer
Coated on Polyvinylidene Fluoride Support Membranes with
Kaolinite Introduction for Improved Pervaporation Dehydration
of Epichlorohydrin/Isopropanol/Water Ternary Systems
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Abstract: Composite membranes with a polyvinyl alcohol (PVA) selective layer composed of well-
dispersed hydrophilic kaolinite particles coated on a polyvinylidene fluoride (PVDF) support were
developed. They were applied to the pervaporation dehydration of the industrially important
epichlorohydrin (ECH)/isopropanol (IPA)/water ternary mixture. In comparison with raw kaolinite
(RK), hydrophilic kaolinite (HK) enhanced the mechanical properties, hydrophilicity, and thermal
stability of the PVA selective layer, as confirmed by universal testing, the contact angle, and TGA
analyses, respectively. The pervaporation results revealed that the addition of HK particles signifi-
cantly enhanced the separation factor (3-fold). Only a marginal reduction in flux was observed with
ECH/IPA/water, 50/30/20 (w/w %) at 40 ◦C. An HK particle concentration of 4 wt.% with respect to
PVA delivered the highest flux performance of 0.86 kg/m2h and achieved a separation factor of 116.
The PVA–kaolinite composite membrane exhibited pronounced resistance to the ECH-containing
feed, demonstrating a sustained flux and separation factor throughout an extended pervaporation
stability test lasting 250 h.

Keywords: mixed matrix membrane; kaolinite; exfoliation; hydrophilicity; epichlorohydrin; dehydration

1. Introduction

Epichlorohydrin (ECH) is a hazardous substance that contains chlorinated epoxy
moiety [1,2], and isopropanol (IPA) is commonly used as a solvent in the epoxy resin
manufacturing process. The water produced during synthesis forms an azeotropic ternary
mixture with ECH and IPA [3,4]. Therefore, recycling (mainly dehydrating) this hazardous
mixture is crucial for increasing product competitiveness in an environmentally friendly
manner. However, the distillation process uses a lot of energy to separate zeotropic mixtures.
The pervaporation process, on the other hand, due to its energy-efficient and ecologically
friendly nature has sparked a lot of interest in treating a number of azeotropic mixtures [5,6].
Apart from the utilization of the third component in the pervaporation process, the more
desirable component seeps preferentially from the liquid mixtures through a membrane [7],
and thus, separation can be achieved.

Polyvinyl alcohol (PVA) is a biocompatible membrane-forming material with abun-
dant hydroxyl functionalities in its linear aliphatic chains that can be easily crosslinked.
Therefore, to date, PVA is the most preferable polymer for making membranes for pervapo-
ration dehydration purposes [8–10]. However, owing to the inherent trade-off between flux
and selectivity in PVA-based membranes, it is clear that there is still room for improvement
in the performance of PVA membranes. Adopting nanomaterials as a filler in the PVA

Polymers 2024, 16, 835. https://doi.org/10.3390/polym16060835 https://www.mdpi.com/journal/polymers1
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matrix, e.g., metal–organic frameworks [8,11], graphene oxide [12], MXene [10], carbon
nitride [13], etc., has been investigated as a viable approach to simultaneously improve
the total flux and separation factor. The choice of nanomaterial for integration into the
PVA membrane is a critical consideration, as non-selective defects are likely to form in the
membrane matrix due to the lack of interaction between the PVA matrix and filler [8,14].

Kaolinite is a 1:1 type layered silicate mineral known for its high surface area and
interlayer spaces that offer the potential for improved membrane performance. One side of
the kaolinite mineral is covered with the hydroxyl group of Al2(OH)4 octahedral sheets,
and the other side is an oxygen atom of SiO4 tetrahedral sheets [15]. Due to the high
strength of hydrogen bonding in the layer, exfoliation of kaolinite is necessary to obtain
desirable properties for membrane application. The use of raw kaolinite generally results
in a lower surface area and larger size, thereby increasing the tendency to aggregate in
the polymer matrix. In this context, the exfoliation process, aimed at decomposing larger
aggregates into smaller sizes, represents a viable approach to enhance the applicability of
kaolinite in membrane applications. In this work, dimethyl sulfoxide is a polar molecule
used as an intercalating/delaminating agent [16]. Through this approach, the hydrophilic
properties of kaolinite can be improved by changing the Al/Si (aluminum to silicon) ratio in
the layer. Furthermore, as a result of exfoliation, a certain degree of amorphicity is induced,
imparting significant porosity to the kaolinite particles. Therefore, it can significantly
enhance their dispersion in the PVA matrix by forming hydrogen bonds and providing
smooth water transportation through the interlayer spacing. Moreover, the incorporation
of exfoliated kaolinite into the PVA matrix is anticipated to enhance the mechanical and
thermal properties, facilitating selective membrane transport and thereby contributing to
enhanced stability.

Therefore, in this study, we focused on the development of a novel composite perva-
poration membrane consisting of a PVA selective layer embedded with exfoliated kaolinite
coated on a PVDF support. The utilization of such membranes in conjunction with the
pervaporation technique offers an economically feasible and environmentally sustainable
approach for the separation of water, isopropanol (IPA), and epichlorohydrin (ECH) mix-
tures. Based on the authors’ comprehensive literature review, no existing reports have
been found detailing the application of exfoliated kaolinite within PVA membranes for the
pervaporation dehydration of ECH–IPA–water mixtures. This research further discusses
the preparation, characterization, and performance evaluation of the DMSO-exfoliated
kaolinite-embedded PVA membrane for ECH/IPA/water pervaporation dehydration. Us-
ing systematic analysis, we aimed to investigate the impact of kaolinite content and the
membrane structure on separation efficiency and flux. The findings of this study hold
the potential to contribute to the development of advanced pervaporation membranes for
the efficient and sustainable separation of challenging ECH/IPA/water mixtures, thus
addressing critical industrial needs.

2. Experimental Methods

2.1. Materials

PVA (97,000 kg/mol, degree of hydrolysis 99%) and glutaraldehyde (25 wt.%) were
procured from Alfa Aesar (Ward Hill, MA, USA). Kaolinite (quality level 100) and lithium
chloride (99.99%) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Dimethyl
sulfoxide (DMSO), hydrochloric acid (HCl, 36.0%), ECH (99.0%), and IPA were purchased
from Duksan Ltd. (Ansan, Republic of Korea). Details of the PVDF support preparation
and characterization are provided in our previous study [17].

2.2. Preparation of Hydrophilic Kaolinite (HK)

LiCl was dissolved in DMSO by sonication to obtain a final concentration of 1 M. In the
next step, 1 g of kaolinite particles were added to 40 mL of the LiCl (1 M) solution. Using an
ultrasonicator (Branson Sonifier 450, Brookfield, WI, USA) at the 20% duty cycle, sonication
was performed for 14 h at 80 ◦C. The HK colloidal solution was then centrifuged and
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washed successively with water and methanol. The obtained HK sediment was transferred
to a vacuum oven and dried at 80 ◦C for 1 day.

2.3. Preparation of the PVA/HK-PVDF Membrane

In a clean glass bottle, 10 g of PVA was added to 90 g of water, and the mixture was
subsequently transferred to an oven pre-set at 90 ◦C for one day. The mixture was then
cooled to room temperature. In separate bottles, the dried HK powder was dispersed in
water via sonication for 30 min. To obtain a coating solution with a final PVA content
of 5 wt.%, 50 mL of the HK dispersion was added to 50 mL of the PVA solution. The
HK concentration was varied from 2 to 15 wt.% with respect to PVA in the final solution
to obtain different HK/PVA membranes. To these solutions, one drop of concentrated
HCl and 0.25 g of glutaraldehyde was added, and the solution was stirred at 25 ◦C for
10 min. The different HK/PVA coating solutions were casted with an applicator (Bakers,
Orlando, FL, USA) of 100 μm wet casting thickness on the PVDF support. The HK/PVA-
PVDF membrane was dried in an oven at 30 ◦C (40% relative humidity (RH)) for one day.
Subsequently, it was cured in the same oven for 1 h at 80 ◦C. For characterization purposes,
free-standing films with 50 μm (confirmed on the thickness gauge (Mitutoyo, 2109S-10,
Kawasaki, Japan)) of RK/PVA and HK/PVA were prepared by casting the above solution
on a glass plate. Thereafter, a similar procedure was followed for curing.

2.4. Characterization Techniques for Kaolinite Particles and the PVA Membrane

Attenuated total reflection Fourier-transform infrared (ATR-FTIR) spectroscopy (Nico-
let iS10, Waltham, MA, USA) was employed to investigate the chemical composition
of the HK particles and kaolinite composite membranes. The samples were scanned
in the range of 600–4000 cm−1 with a resolution wavenumber of 2 cm−1, and the FTIR
spectra were recorded. The morphologies of the HK and RK particles and their PVA
composites were observed using field-emission scanning electron microscopy (FESEM
(VEGA-II LSU, TESCAN, Brno, Czech Republic). All the samples were gold-sputtered
to make the surface conductive before testing. X-ray photoelectron spectroscopy (XPS)
(Multi lab 2000, Shimadzu, Kyoto, Japan, and Kratos HP Thermo VG scientific, Oxford,
UK, with a 200 W Al Kα monochromatic X-ray source) was used to observe the elemental
composition of kaolinite and its core level chemistry. The crystalline nature of kaolinite
powder was confirmed using an X-ray diffractometer (D/Max 2500, Rigaku, Tokyo, Japan).
The surface area of the kaolinite particles was examined using a Brunauer–Emmett–Teller
(Brunauer–Emmett–Teller) instrument (Quanta chrome autosorb IQ, Houston, TX, USA). To
study their surface hydrophilicity, water contact angle measurements were performed on
the kaolinite composite membranes. The sessile droplet method was used and, according
to the shape of the water drops at the membrane surface (25 ◦C, 50% RH), the water contact
angle was accounted on the contact angle analyzer (Phoenix 150, Waco, TX, USA). Thermo-
gravimetric analysis (TGA) of different kaolinite–PVA composite membrane samples was
performed using a TGA 7 instrument (Perkin Elmer, Waltham, MA, USA). The mechanical
properties of the kaolinite–PVA composite membranes were determined using a universal
testing machine (AGX-X, Shimadzu, Japan) equipped with Trapezium X software.

2.5. Degree of Swelling

The membrane samples were cut into 2 cm × 2 cm pieces, dried at 25 ◦C for 5 h in a
vacuum oven, and weighed (Wd) using an electronic balance. Then, they were immersed in
50 mL of water, the ECH and IPA, and feed solution, and put in an oven at 40 ◦C. After
24 h of swelling, the cells were removed, gently blotted with tissue paper to remove the
residual mixture on the surfaces, and immediately weighed (Ws). The swelling degree (SD)
was calculated using Equation (1).

SD (%) =
Ws − Wd

Wd
× 100, (1)

where Ws and Wd are the masses of the swollen and dried membranes, respectively.
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2.6. Pervaporation Experiment Procedure

PV separation of the ECH/IPA/water mixture was performed at various mixing ratios
and feed temperatures (40–60 ◦C). The PV apparatus described in our earlier study [17] was
used to conduct the PV tests in the laboratory. With an effective area of 0.001943 m2, the
membrane was fitted to a stainless steel membrane cell with an effective area of 0.001943 m2.
A peristaltic pump (YZ1515x, Longer Pump, Tucson, AZ, USA) was used to pump the
feed mixture (70 mL/min) onto the membrane feed side. The pump was connected to
a thermostatic bath to regulate the temperature of the feed solution. A vacuum pump
(Super bee, USA; VOP-100, Vacuumer, Daegu, Republic of Korea) operating at a pres-
sure of less than 1 Torr was used to maintain a vacuum on the permeate side of the
membrane. The test was conducted under a vacuum for 5 h following saturation; the per-
meate sample was collected in traps that had been previously dipped in liquefied nitrogen.
Equations (2) and (3) were used to calculate the flux (J) and separation factor (α) with the
collected mixture. To improve accuracy, each membrane sample was tested three times, and
the average result with a standard deviation of less than two was reported. The separation
factor was determined using a gas chromatograph coupled with flame ionization detectors
(DS7200, DS Science, Hwaseong, South Korea).

J
Q

A × t
, (2)

where Q (g), (A m2), and t (h) are the mass of the solution-permeating solution, effective
membrane area, and time, respectively.

α =
Pw/(Pe + Pi)
Fw/Fe + Fi)

, (3)

where Pw, Pe, Pi, Fw, Fe, and Fi are the mass fractions of water, ECH, and IPA in the
permeated and feed solutions, respectively.

3. Results and Discussion

3.1. Characterization of RK and HK Particles

The exfoliation of kaolinite particles with DMSO was examined using FTIR spec-
troscopy (Figure 1a). The FTIR spectra for both the RK and HK (DMSO-treated kaolinite)
showed identical characteristic bands at 3685–3618 cm−1, which were attributed to the
stretching of the inner surfaces of the OH groups [18,19]. The peaks at 1112, 1024, and
996 cm−1 corresponded to the stretching vibrations of Si–O–Si in the layer of kaolinite.
Al–O–Si bending and Al–OH stretching vibrations were observed at 936, 909, and 791 cm−1

and 749 cm−1, respectively [16]. Additionally, owing to the weakening of the interlayer
H-bonds and formation of new H-bonds between the kaolinite inner surface OH groups
and the DMSO molecule, a new band appeared in the HK spectra at 3502 cm−1, suggesting
successful exfoliation of the kaolinite particles by DMSO.

XPS analysis was conducted for RK and HK, and the atomic concentrations of the RK
and HK particles are listed in Table 1. Upon DMSO exfoliation, the atomic concentrations
of oxygen, silicon, and aluminum components remained largely unchanged, suggesting
the preservation of the structural chemical composition of kaolinite. High-resolution O1s
spectra of HK and RK are shown in Figure 1b. Peaks of Al–O and Si–O at binding energies
of 531.85 and 532.25 eV, respectively, were observed in the RK spectra [20]. Notably, the
Al–O peak shifted to 532.03 eV upon exfoliation, which represents the weaker hydrogen
bonding interaction between the DMSO molecule and the OH groups of the Al2(OH)4
moieties in the octahedral structure. Furthermore, the Si/Al atomic ratio calculated from
the XPS data of RK (1.18) was lower than that of HK (1.16) [21]. This indicates that the
exfoliation of kaolinite particles changed the coordination number of Al and resulted in an
increase in the hydrophilic Al content of the kaolinite particles.

4



Polymers 2024, 16, 835

Figure 1. (a) FT-IR spectra, (b) O 1s XPS spectra, (c) XRD patterns, (d) BET analysis, and FESEM
images of (e) RK and (f) HK particles.

Table 1. Atomic percentages of elements based on the survey spectra of kaolinite particles following XPS.

Particle Type Elements Wt.% Atomic %

RK O 54.18 67.09
Al 20.71 15.21
Si 25.10 17.70

HK O 55.24 68.03
Al 20.24 14.78
Si 24.52 17.20

5
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XRD analyses of RK and HK were performed to identify changes due to exfoliation in
the crystal plane of the triclinic crystal system (Figure 1c). For both RK and HK, the XRD
curves exhibited diffraction peaks at 2θ = 12.34◦, 19.85◦, 20.35 and 21.24◦ and 24.89◦, 26.60◦
corresponding to the (001), (020), (110), (002), and (111) crystallographic planes of kaolinite
minerals, respectively [19]. The basal plane d-spacing (d001) at 2θ = 12.33◦ (calculated
from Bragg’s equation) was 0.72 nm in RK. DMSO intercalation and Li cation adsorption
with ultrasonic treatment reduced the H-bonding interactions between the alumina and
silica layers, resulting in kaolinite exfoliation. Therefore, all the diffraction peaks of HK
exhibited decreased intensity with peak broadening. Additionally, the basal plane spacing
HK expanded to 1.13 nm [21].

As materials characterized by a high surface-specific area and porosity are expected
to exhibit a relatively high N2 adsorption, the N2 adsorption–desorption isotherms of
RK and HK were obtained and are shown in Figure 1d. Type II isotherms of the IUPAC
classification system were observed for both RK and HK, suggesting that both particles
were either nonporous or had a macroporous aggregate [22]. Following DMSO-exfoliation,
the amount of N2 adsorption increased significantly with an increase in the BET surface
area from 92.44 to 255.88 m2/g, suggesting the porosity of exfoliated kaolinite increased
and more active sites for N2 adsorption were formed [23].

The morphologies of the RK and HK particles were examined using FESEM. The
FESEM micrographs of RK and HK (Figure 1e,f) show a pseudo-hexagonal morphology in
the micron range with a layered structure. The interlayer thickness of the HK particles was
significantly lower, and the particles were more loosely packed than those of RK, which is
consistent with the XRD results. The HK particles did not exfoliate into single-layer sheets.
Therefore, the spatial morphology of HK with pores and gaps is likely to be beneficial for
the pervaporation transportation of desirable components.

3.2. Characterization of Kaolinite–PVA Composite Membranes

The thermal characteristics of the PVA composite membranes provided significant in-
sights into the distribution of particles within the polymer matrix. Therefore, a TGA study of
PVA, HK/PVA, and RK/PVA membranes was performed (Figure 2a). All the membranes
exhibited three noticeable weight losses. The first weight degradation that occurred from ambi-
ent temperature to 180 ◦C was due to the loss of absorbed water in the hydroxyl groups of the
polymer matrix. However, the degradation that occurred between 190 and 480 ◦C was related
to the elimination of hydroxyl groups and the formation of polyene macromolecules [24,25].
This was evident in the second degradation step of the RK/PVA membrane at lower tempera-
tures compared with the PVA and HK/PVA membranes, owing to less interaction between
the PVA and RK particles. Therefore, it was evident that the interaction between HK and
PVA increased the thermal stability of the membrane. The third degradation step persisted
after 500 ◦C and was related to the degradation of the main backbone of the PVA polymer,
where both kaolinite composite membranes exhibited high weight loss that was ascribed to
the higher stability of the inorganic residue.

The FTIR spectra of PVA, HK/PVA, and RK/PVA exhibited peaks at 3650,
2950–2850 cm−1, 1450 and 1650 cm−1, and 1078 and 837 cm−1 that were ascribed to the
O–H stretching vibration of hydroxyl groups, CH2 asymmetric stretching, –CH bending
vibration, and C–O stretching and C–C stretching groups, respectively (Figure 2b) [10].
Compared with the RK/PVA membrane, the HK/PVA membrane exhibited two char-
acteristic changes owing to the interfacial interaction between HK and the PVA matrix.
The first characteristic peak of OH stretching at 3650 cm−1 and that of the second C–O
stretching at 1078 cm−1 exhibited an increase in the peak intensity with marginal peak
shifting. While this decreased in the RK/PVA membrane, a uniform distribution of HK
was observed for the PVA/HK composite. Stress–strain curves were obtained to examine
the mechanical properties of the membranes (Figure 2c and Table 2). Among the three
membranes, the HK/PVA membrane exhibited the highest ultimate tensile strength and
elongation. Furthermore, as expected, owing to poor filler–polymer matrix interactions,
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the RK/PVA membrane exhibited the lowest ultimate tensile strength and elongation [26].
As corroborated by FTIR and thermogravimetric analyses, the exfoliation of HK resulted in
distinct kaolinite layers, leading to an enhanced surface area and increased hydroxyl func-
tionality. Consequently, it provided superior interaction with the PVA matrix, showcasing
excellent compatibility and contributing to the augmented mechanical properties of the
membranes [27]. Conversely, RK, with a reduced surface area, tends to aggregate within
the matrix, resulting in inferior interfacial interactions and, consequently, lower mechanical
characteristics.

Figure 2. (a) TGA curves, (b) FT-IR spectra, and (c) stress–strain curves of PVA, PVA/HK 4 wt.%,
and PVA/RK 4 wt.% MMMs.

Table 2. Mechanical properties of the PVA, PVA/HK, and PVA/RK composite membranes.

Samples Tensile Strength (MPa) Elongation (%)

PVA 37.34 2.82
HK 4 wt.% 41.59 3.20
RK 4 wt.% 32.26 1.34

Surface and cross-sectional micrographs of the PVA and HK/PVA membranes were
obtained by FESEM (Figure 3). The PVA membranes exhibited a smooth morphology with
no surface defects. The HK-loaded membrane exhibited a marginally rough morphology;
however, it was evident that the particles were fully accommodated within the PVA matrix,
probably because of potential interactions facilitated by the elevated surface area and
increased hydroxyl moieties on the HK surface. This accommodation resulted in a defect-
free membrane surface. Figure 3(a2)–(c2) show that the PVA/PVDF and HK/PVA/PVDF
composite membranes exhibit defect-free, thin, selective PVA or HK/PVA layers well-
supported on the PVDF substrate. PVA and PVDF have strong interfacial adhesion, and no
delamination of the PVA selective layer (thickness 3–4 μm) was observed.

Figure 3. Cont.
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Figure 3. Surface (a1–c1) and cross-sectional (a2–c2) FESEM images of pristine PVA, PVA/HK 4 wt.%,
and PVA/HK 10 wt.% mixed matrix membranes.

3.3. Pervaporation Results

Agglomeration of the RK particles occurred because of their low surface area, re-
sulting in poor interfacial interactions with the PVA matrix, as illustrated in Figure 2.
Therefore, only the PVA/HK membrane was used for the PV tests. The PVA/HK mem-
brane was employed in the pervaporation dehydration of industrially valuable ternary
feed of ECH/IPA/water (Figure 4) at 40 ◦C. The HK particle was loaded from 0 to 15 wt.%
with respect to PVA polymer concentration. This resulted in an approximately 50% flux
decrease (1.18 to 0.58 kg/m2h), while a three-fold (63 to 155) increase in the separation
factor was observed up to an HK loading of 10 wt.%. Subsequently, the agglomeration of
HK particles within the membrane led to a deterioration in the pervaporation performance
observed at 15% HK loading. The swelling degree and contact angle were measured as
functions of HK loading on the membrane (Figure 4b,c). Both the SD and water contact
angles decreased with HK loading. The decreased water contact angle at the membrane
surface suggests an increase in membrane hydrophilicity. There are two possible reasons
for this as follows: first, the increased number of hydrophilic sites on the membrane surface,
and second, as observed from the FESEM analysis, the enhancement in surface roughness
due to the addition of inorganic particles to the membrane [9]. Figure 4b shows the effect
of the SD of water, ECH, and IPA as a function of the HK loading in the membrane. The
SD for water was substantially greater for all membranes than those for ECH and IPA,
indicating excellent water selectivity. In addition, for the 4 wt.% HK loading, the magnitude
of decrease in the SD of water was relatively less. This is reflected in Figure 4a, where the
separation factor was enhanced significantly by 4% HK loading. The addition of inorganic
particles that interact with the host matrix generally increases the rigidity of the membrane,
thereby reducing its free volume for pervaporation transportation [27,28]. This is because
the flux linearly decreases with HK particle loading. A similar observation was made in
the study by Wang et al., who used UiO-66 in the PVA matrix; the flux decreased with
an increase in the separation factor for butanol pervaporation dehydration, which was
attributed to the less hydrophilic nature of UiO-66 [28]. Furthermore, Raesi et al. explored
a titanate nanotube as a filler in a PVA matrix for the pervaporation of isopropanol and
water mixtures, and a reduction in flux with increasing separation factor was observed,
confirming that the observed phenomena were related to the enhancement in membrane
rigidity due to the PVA-Ti nanotube interaction [29]. However, upon comparing the mag-
nitudes of the flux reduction and enhancement in the separation factor, it is evident that
the hydrophilic modification of kaolinite effectively facilitates water permeation, demon-
strating an anti-trade-off phenomenon between the flux and separation factor. As HK has a
basal plane d-spacing of 0.72 nm and also has Al-OH, it enables the transit of the water
molecule by providing a smooth path through the membrane. However, ECH and IPA are
larger and less polar than water; therefore, they resist this movement of water.

8
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Figure 4. HK loading effect on (a) pervaporation separation performance, (b) swelling degree, and
(c) contact angle on PVA/HK MMM surfaces.

HK with a loading of 4 wt.% exhibited the highest PV performance. Hence, it was
chosen for further evaluation of PV performance under varying operating parameters.

The feed temperature was increased from 30 to 70 ◦C, and the PV test was performed
with ECH/IPA/water at a 50/30/20 (w/w, %) feed mixture composition. The flux in-
creased linearly with feed temperature, but a three-fold decrease in the separation factor
was observed (Figure 5a). Additionally, the decrease in the separation factor was more
pronounced between 30 and 40 ◦C; thereafter, it decreased linearly. The increase in flux
can be attributed to the enhanced driving force (vapor pressure) of the components. Fur-
thermore, the thermal agitation of the polymer chain enhances the free volume across the
PVA membrane, thereby increasing the rate at which permeating components are trans-
ported [8–10]. The sharp decrease in the separation factor between 30 and 40 ◦C suggested
that the membranes produced in this study were sensitive to the feed temperature. This is
because, as observed in the XRD study, the basal plane spacing (0.72 nm) in the HK sheet
was sufficient to enable the transportation of all three components without manifestation of
the sieving effect; however, spatially, the hydrophilicity of the membrane system resulted
in satisfactory separation performance. However, increasing the temperature increased the
vapor pressures of ECH, IPA, and water at the membrane boundary layer. This resulted
in the adsorption of ECH- and IPA-rich water molecules onto the membrane surfaces and
their subsequent diffusion through the expanded PVA chain. The temperature-dependent
flux of the PVA-based membranes was characterized using the Arrhenius equation [30,31].

Flux (Ji) = Ap × e−EP/RT , (4)

where Ji (kg m−2 h−1) is the flux of component i (ECH, IPA, water), and T (K), R (J mol−1 K−1),
Ap (kg m−2 h−1) and Ep (kJ mol−1) are the absolute temperatures, molar gas constant,
pre-exponential factor, and apparent energy of activation for permeation, respectively.

The apparent activation energies for the permeation of ECH, IPA, and water were
calculated from the slopes of the logarithmic plots of their individual fluxes as a function
of 1000 divided by the temperature. The EP values for ECH (45.79 kJ/mol) and IPA
(42.76 kJ/mol) were higher than that of water (24.34 kJ/mol), as depicted in Figure 5b. This
phenomenon suggests that the permeation of IPA and ECH is more sensitive to the feed
temperature. ECH and IPA have a high transportation barrier because their molecular
sizes are higher than that of water. However, with an increase in the feed temperature, the
transportation barrier was significantly reduced, and the rates of permeation of ECH and
IPA were higher than that of water; therefore, the separation factor decreased.

Figure 5c shows the effect of the feed composition on the PV performance of the
kaolinite–PVA composite membranes. The water and ECH contents varied from 20 to
10 wt.% and 50 to 60 wt.% in the feed, respectively, at 40 ◦C. The flux reduced from
0.86 to 0.47 kg/m2h (50% reduction), while the separation factor was enhanced from 116 to
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242 (2-fold increase) with a decrease in the water content in the feed. The increased flux
and decreased separation factor with water in the feed were attributed to the plasticization
effect imposed by the water molecules on the PVA polymer chain, which exhibited high
swelling and higher spacing during pervaporation molecular transport [32]. However,
compared with other mixed-matrix membranes, the reduction in the separation factor was
less profound [8,10]. As observed in the aforementioned test, the PVA-HK interaction
marginally increased the rigidity of the membrane, which decreased membrane swelling.
However, HK had sufficient basal-plane d-spacing, which might have acted as a hydrophilic
channel for significant water permeation. Therefore, the separation tended to decrease less
significantly with an increase in feed water content.

Figure 5. (a) Effect of the feed temperature on the pervaporation performance, (b) plot of ln flux vs.
1000/temperature, (c) feed concentration, and (d) long-term stability test using the PVA/HK (4 wt.%)
membrane with ECH/IPA/water (50/30/20 w/w %) at 40 ◦C.

The long-term durability of the membranes is an important parameter for studying their
industrial applicability. Figure 5d shows the results of the 250 h long-term operating test for the
PVA/HK 4% membrane with feed containing ECH/IPA/water (50/30/20, w/w%) at 40 ◦C.
The feed composition was maintained throughout the operating period, and the intermittent
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flux and water content of the permeate solution were evaluated. During the entire operating
time, neither of the membrane performance evaluation parameters deviated considerably. This
indicates that the incorporation of HK into the membrane significantly limited the membrane
swelling of the PVA polymer chain. Additionally, the HK–PVA composite membrane exhibited
excellent resistance to electrophilic ECH-reactive molecules.

Our research group is the first to perform pervaporation separation of azeotropic
ECH-IPA-water mixtures. Table 3 presents a comparative analysis of pervaporation per-
formance across various membranes for the ECH–IPA–water systems. Compared with our
previously developed polymer–alumina composite membranes, the PVA/HK composite mem-
brane developed in this study delivered a moderate flux and achieved a relatively lower
separation factor. Therefore, further efforts should be made to modify the HK to enhance the
hydrophilicity of the filler, thereby enhancing the separation factor in future work.

Table 3. Comparison of the pervaporation performance of different membrane systems of the
ECH–IPA–water feed system.

Matrix
Nature of the

Membrane
Preparation Method

Feed (%)
Composition, (w/w)

Temperature, (oC)
Flux (J)

(kg/m2h)
Separation
Factor (∝)

Thickness
(μ)

Reference

PVA Blending
with GO

ECH/IPA/water
50/30/20 40 0.13 4670 15 [33]

PVA CMC40-AHF ECH/IPA/water
50/30/20 40 1.214 638 7.7 [34]

PVA Kaolinite–PVDF support ECH/IPA/water
50/30/20 40 0.86 166 3–4 [This study]

4. Conclusions

In this study, the use of raw kaolinite led to particle agglomeration in the PVA matrix.
Consequently, DMSO exfoliation of kaolinite was conducted to enhance the hydrophilicity
of the kaolinite particles. The exfoliation of kaolinite decreases the Si/Al ratio (1.18 to
1.16) and increases the basal plane spacing to 1.13 nm and the particle surface area to
255.88 m2/g, as confirmed by XPS, XRD, and BET analyses, respectively. The RK particles
agglomerated in the PVA matrix, whereas the HK particles showed excellent dispersibility
in the PVA matrix. The HK/PVA selective layer coated on the PVDF support membrane
was examined for dehydration of the ECH/IPA/water mixture under various operating
conditions. A membrane with four wt.% HK with respect to the PVA concentration
demonstrated the highest pervaporation dehydration ability (flux = 0.86 kg/m2h and
separation factor 116) in the processing of ECH/IPA/water feed mixture dehydration.
Furthermore, in the operating condition tests, the total pervaporation flux of the HK/PVA
membrane increased with increasing feed temperature and water content, whereas the
separation factor decreased. The water selectivity of the HK/PVA composite membrane
arose from hydrophilicity enhancement and the smooth water channels produced in the
PVA matrix due to the inherent hydrophilic basal spacing. The incorporation of HK into the
PVA membrane demonstrates its great potential for ECH dehydration. Hence, this one-pot
hydrophilic modification technique for HK presents a practical approach for improving
particle dispersion in polymer matrices.
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Abstract: Ion Imprinting Technology (IIT) is an innovative technique that produces Ion-Imprinted
polymers (IIPs) capable of selectively extracting ions. IIPs exhibit strong specificity, excellent stability,
and high practicality. Due to their superior characteristics, the application of IIPs for lithium resource
extraction has garnered significant attention. This paper discusses the following aspects based on
existing conventional processes for lithium extraction and the latest research progress in lithium
IIPs: (1) a detailed exposition of existing lithium extraction processes, including comparisons and
summaries; (2) classification, comparison, and summarization of the latest lithium IIPs based on
different material types and methods; (3) summarization of the applications of various lithium IIPs,
along with a brief description of future directions in the development of lithium IIP applications.
Finally, the prospects for targeted recovery of lithium resources using lithium IIPs are presented.

Keywords: ion imprinting technology; lithium ion-imprinted polymers; targeted lithium extraction

1. Introduction

Lithium (Li) is a metallic element located in the second period and group IA, making
it one of the alkali metals. It holds the distinction of being the lightest metal and solid
element under standard conditions. Thanks to its unique physical and chemical proper-
ties [1], lithium finds wide-ranging applications in various industries including batteries,
ceramics, glass, lubricants, refrigeration fluids, the nuclear industry, and the photoelec-
trical industry [2]. It is often referred to as the “industrial monosodium glutamate” [3];
with its exceptionally high standard oxidation potential among all elements, lithium is
particularly well suited for use in batteries and energy storage applications, earning it
the titles of “21st century energy metal” and “white oil”. The market demand for lithium
salts, such as lithium carbonate, lithium hydroxide, and lithium chloride, which serve as
core raw materials in the lithium industry, has experienced significant growth in recent
years due to the rapid development of new energy vehicles, chemical energy storage, and
other industries.

The lithium content in the Earth’s crust is approximately 0.0065%, ranking twenty-
seventh in abundance. Global lithium resources are diverse, including pegmatite, clay,
lithium zeolite, oil and gas field brine, geothermal brine, and saline brine types. Among
these, pegmatite and saline brine are dominant [4–6]. However, the distribution of these
resources is uneven, with concentrations in regions such as the South American lithium
triangle (near Argentina, Bolivia, and Chile), Australia, China, the United States, the
Democratic Republic of Congo (DRC), and Canada [7]. Lithium deposits are globally
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distributed, primarily in western Australia, the Tibetan Plateau in China, Congo (DRC),
and other regions. Salt lake brine-type lithium deposits are predominantly found in
the South American lithium triangle, with secondary occurrences in the Tibetan Plateau
in China [8] and the west coast of the United States. Currently, global lithium resource
development is primarily influenced by factors such as the uneven distribution of resources,
the natural environment, government policies, development conditions, and technology.
The main sources of global lithium resources are ores and salt lake brine. However, due to
technological limitations and cost considerations, lithium extraction from ores remains the
predominant method, with other types of lithium extraction being less common.

China possesses diverse lithium resources, encompassing ore and salt lake type. Analo-
gous to the global lithium distribution, a substantial proportion of China’s lithium resources
are derived from salt lake deposits. Geographically, lithium resources are predominantly
situated in provinces and regions such as Qinghai, Tibet, Sichuan, Jiangxi, Xinjiang, Hunan,
and others. Specifically, Sichuan and Xinjiang predominantly feature lithium pyroxene,
while Jiangxi and Hunan showcase mainly lithium mica. Tibet and Qinghai, on the other
hand, are characterized by brine-type saline lake lithium resources [9]. China’s saline brine
lithium deposits generally exhibit low lithium content and a high magnesium–lithium ratio.
These deposits are predominantly situated in the plateau regions of Qinghai and Tibet,
known for their delicate ecological environments. Additionally, inadequate infrastruc-
ture, including transportation and electricity, poses challenges for establishing large-scale
chemical industries, thereby complicating lithium extraction from these salt lakes.

The extraction of lithium resources can be categorized based on their source: from ore
and from brine found in salt lakes. In recent years, the lithium extraction process has been
extensively studied, and its development process is shown in Figure 1. Common methods
for extracting lithium from ores include roasting [10,11] (such as lime, sulfate, and chlorina-
tion roasting), acid dissolution [12–14] (including sulfuric acid digestion and direct acid
leaching), and alkaline leaching [15] (such as high-pressure alkaline leaching). While these
methods offer broad applicability and straightforward reaction conditions, they suffer from
drawbacks including high energy consumption, large solvent usage, limited processing
capacity, challenging purification processes, and significant environmental impact. The
commonly used methods for lithium extraction from salt lakes include chemical precipita-
tion [16–18], extraction [19,20], electrochemical methods [21], membrane processes [22,23],
and adsorption [24]. However, these methods often exhibit low selectivity for lithium ions
during adsorption. Leveraging the specificity and selectivity of ion imprinting, materials
produced through ion-imprinting technology (IIT) can achieve targeted ion adsorption.
Thus, preparing lithium ion-imprinted polymers using this technology presents an ideal
approach for adsorbing lithium ions in complex water samples.

Ion-imprinted materials are initially created by uniting monomer molecules with
specific recognition functions and template ions. This union occurs through chemical forces,
typically involving electrostatic, ligand, and chelating forces resulting in the formation of a
prepolymer. By choosing an appropriate cross-linking agent, the polymerization reaction
takes place under the influence of the initiator. Afterward, through a specific elution
process, the template ions are removed. This results in the formation of three-dimensional
cavities within the ion-imprinted polymer. These cavities exhibit complete complementary
to the template ions in spatial structure and matching—-complementary in terms of charge,
number of ligands, ionic size, and geometrical shape. Additionally, these cavities contain
functional groups that are specifically bound to the template ions. The three-dimensional
cavities exhibit specific recombination with the template ions, demonstrating excellent
recognition specificity. Consequently, they have found extensive application in lithium
extraction through adsorption studies.

The conventional methods for preparing lithium ion-imprinted materials include
suspension polymerization [25], precipitation polymerization [26], and intrinsic polymer-
ization [27]. These methods primarily involve two mechanisms: the sol-gel method [28] and
free-radical polymerization [29]. While these conventional approaches are straightforward,
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they suffer from drawbacks such as limited adsorption capacity, dispersed imprinted sites,
low yield, challenging recovery, and elution. However, the integration of new technologies
including column separation [30], magnetic separation [31,32], membrane separation [33],
and electrochemical methods [34] with conventional approaches for producing various
lithium ion-imprinted materials (such as adsorption column materials, magnetic materials,
and membrane materials) partially addresses certain issues and charts a course for the
advancement of lithium ion-imprinting technology.

 

Figure 1. Latest progress in the application of lithium extraction resources [31,32,35–47]. Reproduced
with permissions from Ref. [31], Elsevier, 2023; Ref. [32], Elsevier, 2021; Ref. [35], Elsevier, 2018. Ref. [36],
Elsevier, 2023; Ref. [37], Elsevier, 2022; Ref. [38], ACS Publications, 2015; Ref. [39], Elsevier, 2018; Ref. [40],
Elsevier, 2018; Ref. [41], RCS Publishing, 2017; Ref. [42], Elsevier, 2020; Ref. [43], Elsevier, 2023; Ref. [44],
Elsevier, 2022; Ref. [45], Elsevier, 2024; Ref. [46], Elsevier, 2020; Ref. [47], Elsevier, 2022.

This paper analyzes and summarizes current lithium resource extraction processes.
(1) It introduces the extraction process from ore and salt lake brine; (2) It describes the
traditional methods of extracting lithium from both ore and salt lake brine, highlight-
ing their characteristics and shortcomings; (3) It explains the principle behind preparing
lithium ion-imprinted materials; (4) It focuses on the research progress of combining
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new technologies with the conventional method to prepare various types of lithium ion-
imprinted compounds for extracting lithium from salt lake brine. It compares existing
lithium ion-imprinted material technologies highlighting their respective advantages and
disadvantages, while also summarizing current challenges associated with lithium ion-
imprinted materials. Additionally, it discusses the application conditions and potential
future improvement directions for different lithium ion-imprinted materials in the extrac-
tion process; (5) It discusses the potential of these materials in directing extraction of lithium
ions for recycling lithium resources.

2. The Current Lithium Extraction Process and Its Advantages and Disadvantages

The current production processes are primarily categorized based on the form of
lithium resources: extraction from ores or extraction from salt lakes. Below, we will
describe these two processes, provide a brief comparison, and discuss their respective
advantages and disadvantages.

2.1. Lithium Ore Lithium Extraction Process

The present lithium ore available for exploitation primarily falls into two categories:
hard rock lithium ore and clay lithium ore. Hard rock lithium ore consists mainly of lithium
pyroxene and lithium mica, while clay lithium ore primarily contains lithium chlorite [4–6].
The main extraction methods for these ores can be broadly categorized as follows.

2.1.1. Acid Process

The acid method involves reacting crushed and ground lithium ore with an acid
solution under specific conditions. In this reaction, the H+ ions in the acid solution replace
the valent metal ions in the ore, converting them into soluble salts. Subsequently, through
leaching and other processes, the metal ions transition from the solid phase to the liquid
phase. Further purification is then carried out to obtain a lithium salt purification solution,
which is finally precipitated to separate lithium carbonate.

Sulfuric Acid Roasting Method

Sulfuric acid is commonly utilized in the industry due to its ability to handle various
grades of lithium ore, coupled with a relatively straightforward process. However, its high
corrosiveness necessitates more stringent equipment requirements. Additionally, during
ore roasting with sulfuric acid, significant acid mist is generated, leading to environmental
pollution. To address this issue, an acid washing tower is employed to treat the tail gas,
resulting in increased slag production. Figure 2 illustrates the lithium extraction process
via sulfuric acid roasting of lithium pyroxene [13]

 

Figure 2. Diagram of the lithium extraction process by sulfuric acid roasting of lithium pyroxene [13].
Reproduced with permission from Taylor & Francis, 2020.

Fluorochemical Method

HF can break down silicate minerals at low temperatures, producing silicon tetrafluo-
ride with strong covalency and releasing significant heat. If lithium mica contains 2~3%
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mass fraction of elemental fluorine, HF can dismantle the Si-O bond in lithium mica ore,
enabling the extraction of valuable metals like lithium from the mineral [48–51]. The pro-
cess of dissolving lithium mica in an HF-containing solution is illustrated in Figure 3. The
fluorine chemical method, an enhanced acid-based approach, offers benefits such as low
leaching temperature, brief reaction duration, and high extraction efficiency. This method
is not confined solely to lithium extraction; it can also retrieve other rare and precious
metals. However, its drawbacks are evident: fluorine, a component of the process, poses
environmental and health risks.

 
Figure 3. Specific process of dissolution of lithium mica in solution containing HF [52]. Reproduced
with permission from Elsevier, 2019.

Hui Guo et al. [52] employed a combination of HF and H2SO4 acids to extract
lithium ions from lithium mica. Their findings indicated that under conditions where
ore/HF/H2SO4 = 1:2:3.5 (g/mL/mL) at 85 ◦C, approximately 98% of Li+ and 90% of Rb+

and Cs+ could be efficiently converted into the sulfate form within the leach solution.
The addition of H2SO4 expedited ore dissolution while simultaneously reducing HF con-
sumption. Furthermore, the HF/F− remnants in the post-leach solution, along with the
generated AlF3 and K2SiF6, could be reintroduced into the reaction system as a source of
HF, thus facilitating further recycling and enhancing economic efficiency.

2.1.2. Alkali Process

The lithium mica alkali process involves a refined technique. Its core revolves around
the reaction between lithium mica and concentrated lye, which results in the extraction
of Li+ into solution. This process can be further classified based on the types of lye used,
namely the alkaline solution method and the mixed alkaline solution method.

Alkali Method

This method primarily involves the reaction between lithium ore and pure NaOH
solution to extract lithium ions. Subsequently, the leaching solution undergoes a series of
purification steps, culminating in the addition of sodium carbonate to precipitate lithium
carbonate. This method necessitates high-pressure equipment due to its rigorous require-
ments. Additionally, during the precipitation of lithium ions, there is a phenomenon of
co-precipitation with other cations.

Mixed Alkali Method

The mixed alkali solubilization method involves utilizing two or more alkali reagents
as leaching agents. This approach aims to diminish leaching impurities and enhance the
leaching rate of lithium ions.
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James Mulwanda et al. [15] conducted a study on the pressurized leaching of lithium
and other valuable metals from lithium mica using NaOH and Ca(OH)2. They found
that under optimum conditions (250 ◦C, 320 g·L−1 NaOH, 10 mL·g−1 liquid to solid ratio,
300 rpm/min stirring speed, and 0.3 g·g−1 lime addition) with a 2 h reaction time, the
leaching rates were as follows: Li+ 94%, K+ 98%, Rb2+ 96%, and Cs+ 90%. The addition of
lime significantly increased the lithium extraction rate. Due to the low solubility of Li3PO4,
the researchers precipitated the lithium ions into Li3PO4 by adding phosphoric acid, which
does not contain metal ions. They then converted the Li3PO4 to LiOH with Ca (OH)2,
recovering 83% of the lithium in the form of LiOH. Figure 4 below shows the flow chart for
this study.

 

Figure 4. Flow chart of LiOH recovery [15]. Reproduced with permission from Elsevier, 2021.

2.1.3. Salt Process

This process involves roasting lithium-containing ore with salt at a specific tempera-
ture. This action destroys the internal crystal structure of the ore, facilitating the exchange
of Li+ with alkali metal ions in the salt. Consequently, a soluble lithium salt is produced,
which is then leached into the solution for additional purification. Based on the type of
salt used, this process can be broadly categorized into four types: sulfate roasting [12–14],
carbonate roasting [53,54], chloride roasting [55,56], and mixed salt roasting.

Sulfate Roasting Method

The primary sulfate utilized for lithium pyroxene is potassium sulfate. Conversely, for
lithium mica, various sulfate salts are typically employed for mixed roasting with the ore.
The corresponding reaction mechanism is depicted in Equations (1) and (2) [14,57–60]. In
their study, Qunxuan Yan et al. [14] employed a sulfate roasting-water leaching lithium
extraction process to extract lithium from lithium mica. Their findings indicated that
both the roasting temperature and the mass ratio of Na2SO4 to additives (K2SO4 and
CaO) exerted a significant influence on the extraction rate of lithium. The optimal process
parameters were as follows: a reaction time of 0.5 h, a roasting temperature of 850 ◦C, and a
mass ratio of lithium mica/Na2SO4/K2SO4/CaO of 1:0.5:0.1:0.1. These conditions yielded
a lithium extraction rate of 91.61%. The resulting leaching solution contains trace amounts
of impurity elements such as Al and Si, which facilitate the purification of lithium and
align better with industrial production standards.

Li2O·Al2O3·SiO2 + K2SO4→K2O·Al2O3·3SiO2 + Li2SO4 (1)

Li2O·Al2O3·SiO2 + CaSO4→CaO·Al2O3·3SiO2 + Li2SO4 (2)
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Carbonate Roasting Method

The carbonate roasting method, one of the earliest techniques for extracting lithium
from ore, begins with the crushing and blending of limestone and lithium ore in a
3:1 mass ratio. The mixture is then subjected to high temperatures of 900 ◦C for roast-
ing. Subsequently, the sintered block undergoes a series of processes including leaching,
sedimentation, and separation to remove impurity ions such as Ca, Al, and Si. Finally,
lithium precipitation is achieved by adding sodium carbonate, resulting in the forma-
tion of lithium carbonate precipitate. Equation (3) [61] illustrates one of the key reaction
principles involved.

Li2O·A12O3·4SiO2 + 8CaO→Li2O·Al2O3 + 4 [2CaO·SiO2] (3)

This method, while featuring a simple production process and economical raw ma-
terials, faces notable drawbacks. These encompass increased material circulation, higher
energy consumption for evaporation, elevated slag production, a diminished lithium
recovery rate, and various shortcomings. As a result, it is nearing obsolescence.

Chlorination Roasting Method

The chlorination roasting method aims to produce lithium chloride through the reac-
tion of lithium ore with a chlorinating agent under specific conditions. Subsequently, the
solution containing lithium ions is separated through water leaching. Chlorinating agents
are categorized into gas and solid forms. Gas chlorinating agents encompass chlorine-
containing substances like Cl2, HCl, and CCl4, while solid chlorinating agents primarily
consist of chlorine-containing salts such as CaCl2. This method is classified into low-,
medium-, and high-temperature roasting based on the temperature variation. Lithium
mica ore serves primarily as a solid chlorinating agent, while various chlorine salts are
utilized as roasting agents. High-temperature roasting of lithium pyroxene typically em-
ploys Cl2 or CaCl2 and mixed chloride salts. This approach offers advantages such as
reduced roasting time and simplicity of process. Due to chlorine’s corrosive nature in the
roasting process, equipment sustains more damage, leading to environmental pollution.
This method has not yet been extensively adopted in industrial production. Further im-
provements in process conditions are necessary to determine the optimal dosage of the
chlorinating agent.

Mixed Salt Roasting Method

The mixed salt roasting method involves blending various salts in specific proportions
to serve as a roasting agent. For instance, the addition of ammonium sulfate during
sulfate roasting can lower the roasting temperature and offer benefits such as reducing
impurity ions.

Comparative Summary of Salt Processes

The sulfuric acid and carbonate roasting methods are cost-effective for lithium extrac-
tion. However, they generate a significant amount of waste material, like slag, increasing
energy consumption. Additionally, the sulfuric acid method poses an environmental
pollution risk due to harmful byproduct release.

In contrast, the chlorination roasting method produces less waste and achieves a
high lithium conversion rate. Yet, it faces challenges like severe equipment corrosion and
intricate chloride ion removal, affecting efficiency and sustainability.

Conversely, the mixed roasting method addresses some limitations of acid-based
approaches but complicates the process flow. It also struggles with impurity removal,
hindering achieving desired lithium purity levels.
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2.1.4. Pressure-Cooking Process

The pressure-cooking process involves treating ore and a salt solution in a high-
pressure kettle to initiate a reaction. The main principle behind this process is the ion
exchange, where alkali metal ions such as potassium and lithium dissolve to form salts. In
the autoclaving process, which is commonly employed with lithium pyroxene and soda
ash, high temperature and pressure conditions facilitate the ion exchange between lithium
ions in the ore and sodium ions in the soda ash solution. This results in the precipitation of
lithium carbonate, which is then further purified to obtain battery-grade lithium carbonate.
The main reaction principle is illustrated in Equation (4) [62–64]. Due to its fluorine content,
lithium mica requires roasting and defluorination with water vapor at temperatures ranging
from 870 ◦C to 930 ◦C before autoclaving. Subsequently, a mixture of alkali, chlorine salt,
sulfate, and carbonate, in specific proportions, is combined with the defluorinated material.
This mixture is then placed into a high-pressure reactor to produce the lithium-containing
leaching solution.

Li2O·Al2O3·4SiO2 + nH2O + Na2CO3→Na2O·Al2O3·4SiO2·nH2O + Li2CO3 (4)

2.1.5. Summary of Lithium Resources from Ores

In summary, lithium extraction from ore presents various methods. While the acid pro-
cess is straightforward, its corrosive nature demands specialized equipment and produces
environmentally harmful acid mist. The alkali and pressure-cooking methods partially
mitigate pollution concerns but require significant equipment investment and involve high
alkali consumption, leading to low product purity. On the other hand, the salt process,
though simple and efficient in lithium conversion, is prone to introducing impurity ions,
impacting product quality. The lithium mine faces shrinking ore resources, heightening the
importance of exploring lithium extraction from salt lakes.

2.2. Salt Lake Brine Lithium Extraction Process

Various methods exist for extracting lithium from salt lake brine, including chem-
ical precipitation, solvent extraction, electrochemical processes, membrane techniques,
and adsorption.

2.2.1. Chemical Precipitation Method

The chemical precipitation method relies on harnessing solar energy for the natural
evaporation and concentration of salt lake brine. By introducing a precipitant, the brine
undergoes a process where various interfering ions, including Mg2+, Ca2+, and B3+, precip-
itate. Eventually, the targeted Li+ ions settle, resulting in the extraction of purer lithium
resources. Chemical precipitation methods are mainly divided into carbonate precipita-
tion as is shown in Figure 5A [65], aluminate precipitation as is shown in Figure 5B [66],
phosphate precipitation [16], magnesium precipitation as is shown in Figure 5C [67], co-
precipitation as is shown in Figure 5D,E [68], etc. Typically, Li+ ions are precipitated as
LiHCO3, Li2CO3, or Li3PO4. The primary precipitating agents include sodium bicarbonate,
sodium carbonate, sodium phosphate, or sodium fluoride.

Zhang et al. [69] used Struvite Precipitation to separate lithium and magnesium by tri-
ammonium phosphate trihydrate precipitation, and investigated the effects of parameters
such as initial pH, stirring rate, dosage of triammonium phosphate trihydrate, aging time,
and initial Li+ and Mg2+ concentrations; solution chemistry calculations, DFT calculations,
XRD, SEM, BET, and zeta potential measurements were used to study the related separation
and adsorption mechanism. The best conditions to precipitate Li+ were obtained when
pH = 5.70, stirring rate 300 r·min−1, dosage of triammonium phosphate trihydrate
760 g·L−1, aging time 0 min, c(Li+) = 2 g·L−1, c(Mg2+) = 60 g·L−1, and the conclusion
was obtained through chemical calculations that the triammonium phosphate can be ap-
plied to two kinds of real salt lake brines, which show the excellent separation performance.
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Figure 5. (A) Flowchart of the process developed to recover lithium as a carbonate from Uyuni
brine [65], reproduced with permission from Elsevier, 2012; (B) schematic diagram of the aluminate
precipitation method [35], reproduced with permission from Elsevier, 2018; (C) flowchart of the
co-preparation of layered double hydroxides (LDHs) and lithium carbonate [67], reproduced with
permission from Elsevier, 2018; (D) co-precipitation [68], reproduced with permission from Elsevier,
2018; (E) co-precipitation with hydrothermal duration [69], reproduced with permission from Elsevier,
2022; (F) SEM images of the initial Li+ concentration: (a) 1000 mg·L−1 and (b) SEM images of Li3PO4

at 3000 mg·L−1 [70], reproduced with permission from Elsevier, 2022.

Junho Shin et al. [70] used waste lithium solution as a raw material to prepare con-
centrated lithium solution by an integrated precipitation-reflow process, which separates
lithium ions into Li3PO4 by precipitation, and then converts it into lithium solution by re-
flux reaction with metal chloride solution. The method here is simple and environmentally
friendly and does not require acid leaching of insoluble lithium compounds to prepare
concentrated lithium solution. The method improves the process efficiency of producing
high-purity lithium carbonate from waste lithium solution as is shown in Figure 5F and
is economically feasible. Zhang et al. [71] proposed a new coupled biofilm-precipitation
system to investigate the feasibility of separating Mg2+ from brine for the recovery of Li+.

2.2.2. Solvent Extraction Method

Solvent extraction is a primary method for selectively separating and extracting metal
ions. It exploits differences in solubility or partition coefficients between solutes in aqueous
and organic phases. This facilitates the transfer of solutes from the aqueous phase to
the organic phase, where solubility for the solute is greater, achieving solute trans-phase
separation [72,73]. Commonly studied extractants include neutral phosphorus-containing
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compounds [20,74] and β-bis(ketone) extractants [75]. Examples of neutral phosphorus-
containing extractants are tributyl phosphate (TBP), dibutylphosphonate (BDBP), and
tri-n-octylphosphine oxide (TOPO).

Han et al. [36] proposed an ideal route as is shown in Figure 6 for the recovery
of Li+ and F− by di(2-ethylhexyl) phosphate (D2EHPA) and neutral solvents. A mixed
neutral solvent (NR) extraction and stripping (with HCl) based on TOPO/CYANEX923
(mixed tri-n-alkylphosphine oxide)/TBP was systematically investigated to adjust the ionic
morphology, followed by extraction and stripping of F−. A concentrated solution of LiCl
and LiF crystals were designed to be produced by stripping the aqueous solution with high
Li+ and F− recoveries.

 

Figure 6. (A) Schematic diagram of recovery [36]; (B) mechanism of D2EHPA extract of Li+ [36].
Reproduced with permission from Elsevier, 2023.

Zhang et al. [76] proposed a process for the recovery of lithium from South American
salt lakes by liquid–liquid extraction using β-bis(ketone) system as the extractant. The
extraction system was optimized by comparing the effects of TBP, trialkylphosphine ox-
ide (TRPO), D2EHPA, and phosphoric acid-2-ethylhexyl-2-ethylhexyl ester (P507) on the
extraction of the metal, and the extraction system was finally determined as 3-benzoyl-1,1,1-
trifluoroacetone/trialkylphosphine oxide (HBTA/TRPO). The selectivity mechanism of the
HBTA/TRPO system for metal ions was illustrated using DFT calculations, and the opti-
mized structures of the complexes formed by Li+, Na+, K+, Ca2+, Mg2+ and HBTA/TRPO
were obtained. A new method is provided for the efficient recovery of high sodium–lithium
ratio salt lake brine.

2.2.3. Electrochemical Method

Electrochemical lithium extraction, an emerging technology inspired by the opera-
tional principles of lithium iron phosphate batteries, offers notable advantages such as
strong selectivity, high adsorption efficiency, and environmental friendliness. This inno-
vative approach is a focal point in academic research. The process involves embedding,
detaching, and transferring Li+ ions within the electrode material, electrolyte, and brine
of the salt lake, controlled by the potential. The cyclic enrichment process facilitates the
extraction of lithium from the salt lake brine, marking a significant step in sustainable
lithium recovery.

Zhao et al. [21] synthesized LiNi0.03Mo0.01Mn1.96O4(LNMMO) as the anode material,
assembled a hybrid supercapacitor consisting of an LNMMO cathode and an AC anode,
and combined the LNMMO/AC hybrid supercapacitor with a self-designed continuous
flow control system to develop a continuous flow LNMMO/AC hybrid supercapacitor
(CF-LNMMO/AC) as is shown in Figure 7 for selective trapping of Li+ in a 30 mM mixed
cation solution and a simulated solution of Salar de Uyuni salt lake brine.
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Figure 7. (a) Schematic diagram of the NMMO/AC hybrid ultra-capacity electrochemical process for
lithium recovery and release. (b) Diagram of the semi-continuous recovery process [21]. Reproduced
with permission from Elsevier, 2020.

2.2.4. Membrane Method

The membrane separation method represents an innovative approach to separation
technology, utilizing membranes as the separation medium to effectively isolate and pu-
rify impurity ions within a solution [33,77]. The fundamental principle revolves around
leveraging the microporous and microchannel structures inherent in polymer materials.
These structures enable the separation of small molecules or ions from the solution through
the membrane, achieving the distinct separation and purification of various substance
components within the solution. This method encompasses different techniques, including
electrodialysis, nanofiltration, membrane extraction, ion-imprinted membrane, and more.
Each variant plays a crucial role in achieving specific separation and purification objectives
within diverse contexts.

Electrodialysis (ED) is a membrane separation process using ion exchange membrane
as the medium and potential difference as the driving force [78]. As a relatively mature
technology in membrane separation process, electrodialysis has been widely used in water
treatment process. The study of lithium concentration of high magnesium–lithium ratio
brine using ion exchange membranes with selectivity for monovalent ions and the mother
liquor after lithium extraction can be recycled. ED is further classified into selective
electrodialysis [75], bipolar membrane electrodialysis [79], and click electrodialysis [80].
Chen et al. [37] developed a novel ED process using electrodialysis to separate Li, Ni, Mn,
and Co from LiNi0.33Mn0.33Co0.33O2 (NMC111), as is shown in Figure 8A–D.
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Figure 8. (A) Diagrammatic representation of the application of ED [37], reproduced with permis-
sion from Elsevier, 2022; (B) schematic diagram of the experimental setup for electrodialysis for the
separation of Li, Ni, Mn, and Co from NMC111 chemistry [37], reproduced with permission from
Elsevier, 2022; (C) principle of the three-stage electrodialysis process for the separation of Li, Ni,
Mn, and Co from NMC111 chemistry. (a) Separation of Ni in stage 1. (b) Second stage Co separa-
tion. (c) Separation of Li from Mn in stage 3 [37], reproduced with permission from Elsevier, 2022;
(D) diagram of resistive layer and equivalent circuit modeling [37], reproduced with permission from
Elsevier, 2022; (E) diagram of nanofiltration membrane operation [81], reproduced with permission
from Elsevier, 2024.

The principle of nanofiltration (NF) separation is that NF membrane can retain bivalent
and above metal cations, while monovalent lithium and sodium ions can pass through, so
that lithium ions and magnesium ions can be separated from the old brine in the potassium
extraction method. A two-stage nanofiltration method was used to separate Mg2 + and
Li+ from the brine of a salt lake, and a reverse osmosis membrane was used to enrich the
lithium-containing solution. After the nanofiltration membrane separation operation, the
permeate water can be used as feed water for the reverse osmosis membrane to produce
lithium salts, and the concentrated water can be used to extract magnesium salts, so that
the inorganic salt resources in the brine of the salt lake can be comprehensively utilized.
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Gao et al. [81] tested and characterized two commercial acid-resistant NF membranes
(NF270 and DK) to understand their structures and differences as is shown in Figure 8E.
By evaluating the performance of these NF membranes in terms of separation efficiency,
selectivity, and permeate flux, an innovative and sustainable method for the recovery of Li+

was provided.

2.2.5. Adsorption Method

The adsorption method employs a selective adsorbent for lithium ions, binding them
before eluting and extracting under the influence of an eluent. This process effectively
separates lithium ions from other impurity ions. Based on the adsorbent’s nature, cate-
gories include organic ion-exchange adsorbents, inorganic ion-exchange adsorbents, and
novel materials. These categories rely on inherent characteristics for lithium ion adsorption,
facilitating improved separation from other impurities. Examples of organic adsorbents
encompass chelating resin and sulfonic acid resin. Inorganic adsorbents consist of alu-
minosilicate, heteropoly acid, metallate, and ferrocyanide. Additionally, there are new
materials like composite adsorbents.

2.2.6. Summary of Lithium Resources from Salt Lakes

The salt lake brine lithium extraction process is cost-effective, saving energy and
expenses compared to traditional ore extraction methods. Moreover, it is environmentally
friendly, minimizing damage to the geological environment and avoiding the substantial
waste associated with ore mining. This extraction process boasts high efficiency and pro-
ductivity, enabling large-scale lithium production. In the lithium extraction process from
salt lake brine, the presence of other minerals like magnesium and potassium necessitates
additional separation and treatment steps, thereby increasing complexity and costs. Fur-
thermore, this extraction method is constrained by geographic and climatic conditions,
restricting its applicability to specific regions. Additionally, due to the comparatively low
lithium content in salt lake brine, extensive treatments are required to achieve commercially
viable extraction levels, potentially making it less economical for small-scale production or
brines with low lithium concentrations.

2.3. Summary

The conventional lithium extraction processes have become increasingly inadequate
for meeting the demands of lithium extraction across various environments. Consequently,
there is a growing need for novel extraction methods tailored to different lithium extrac-
tion settings in China. While numerous studies explore various techniques for extracting
lithium from diverse sources, these approaches often exhibit low selectivity for Li+ adsorp-
tion. In contrast, lithium ion-imprinted materials offer distinct advantages for the precise
extraction of lithium ions. Utilizing ion-imprinting technology, these materials can achieve
targeted adsorption of specific ions. Hence, preparing lithium ion-imprinted polymers
through ion-imprinting technology is an optimal strategy for adsorbing lithium ions across
various environments.

3. Synthesis Method of Lithium Ion-Imprinted Materials and Related Introduction

Lithium ion-imprinting technology is a subset of ion-imprinting technology. It involves
the preparation of polymers characterized by high selectivity and affinity for target ions,
boasting three key attributes: target extraction, specific recognition, and broad applicability.
The resultant polymers from this process are referred to as lithium ion-imprinted polymers
(Li-IIPs). Figure 9 illustrates the fundamental synthesis steps of Li-IIPs. Firstly, Li+ is
complexed with a complexing agent to form a new template ion, and then monomer
molecules with a certain recognition function and template ions are chemically combined
together for prepolymerization to form a prepolymer. Then, a cross-linking agent is added,
and then the polymerization reaction is initiated under the action of the initiator, so as to
form a porous polymer with a cross-linked structure, and finally the lithium ion-imprinted
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material is prepared by eluting and removing Li+. The lithium ion-imprinted polymer is
insensitive to the external environment, can be stabilized in high temperature, strong acid,
strong alkali, organic phases and other harsh conditions, and the preparation is simple, low
cost, and can be reused.

 

Figure 9. Schematic diagram of the synthesis process of IIP [82]. Reproduced with permission from
Elsevier, 2022.

This chapter primarily covers five key aspects: (1) introducing the system for preparing
lithium ion-imprinted materials; (2) describing the utilization of chemical calculations to
select the suitable complexing agent; (3) elaborating on conventional methods employed in
the preparation of lithium ion-imprinted materials; (4) outlining methods for characterizing
these materials; and (5) introducing fitting equations for evaluating the properties of
the materials.

3.1. System of Lithium Ion-Imprinted Materials

The system of lithium ion-imprinted material mainly includes template ion, complex-
ing agent, functional monomer, cross-linking agent, initiator, solvent, and so on. A, as
is shown in Figure 10. Template ions choose Li+, mainly LiCl, LiNO3, LiClO4, etc. [38];
complexing agents include cup [4] aryl hydrocarbons, crown ethers, benzo-12-crown-4
(B12C4), etc. [39]; functional monomers mainly include methyl methacrylate (MAA), diethy-
laminoethyl methacrylate (DEAEMA), etc. [83,84]; cross-linking agents commonly used
are ethylene glycol dimethacrylate (EGDMA) [40,41], trimethylolpropane trimethacrylate
(TMPTMA) [85], tetrabutyl titanate (TBT), triethyleneglycol dimethacrylate, and pentaery-
thritol triacrylate, etc.; the most common initiator is azobisisobutyronitrile (AIBN) [86];
solvents are generally of low polarity, and they are mostly in anhydrous ethanol (C2H5OH),
acetonitrile (CH3CN), methanol (CH3OH) and dimethylformamide (DMA) [87].

27



Polymers 2024, 16, 833

Figure 10. (A) Template ions; (B) complexing agent; (C) functional monomer; (D) cross-linking agent;
(E) solvent [38–41,83–87].

3.2. Quantum Chemical Computing for Lithium Ion-Imprinted Materials

Quantum chemical computing of density functional theory is used to provide a
scientific and theoretical support point for the selection of suitable complexing agents [31,
88,89]. As is shown in Figure 11, the main calculation is to calculate the coordination
of the complexing agent and template ions to verify the stability of the structure; the
ESP of the complexes was calculated by Multifwn 3.8 program or other programs, and
then electrostatic potential analysis was carried out; the interaction force between the
complexing agent and the template ions can also be calculated, and the calculations, such as
analyzing the principle of spatial potential resistance effect complexing agent and template
ions, are verified through a series of quantum chemical computing the high selectivity of
the lithium ion-imprinted material and the targeted extraction of lithium.
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Figure 11. (A) Top view of the optimized structures of (a) B12C4 and its complexes with (b) Li+,
(c) Na+, (d) K+ and (e) Mg2+; (f) B12C4, (g) B12C4- Li+, (h) B12C4- Na+, (i) B12C4- K+ and
(j) B12C4- Mg2+ in side view [31]; (B) ESP polar distributions of (a) B12C4, (b) B12C4- Li+,
(c) B12C4- Na+, (d) B12C4- K+ and (e) B12C4- Mg2+ [31]; (C) interaction visualization plots of
B12C4 and its complexes [31]; (D) optimized molecular geometries of the (a) lithium ion/12C4 ensem-
ble, (b) graphene nanosheet (partially oxidized), and (c) 12C4/graphene nanosheets ensemble [88];
(E) optimized geometries of 14C4PIs with chelated metal ions; (F) geometry of the crown-ligand-metal
complexes shapes shown from side and top views [89]. Reproduced with permission from Ref. [31],
Elsevier, 2023; [88], Elsevier, 2023; [89], Elsevier, 2021.

3.3. Introduction to Conventional Methods

The synthesis mechanisms of lithium ion-imprinted materials involve mechanisms
such as the sol-gel method and free-radical polymerization. Conventional synthesis meth-
ods encompass suspension polymerization, precipitation polymerization, and native poly-
merization. Additionally, emerging technologies, including surface imprinting technology,
column separation technology, magnetic separation technology, membrane separation
technology, and electrochemistry, are integrated with conventional methods. These diverse
approaches are employed to prepare various types of materials.

3.3.1. Synthesis Mechanism

The sol-gel method uses compounds containing highly chemically active components
as precursors; these raw materials are uniformly mixed in the liquid phase, and hydrolysis,
condensation chemical reaction, the formation of a stable transparent sol system in solution,
the sol is slowly polymerized by the aging of the gel particles between the gel to form a
three-dimensional network structure of the gel, and the gel network is filled with solvent
that has lost its mobility to form a gel [90] as is shown in Figure 12A. The gels are dried
and sintered and cured to prepare molecular and even nanosubstructured materials. Free-
radical polymerization is a polymer chemical reaction initiated by free radicals, starting
with an initiation phase where the initiator generates free radicals and these radicals initiate
the joining of monomers. The transfer phase results in the gradual extension of the chains to
form polymer chains [29] as is shown in Figure 12B. This process is flexible and applicable
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to a wide range of monomers to prepare polymers such as polyethylene and polystyrene.
However, its molecular weight distribution is wide and difficult to control. The termination
phase can be realized by free radical encounter or otherwise. Free-radical polymerization
is widely used in industry and provides a viable route to synthesize a variety of plastics
and rubbers.

 

Figure 12. (A) Sol-gel process to form the 3D network structure of Cu(II) ion-imprinted polymers [90];
(B) synthesis process of ion-imprinted materials of palladium (free-radical polymerization) [29].

3.3.2. Conventional Methods

Suspension polymerization is a method wherein functional monomers, cross-linking
agents, and initiators are initially dissolved in an organic solvent. This organic phase is
then added to water, resulting in the formation of dispersed and stable droplets under
high-speed stirring. Subsequently, the polymerization reaction is triggered at a specific
reaction temperature, leading to the production of the imprinted polymer [28,91] as shown
in Figure 13A. Precipitation polymerization entails dissolving template ions and functional
monomers in organic solvents in a specific ratio. Following this, a measured quantity of
cross-linking agent and initiator is added to initiate the polymerization reaction, resulting

30



Polymers 2024, 16, 833

in the formation of polymer precipitates [91,92] as shown in Figure 13B. Intrinsic polymer-
ization includes adding a soluble initiator to the pure monomer in liquid form, with the
initiator chosen to be soluble in the system comprising the monomer, cross-linker, and
solvent. The exothermic polymerization process typically spans several hours for comple-
tion. Following this, the resulting polymer undergoes additional operations like milling.
Despite these processes, the synthesized particles retain a substantial molecular weight
and size [93,94] as shown in Figure 13C. Many lithium ion-imprinted materials today are
prepared using a combination of novel techniques and traditional methods, rather than
relying solely on a single polymerization approach. Surface modification technology, par-
ticularly surface imprint polymerization, is widely utilized. This method aims to diminish
the buildup of adsorption sites by creating sites with a larger specific surface area on the
carrier’s surface. By enhancing the number of effective adsorption sites, it addresses chal-
lenges such as deep embedding, limited mass transfer, and difficulties in regeneration [95]
as shown in Figure 13D. Additionally, column separation, magnetic separation, membrane
separation, electrochemistry, and other techniques are also employed in combination.

 

Figure 13. (A) Preparation of Cu(II) ion blotting hybrid monolithic column and SPME-ICP-MS
analysis procedure by suspension polymerization [28,91]; (B) preparation of Cd(II) ion-imprinted
polymers by precipitation polymerization [91,92]; (C) preparation of Ni(II)-imprinted polymers
by bulk polymerization [93,94]; (D) process flow chart for the preparation of As-IIP by surface-
imprinted polymerization [95]. Reproduced with permission from Ref. [28], Elsevier, 2021; [91],
Elsevier, 2010; [93], Nature, 2014; [94], Elsevier, 2018; [95], Elsevier, 2022.

3.4. Characterization of Lithium Ion-Imprinted Materials

There are many conventional characterization methods, as is shown in Figure 14,
including spectroscopy methods (infrared spectroscopy IR and ultraviolet UV-Vis), nuclear
magnetic resonance (proton nuclear magnetic resonance 1H-NMR and carbon-13 nuclear
magnetic resonance 13C-NMR), mass spectrometry methods (proton mass spectrometry),
thermal analysis methods (differential scanning gauge DSC and thermogravimetric analysis
TGA), surface analysis methods (scanning electron microscopy (SEM and X-ray photoelec-
tron spectroscopy XPS), crystallography methods (X-ray diffraction XRD), electrical and
magnetic methods (conductivity measurement and magnetic measurement), chromatogra-
phy (gas chromatograph GC and liquid chromatography HPLC), etc. The most common of
these are IR, SEM, XRD, etc.
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Figure 14. (A) (a) FT-IR spectra of CGPNF-2 membrane, CGPNF-1 membrane, PNF membrane
and 12C4, (b,c) Raman spectra of CGPNF (CGPNF-1 and CGPNF-2) membranes, PNF membranes,
and graphite flakes: full spectra, zoomed-in spectra of the 2D peak region [88]; (B) FT-IR spectra of
f-GO membrane, nanocomposite membranes, and nanocomposite (f-GO+PVA) membranes, three
membranes with TGA and DTG; (C) FESEM images of IIP-GO/Fe3O4@C ((a1) and (b1) are magnified
SEM images of (a) and (b), respectively) and NIP-GO/Fe3O4@C ((c1) is a magnified SEM image of
(c)) [32]; (D) XPS spectra of Li-IIM at the figure of merit and open potentials [42]; (E) Magnetization
curves of Fe3O4@C and Li-IIM, and the magnetic separation process of Li-IIM are shown in the lower
right corner [31]; (F) AFM images of GO/PVDF (a,b) pDA@GO/PVDF (c,d) and LIHM (e,f) [41].
Reproduced with permissions from Ref. [31], Elsevier, 2023; [32], Elsevier, 2021; [41]; RCS Publishing,
2017; [88], Elsevier, 2023; [42], Elsevier, 2020.
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3.5. Performance Evaluation of Lithium Ion-Imprinted Materials

To assess material properties, scientific computational fitting is essential for validating
experimental results. This involves applying equations, commonly found in Table 1, to
perform the fitting process [31,32].

Table 1. Calculation table of formulas related to performance evaluation of lithium ion-imprinted
materials.

Project Name Calculation Formula Reference

Adsorption capacity Qt (mg·g−1) Qt =
V(C0−Ct)

m [31,32]

Isothermal
adsorption model

Langmuir model Qe =
KLQmCe
1+KLCe

[96,97]

Freundlich model Qe = KFC
1
n
e [98]

Tempkin model Qt = A ln kt +
1
n ln Ce [99]

Kinetic model
Quasi-primary dynamics dqt

dt = k1 · (qe − qt) [100]
Quasi-secondary dynamics dqt

dt = k2 · (qe − qt)
2

Separation factor RL value RL = 1
1+CmkL

[101]

Selective evaluation
equations

Distribution factor Kd Kd = V(C0−Ce)
mCe

[31,102]Selection factor α α =
Kd(Li+)

Kd(Me)

Relative selection factor α’ α′ = αLi+
Me (I IP)

αLi+
Me (NIP)

4. Different Types of Lithium Ion-Imprinted Materials

This chapter highlights the research advancements in various lithium ion-imprinted
polymers. These polymers are developed through the integration of novel technologies
and conventional methods to extract lithium from salt lake brines. The materials can be
classified into four categories based on the technology employed: lithium ion-imprinted
adsorbent columns, lithium ion-imprinted magnetic adsorbent materials, lithium ion-
imprinted adsorbent membrane materials, and other types of materials.

4.1. Lithium Ion-Imprinted Adsorption Columns

The lithium ion-imprinted adsorption column involves molding the imprinted ma-
terial into a packed column or placing it on top of the column. This configuration facili-
tates convenient adsorption and separation operations. Molding the imprinted material
into a column eliminates the need for tedious separation and recovery procedures post-
adsorption.

4.1.1. Preparation of Imprinted Adsorption Columns by Precipitation Polymerization
Method

Xu et al. [30] prepared a novel Li/Rb imprinted multistage mesoporous silica (Li/Rb-
IHPS) by precipitation polymerization in 2018 for the simultaneous extraction of Li+ and
Rb+, in low concentrations. In this study, multistage mesoporous silica (HPS) was syn-
thesized as a substrate material using natural biomaterial nanocrystalline cellulose (NCC)
as a hard template and cetyltrimethylammonium bromide (CTAB) as a soft template by
the dual template method. Rb+ imprinted multistage mesoporous silica (Rb-IHPS) was
synthesized by the co-condensation method using tetraethoxysilane (TEOS) and N- [(3-
trimethoxysilyl)propyl]silane. N- [(3-trimethoxysilyl) propyl] ethylenediaminetriacetic acid
trisodium salt (TMS-EDTA) Li+-imprinted multistage porous mesoporous silica (Li-IHPS)
was prepared by precipitation polymerization method using LiCl-H2O as template ion,
12-crown ether-4 (12C4) as complexing agent, MAA as functional monomer, EGDMA as
cross-linking agent, and AIBN as initiator. The SEM and TEM in Figure 15B can clearly
see the mesoporous microstructure of the sample; the XRD in Figure 15C can observe the
characteristic peaks of the material due to judging the synthesis process of the material;
Figure 15D,E show the adsorption kinetics and adsorption isotherm of the material, and the
maximum adsorption capacity of the material was 2321.6 μg·g−1 for Li+, and the maximum
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adsorption capacity was 2321.6 μg·g−1 for Li+, and the high selectivity for Li+ can be seen
in Figure 15F.

 

Figure 15. (A) Synthesis route of Li/Rb-imprinted multistage mesoporous silica (Li/Rb-IHPS);
(B) SEM images of Li/Rb-IHPS (a,b) and TEM images of Li/Rb-IHPS (c,d); (C) RbCl, LiCl,
NCC/multistage mesoporous silica (HPS) composites (a), NCC/Rb-IHPS composites (b), Rb-IHPS
(c), XRD patterns of unimpregnated Li/Rb-IHPS (d), and Li/Rb-IHPS (e); (D) XRD patterns of 12C4
(a) NCC/multistage mesoporous silica (HPS) composites (b), NCC/Rb-IHPS composites (c), Rb-IHPS
(d), and Li/Rb-IHPS (e) Fourier transform infrared spectra; (E) (a) effect of contact time on Li+ and
Rb+ adsorption of Li/Rb-IHPS and Li/Rb-NHPS, and (b) unlined fitting curves for the proposed
primary and quasi-secondary kinetic models; (F) (a) effect of Li+ and Rb+ initial concentration on the
equilibrium adsorption capacity of Li/Rb-IHPS and Li/Rb-NHPS, (b) nonlinear fitting curves from
Langmuir and Freundlich isotherm models; (G) adsorption capacity of Li/Rb-IHPS and Li/Rb-NHPS
for Li+, Rb+, and other ions [30]. Reproduced with permission from Elsevier, 2018.
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4.1.2. Preparation of Imprinted Adsorption Columns by Surface-Imprinted Polymerization
Method

In order to extract lithium resources in water, Huang et al. [84] successfully prepared
novel lithium ion-imprinted polymers (Li+-IIP) decorated on the surface of multi-walled
carbon nanotubes by surface-imprinted technique, using LiNO3 as a template, dibenzo-
14-crown-4 (DB14C4) as a complexing agent, MAA as a functional monomer, EGDMA
as a cross-linking agent, and AIBN as an initiator. The lithium ion-imprinted materials
Li+-IIPs were prepared, and the preparation process is shown in Figure 16A. SEM reveals
that the multi-walled carbon nanotubes (MWCNTs) have a smooth surface and regular
shape, and their tube diameters are about 38.03 nm; the maximal adsorption capacity
of Li+-IIPs is 32.23 μmol·g−1; the Li+-IIPs and N Li+-IIPs have a better Li+ selectivity
which was better than that of Na+, K+, Cu2+ and Zn2+, which proved that the selective
separation of Li+ from aqueous solution could be realized by using DB14C4 as a chelating
agent, reflecting the high selectivity of this material; the adsorption capacity of Li+-IIPs
for Li+ did not decrease significantly with the increase of the cycling time. Compared
with the first adsorption capacity, the adsorption capacity only decreased by about 10.3%
after 10 cycles, indicating that Li+ -IIPs can be regenerated efficiently and its binding
sites can maintain good adsorption stability. The results indicate that Li+-IIPs have good
regeneration performance and have the potential to extract and recover Li+ from water.

 

Figure 16. (A) Li+-IIP prepared by surface blotting; (B) SEM images of MWCNTs (a), NLi+-IIPs (b),
and Li+-IIPs (c,d); (C) adsorption kinetics of Li+-IIP; (D) effect of interfering ions on the adsorption
capacity of Li+ [84]. Reproduced with permission from Elsevier, 2018.
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4.1.3. Electrochemical Preparation of Imprinted Adsorption Columns

Ning et al. [43], in order to recover pure lithium resources in complex acidic solutions,
immobilized 2H12C4 on the surface of multi-walled carbon nanotubes (MWCNTs) via the
halogenation reaction of epichlorohydrin (ECH) using 2-hydroxymethyl-12-crown ether-4
(2H12C4) as a functional group to obtain the electrode material N@ Li+-IPDI for lithium
ion selective recovery. Figure 17A shows the synthesis schematic, LiNO3 as template ion,
2H12C4 as complexing agent, ECH as functional monomer, acetic acid as cross-linking
agent, and MWCNT as carrier to obtain 2H12C4-MWCNT, and then add acetylene black,
polyvinylidene difluoride (PVDF), and N-methylpyrrolidone (NMP) to prepare the N@
Li+-IPDI. The SEM and EDS scans of the material are shown in Figure 17B, which shows
that the three-dimensional lattice structure of MWCNT in this electrode material is more
complete; the maximum adsorption capacity of the material is 20.255 mg·g−1 as can be
seen from the adsorption kinetic fitting curves in Figure 17C and the isothermal adsorption
line in Figure 17D, and the adsorption capacity of N@ Li+-IPDI is higher than that of the
other ions as can be seen from Figure 17E.

 

Figure 17. (A) Schematic of the synthesis of N@Li+-IPDI; (B) SEM (a) and EDS (b) scan images of
MWCNT and N@Li+-IPDI electrode materials; (C) kinetic curve fitting of N@Li+-NPDI and N@Li+-
IPDI; (D) isotherms of Li+ on N@Li+-NPDI and N@Li+-IPDI; (E) (a) ability of the N@Li+-NPDI and
N@Li+-IPDI electrodes to selectively recover ions from competing ions; and (b) comparison of the
present study with other works. Reproduced with permission from Ref. [43], Elsevier, 2023.
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4.2. Lithium-Ion Magnetically Imprinted Materials

Compared to traditional imprinted polymers, lithium ion surface ion-imprinted poly-
mers effectively overcome the challenge of imprinted sites being easily embedded. They
significantly enhance mass transfer between recognition sites and lithium ions, thereby
facilitating the elution and recombination of lithium ions [103]. However, the challenge of
recycling imprinted materials persists. Consequently, numerous researchers have explored
magnetic separation technology as a solution. For instance, magnetic carbon nanorods
(Fe3O4), possessing magnetic properties, serve as the matrix carrier. When combined with
surface ion imprinting technology, they enable the preparation of lithium ion magnetic-
imprinted materials characterized by high specific selectivity and recyclability.

Preparation of Imprinted Magnetic Adsorbent Materials by Surface-Imprinted
Polymerization Method

The preparation of magnetic lithium ion-imprinted polymers primarily employs
surface ion-imprinting technology. This involves grafting a polymer layer with a lithium
ion cavity structure onto the surface of magnetic carriers or in the nearby area [103], which
is mainly divided into chemical grafting and sol-gel method, where the sol-gel method is
mostly based on ethyl orthosilicate as the cross-linking agent.

Xubiao Luo et al. [38] synthesized magnetic lithium ion-imprinted polymers Fe3O4
@SiO2@IIP with core-shell structure by surface imprint polymerization, using 2-(allyloxy)
methyl-12crown-4 (2M12C4) as the functional monomer, LiCl·H2O as the template, EGDMA
as the cross-linking agent, and AIBN as the initiator, with MH- Fe3O4@SiO2 magnetic
matrix carrier, Fe3O4@SiO2@IIP was prepared, and Figure 18A shows its preparation flow.
As shown in Figure 18B,C, the adsorption isotherms of this material indicate that the
adsorbent has uniform adsorption sites, and the maximum adsorption capacity can reach
0.586 mmol·g−1. And as shown in Figure 18D, the Fe3O4@SiO2@IIP has excellent selectivity
for Li+ in which the selective separation factors of Li+ with respect to Na+, K+, Cu2+, and
Zn2+ are respectively 50.88, 42.38, 22.5, and 22.2.

 

Figure 18. (A) Synthesis route of Fe3O4@SiO2@IIP (B) Li+ adsorption isotherms of Fe3O4@SiO2@IIP
and Fe3O4@SiO2@NIP; (C) Li+ adsorption kinetics of Fe3O4@SiO2@IIP and Fe3O4@SiO2@NIP adsorp-
tion; (D) Li+ selective binding analysis of Fe3O4@SiO2@IIP and Fe3O4@SiO2@NIP selective binding
analysis for Li+. Reproduced with permission from Ref. [38], ACS Publications, 2015.
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Chang Liang et al. [31] prepared novel temperature and magnetic dual-responsive
ion-imprinted materials by surface-imprinted polymerization, using LiClO4 as template
ion, B12C4 as complexing agent, NIPAM as functional monomer, EGDMA as cross-linking
agent, and AIBN as initiator, and silane coupling agent-modified Fe3O4@C as the carrier
to obtain Fe3O4@C@IIP, and the process is shown in Figure 19A. The material reached a
maximum adsorption value of 23.46 mg·g−1 at 25 ◦C and 60 min. As observed by FESEM
and TEM, all the materials were spherical with the inner core wrapped by the outer layer to
form a core-shell structure as can be seen in Figure 19B. The saturated adsorption capacity
of Li+-IIP in the isothermal adsorption curve in Figure 19C was 10.2 times higher than that
of Li+-NIP, up to 23.46 mg·g−1, and the selectivity of Li+-IIP for Li+ was better than that of
Na+, K+, Mg2+, Al3+, and Fe3+ which all demonstrated the high efficiency adsorption of
the material with good selectivity.

 

Figure 19. (A) Schematic of the synthesis route of Li+-IIP on Fe3O4@C surface, (B) FESEM and
TEM images of (a,e) Fe3O4@C, (b) KH-570-modified Fe3O4@C, (c,f) Li+-IIP and (d) Li+-NIP, (C) Li+

adsorption on Li+-IIP and Li+-NIP kinetics, (D) selectivity study of Li+ on Li+-IIP. Reproduced with
permission from Ref. [31], Elsevier, 2023.

Hong Zhao et al. [32] prepared a novel magnetic Li+ blotting composite IIP-GO/Fe3O4@C
by surface-imprinted polymerization, using LiClO4 as the template ion, B12C4 as the func-
tional monomer, DMF as the solvent, EGDMA as the cross-linking agent, AIBN as the initiator,
and magnetic GO/Fe3O4@C as the composite support, and the preparation process is
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shown in Figure 20A. Figure 20B shows an SEM image of the composite, with the imprinted
Fe3O4@C nanoparticles having a uniform particle size of about 145.2 nm, good inter-particle
dispersion, and uniformly attached to the GO surface to form a hierarchical structure. In
the isothermal adsorption diagram of Figure 20C, the maximum adsorption capacity of
IIP-GO/Fe3O4@ for Li+ (31.24 mg·L−1) was higher than the maximum adsorption capacity
of NIP-GO/Fe3O4@C (15.02 mg·L−1), and Figure 20D Schematic diagram of the adsorption
selectivity factors of IIP-GO/Fe3O4@C and NIP-GO/Fe3O4@C materials show that the IIP
materials have good adsorption capacity and selectivity.

 

Figure 20. (A) Synthesis route of IIP-GO/Fe3O4@C, (B) TEM images of IIP-GO/Fe3O4@C (a) and
NIP-GO/Fe3O4@C (b), NIP-GO/Fe3O4@C (d) and IIP-GO/Fe3O4@C (e) of Fe3O4@C (c), TEM photos
of Fe3O4 nanoparticles, (f) enlarged TEM images of (e), (f1,f2) enlarged TEM images of (f), (C) ad-
sorption kinetic curves of IIP-GO/Fe3O4@C and NIP-GO/Fe3O4@C, and (D) IIP-GO/Fe3O4@C and
NIP-GO/Fe3O4@C adsorption selectivity. Reproduced with permission from Ref. [32], Elsevier, 2021.

Qi Liang et al. [104] also used the surface imprint polymerization method, using
LiClO4 as the template ion, 2-hydroxymethyl-12-crown-4 as the complexing agent, MAA
functional monomer, and EGDMA as the cross-linking agent, and modified magnetic
carbon nanospheres, PMAA-Fe3O4@C, as the matrix carrier, to form an imprinted layer
on the surface of PMAA-Fe3O4@C to prepare the PMAA- Fe3O4@C with a high selective
adsorption capacity for Li+. Li+-IIP- Fe3O4@C with high selective adsorption capacity and
its maximum adsorption capacity can reach 22.26 mg·g−1.

4.3. Lithium Ion-Imprinted Membrane Materials

The lithium-imprinted membrane’s large specific surface area facilitates the creation of
more adsorption sites on its surface. This enhancement not only improves separation and
recovery capabilities but also enhances adsorption capacity and selectivity. The preparation
method is straightforward, often utilizing organic polymer materials like polyvinylidene
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fluoride and polyethersulfone as membrane materials. These materials offer advantages
such as robust antioxidant activity, excellent chemical resistance, and strong thermal
stability. Additionally, membrane performance can be further enhanced through surface
grafting of functional groups [77].

4.3.1. Preparation of Imprinted Adsorbent Membranes by Surface-Imprinted
Polymerization Method

Sun et al. [105] prepared a lithium ion-imprinted membrane IIMMs in 2017 in order to
extract lithium resources from a salt lake, with the help of heterogeneous polydopamine
(PDA) enabling stable cross-linking interactions between poly(vinylidene fluoride) (PVDF)
macroporous membrane matrices to obtain a stabilized structure. The material was pre-
pared by using LiCl as the template ion and 2-hydroxymethyl-12-crown ether-4 (2M12C4)
as the functional monomer, EGDMA as the cross-linking agent, and AIBN as the initiator
were used to prepare the IIMMs by surface-imprinted polymerization. The SEM images in
Figure 21A show the evolution of the morphology of several types of macroporous mem-
branes from PVDF to PDA@PVDF and finally to the IIMMs, and the adsorption isotherms
and adsorption kinetics are characterized in Figure 21B,C for the adsorption of the material.
The maximum adsorption capacity of Li+ was 19.2 mg·g−1, and the selective adsorption
and permeation selectivity of this material for Li+ was excellent as shown in Figure 21D,E.

 

Figure 21. (A) SEM images of pristine PVDF macroporous membranes (a,b) pDA@PVDF macroporous
membranes (c,d) and IIMMs (e,f); (B) adsorption isotherms and fitted models of Li+ on IIMMs and NIMMs;
(C) adsorption kinetic curves and fitted models of Li+ on IIMMs and NIMMs; (D) adsorption selectivity
(a) and separation factor (b) of IIMMs on Li+ and Mg2+ (E) selective permeability properties of IIMMs (a)
and NIMMs (b) on Li+ and Mg2+. Reproduced with permission from Ref. [105], Elsevier, 2017.

Sun et al. [40] in 2018 obtained Ag/PDA/PVDF membranes after modification with
silver (Ag) nanoparticles with the help of heterogeneous polydopamine (PDA), which
were modified with 3-methacryloxypropyltrimethoxysilane (MPTS) to obtain a functional
product (MPTS-Ag/PDA/PVDF), which was then prepared by surface-imprint polymer-
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ization method through which ion-imprinted nanocomposite membranes (IINCMs) were
obtained. In this study, IINCMs were prepared by surface-imprinted polymerization on
MPTS-Ag/PDA/PVDF membranes using LiCl as the template ion, 2M12C4 as the functional
monomer, EGDMA as the cross-linking agent, and AIBN as the initiator. Porous ion-imprinted
nanocomposite membranes with high hydrophilicity were prepared by the study, as can be
seen in Figure 22A. The SEM images in Figure 22B show the morphological changes from
PVDF to PDA/PVDF to Ag/PDA/PVDF and finally to IINCMs, and the distribution of the
imprinted layers is very uniform as can be seen from analyzing the SEM images of IINCMs.
Figure 22C shows the adsorption isotherm and adsorption kinetics characterization of the
material, which has a maximum adsorption capacity of 25.58 mg·g−1 for Li+.

 

Figure 22. (A) Schematic structure of IINcMs; (B) (a) SEM images of pristine PVDF membranes,
(b) PDA/PVDF membranes, (c) SEM image of Ag nanoparticles on the surface of Ag/PDA/PVDF
membrane, (d) SEM image of uniformly imprinted layer on the surface of IINcMs; (C) (a) equilibrium
data of lithium adsorption on IINcMs and NINcMs as well as Langmuir fitting and Freundlich fitting,
(b) lithium adsorption on IINcMs and NINcMs with kinetic curves and fitted models. Reproduced
with permission from Ref. [40], Elsevier, 2018.
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4.3.2. Electrochemical Preparation of Imprinted Adsorbent Membranes

Zhang et al. [39], in 2020, in order to extract lithium resources from an acidic sys-
tem, successfully prepared ion-imprinted graphene-based hybridized aerogel (LIIP@N-
CMS/GA). The formation process of LIIP@N-CMS/GA-imprinted film can be given a
clearer overall perception from Figure 23A; the SEM images of Figure 23B show the surface
morphology of N-CMS/GA, LIIP@N-CMS/GA, and NIIP@N-CMS/GA, respectively, and
based on these morphology characterizations, it can be analyzed that the material has good
adsorption properties; Figure 23C clearly shows the Li+ uptake and desorption mechanism;
Figure 23D,E are the adsorption kinetics and adsorption isotherm characterization of this
material, and the maximum adsorption capacity of this material for Li+ is 59.58 mg·g−1.

Figure 23. (A) Schematic diagram of the formation of LIIP@N-CMS/GA-imprinted film; (B) SEM
images of (a) N-CMS/GA, (b) LIIP@N-CMS/GA, and (c) NIIP@N-CMS/GA; (C) electrochemical
absorption–desorption mechanism of lithium ions on LIIP@N-CMS/GA electrodes; (D) simulated
acidic leach solution of fly ash on the adsorption kinetic curves of Li+ on LIIP @N-CMS/GA and
NIIP@N-CMS/GA electrodes with adsorption kinetic curves (a), L-PGO@N-CMS/GA, PGO@N-
CMS/GA, PPy, and N-CMS/GA electrodes (b); and LIIP@N-CMS/GA and NIIP@N-CMS/GA with
no applied potential (c); (E) nonlinear fitting curves for Langmuir model and Freundlich model
adsorption isotherms. Reproduced with permission from Ref. [39], Elsevier, 2018.
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In order to meet the major challenge of lithium extraction from acidic systems, Liu et al. [42],
with the help of electrochemical switched ion exchange (ESIX) technology, combined with
ion-imprinting technology, using unipolar pulsed electropolymerization method, LiCl as
the template ion, 2AM12C4 as the functional monomer, and pyrrole as the conductive
and cross-linking agent, successfully prepared lithium ion-imprinted membranes (Li+-
IIM). A clearer overall perception of the study can be obtained from Figure 24A; the
FESEM images in Figure 24B show the surface morphology of ppy nanorods, Li+-NIM, and
Li+-IIM, respectively; Figure 24C,D are the adsorption kinetics and adsorption isotherm
characterization of the material, which has a maximum adsorption capacity of 16.40 mg·g−1

for Li+.

 

Figure 24. (A) Schematic of the synthesis of Li+-IIM membranes; (B) FESEM photographs of PPy
nanospheres (a), Li+-NIM (b) and Li+-IIM (c); (C) effect of time on the adsorption capacity of Li+-IIM
and Li+-NIM; (D) effect of initial Li+ concentration on the adsorption capacity of Li+-IIM and Li+-NIM
effects. Reproduced with permission from Ref. [42], Elsevier, 2020.

4.3.3. Preparation of Imprinted Adsorbent Membranes by Hydrolysis Polymerization

Yang et al. [44], in 2022, in order to selectively recover lithium from spent lithium-ion
batteries, successfully synthesized lithium ion-imprinted membranes (LIIMs) with very
good adsorption properties by using hydrolysis polymerization combined with lithium
ion-imprinting technology. In this study, LIIMs were prepared by using LiCl as the template
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ion, 12C4E as the complexing agent, KH550 (APTES) as the functional monomer, tetraethyl
silicate (TEOS) as the cross-linking agent, and PVDF as the carrier. The synthesized
materials and their synthesis are shown in Figure 25A, and the surface topography of the
membrane can be clearly seen in the SEM image in Figure 25B, and the EDS image supports
the successful preparation of the membrane; Figure 25C,D show the adsorption isotherms
and adsorption kinetics characterization of the material, which has a maximum adsorption
capacity of 132 mg·g−1 for Li+.

 

Figure 25. (A) Schematic diagram of the synthesis of LIIMs; (B) SEM photographs of TiO2/PVDF
(a,b), LIIMs (d,e), and EDS spectra of TiO2/PVDF (c) and LIIMs (f); (C) adsorption kinetic curves for
Li+ adsorption on LIIMs (a) and NIIMs (b) curves; (D) nonlinear fitting curves of Langmuir model
and Freundlich model for Li+ adsorption on LIIMs and NIIMs. Reproduced with permission from
Ref. [44], Elsevier, 2022.

Cui et al. [41] prepared antifouling lithium-imprinted hybrid membranes (LIHMs) by
hydrolysis polymerization with the help of polydopamine (PDA) using PVDF/GO hybrid
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membranes as the base membranes in order to cope with the problem of ion-imprinted
membrane contamination in 2018. In this study, LIHMs were obtained by polymerization
reaction on pDA@GO/PVDF membranes using LiCl as template ion, 12C4E as complexing
agent, vinyltriethoxysilane (VTES) as functional monomer, and TEOS as cross-linking agent.
The preparation process is shown in Figure 26A; SEM of Figure 26B can clearly see that after
the polydopamine modification, the surface of the pDA@PVDF/GO membrane formed
a multilevel structure and the polymer network was deposited on the pDA@PVDF/GO
membrane; the three AFM images of Figure 26C show the presence of polymer layers
on the hybridized membrane; Figure 26D,E are the adsorption isotherms and adsorption
kinetics characterization of the material, which show the maximum adsorption capacity of
27.10 mg·g−1 for Li+, and Figure 26F shows the high selectivity of this material for Li+.

 

Figure 26. (A) Schematic of the preparation method of LIHMs with selective adsorption of Li+;
(B) SEM photos of GO/PVDF (a,b), pDA@GO/PVDF (c,d) and LIHMs (e,f); (C) AFM images of
GO/PVDF (a,b), pDA@GO/PVDF (c,d) and AFM images of LIHMs (e,f); (D) nonlinear fitting of
Langmuir and Freundlich models; (E) nonlinear fitting of pseudo-second-order model; (F) permeabil-
ity performance of LIHMs (a) and NIHMs (b), and LIHMs (c) and NIHMs (d) with time-dependent
permeation flux curves. Reproduced with permission from Ref. [41], RSC Publishing, 2017.

4.4. Other Types of Lithium Ion-Imprinted Materials

Besides the materials mentioned earlier, alternative substances can extract lithium
resources. Below, various methods for extracting lithium resources are outlined.

4.4.1. Preparation of Imprinted Adsorbent Aerogels by Surface Imprint Polymerization

Kang et al. [45] used graphene oxide (GO) as the backbone material and tris(hydroxymethyl)
aminomethane (Tris) as the first new method of reducing agent. Li+-imprinted three-dimensional
embedded graphene aerogels (IDGAs) were successfully constructed by liquid-phase self-
assembly technique combined with surface modification and assisted cross-linking by DMF.
The graphene aerogels were characterized by structural stability, high selectivity, and high
recyclability. The IDGAs not only prevented the accumulation of GO, but also introduced
additional adsorption sites, which significantly improved the efficiency and capacity of
Li+ adsorption. The IDGAs were prepared by using LiClO4 as the template ion, 2M12C4
as the complexing agent, MAA as the functional monomer, DGDMA as the cross-linking
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agent, and AIBN as the initiator. IDGAs were prepared by surface blotting method by
adding DGA (Figure 27B shows the formation mechanism of DGAs) as a carrier as shown
in Figure 27A. Figure 27C shows the FESEM images of GA, DGA, KDGA, PDGA, and
IDGA); Figure 27D shows the adsorption kinetic curves of IDGAs and NDGAs at 25 ◦C.
By comparison, the equilibrium adsorption capacity of the imprinted material IDGAs was
11.50 mg·g−1, which was much higher than that of the non-imprinted material NDGAs
(3.71 mg·g−1).

 

Figure 27. (A) Comprehensive roadmap of IDGAs; (B) mechanism of formation of DGAs; (C) FESEM
images of (a) GAs, (b) DGAs, (c) KDGAs, (d) PDGAs, and (e,e1) IDGAs; (D) adsorption kinetic profiles
of (a) IDGAs and NDGAs, (b) adsorption isothermal curves, (c) adsorption selectivity. Reproduced
with permission from Ref. [45], Elsevier, 2024.

4.4.2. Functionalized Imprinted Polymer Brushes Prepared by UV-Initiated Surface
Polymerization

Xue et al. [46] synthesized macroporous high internal phase emulsion (polyHIPE) foam
polymers by ultraviolet (UV)-initiated surface polymerization in 2020 for the purpose of
recovering lithium-ion resources from brines of salt lakes, i.e., as a 2-(allyloxy)hydroxymethyl-
12-crown-4 ether (2AM12C4)-functionalized polymer brush (PVBC-g-PCE). The chloromethyl-
functionalized porous polymer (PVBC) was first modified in chloromethyl to become PVBC-
S2O3, and the surface polymerization of 2AM12C4 with UV-initiated PVBC- S2O3 yielded
PVBC-g-PCE, with LiCl as the ionic template, 2AM12C4 as the complexing agent, EGDMA
as the cross-linking agent, AIBN as the initiator, and PVBC- S2O3 as the carrier to prepare
the imprinted material, as shown in Figure 28A; Figure 28B shows the characterization of
the material, and the success of the surface modification can be seen; Figure 28C,D show the
adsorption kinetic data and the equilibrium data of adsorption of the material, respectively,
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and the maximal adsorption capacity of this material is 3.67 mg·g−1; Figure 28E shows the
high selectivity to Li+.

 
Figure 28. (A) Synthesis route of PVBC-g-PCE and its adsorption mechanism on Li+; (B) SEM
photographs of PVBC (a), PVBC- S2O3 (b), PVBC-g-PCE (c), and expanded pore surface of PVBC (d),
PVBC- S2O3 (e), and PVBC-g- PCE (f); (C) kinetic data and modeling of Li+ adsorption on PVBC-
S2O3 and PVBC-g-PCE; (D) equilibrium data of Li+ adsorption on PVBC- S2O3 and PVBC-g-PCE;
and (E) selective metal ion uptake by VBC- S2O3 and PVBC-g-PCE. Reproduced with permission
from Ref. [46], Elsevier, 2020.

4.4.3. Preparation of Imprinted Nanofibers by Electrochemical Methods

Ding et al. [47], in 2022, prepared a high-performance and low-cost adsorption of
novel nanofibrous materials by combining electrostatic spinning technology with surface
ion-imprinted in order to achieve the selective separation and recovery of Li+ from brines in
salt lakes by first grafting N-(2-aminoethyl)-3-amino-propyltriethoxysilane (KH-791) onto
chromatographic silica gel (SG), adding oxidized graphene (GO) assembly, partial modifi-
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cation of the double bond on the amino functional group SG/GO with maleic anhydride
and glacial acetic acid, and modification of the phosphoryl group by adding vinylphos-
phonic acid. The ion-imprinted polymer IIP@SG/GO was obtained by using LiCl as the
template ion, EGDMA as the cross-linking agent, AIBN as the initiator, and the SG/GO
composite material as the carrier. Transparent and homogeneous spinning solutions were
prepared from IIP@SG/GO and PAN fibers, and PAN-IIP@SG/GO nanofibers were ob-
tained by high-pressure electrostatic spinning, and the synthesis route is as shown in Fig-
ure 29A; Figure 29B clearly shows the smooth fibers before adsorption and the embedded
large particles on the fibers after adsorption; Figure 29C shows that the material adsorp-
tion reaches equilibrium within 120 min, and the maximum adsorption amount of Li+ is
1.1 mg·g−1. At the same time, the PAN-IIP@SG/GO has a higher selectivity for Li+.

 

Figure 29. (A) Synthesis route of PAN-IIP@SG/GO nanofibers; (B) SEM photographs of PAN-
IIP@SG/GO before and after adsorption of Li+; (C) comparison of Langmuir and Freundlich adsorp-
tion models for Li+ adsorption by adsorbent materials. Reproduced with permission from Ref. [47],
Elsevier, 2022.

4.5. Summary of Materials

Various methods have been developed to prepare different types of materials ap-
plicable in various environments for extracting lithium resources. These methods are
summarized and compared in Table 2. For instance, the material Li/Rb-IHPS is an im-
printed adsorption column. Its synthesis method is precipitation polymerization, with
a template ion of LiCl-H2O, complexing agent 12C4, functional monomer MAA, cross-
linking agent EGDMA, initiator AIBN, carrier HPS, and solvent CH3CN. The adsorption
capacity of Li/Rb-IHPS is 2321.6 μg·g−1.
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4.5.1. Advantages and Disadvantages of Lithium Ion-Imprinted Adsorption Columns

Lithium ion-imprinted adsorption columns offer several advantages including high
selectivity, efficiency, renewability, and environmental friendliness: (1) High selectivity:
the lithium ion-imprinted adsorption column can be made highly selective by specific
functional monomer design, which can efficiently capture and enrich lithium ions in
aqueous solution while ignoring other metal ions. (2) High efficiency: due to its high
selectivity, the lithium ion-imprinted adsorption column can enrich the target lithium ions
from a large amount of aqueous solution into a small volume in a short time, and thus
has a high enrichment efficiency and separation efficiency. (3) Regenerability: lithium
ion-imprinted adsorption columns usually have a certain regenerability; by adjusting the
solvent and conditions, the adsorbed lithium ions can be eluted, so that the adsorption
columns can be reused, which reduces the cost. (4) Environmental friendliness: compared
with traditional methods such as chemical precipitation, lithium ion-imprinted adsorp-
tion columns produce less waste liquid during lithium extraction, reducing the risk of
environmental pollution.

Lithium ion-imprinted adsorption columns have the disadvantages of complex prepa-
ration, high cost, strict requirements for operating conditions, and limited market appli-
cations: (1) Complex preparation: the preparation of lithium ion-imprinted adsorption
columns requires the synthesis of specific functional monomers and a series of polymeriza-
tion, cross-linking, and post-processing steps; the preparation process is relatively complex,
requiring a high level of technology and cost investment. (2) Higher cost: due to the
complexity of the preparation process, the preparation cost of lithium ion-imprinted ad-
sorption columns is higher, which may limit its promotion and application in large-scale
industrial applications. (3) Strict operating conditions: in order to ensure the selectivity and
efficiency of the lithium ion-imprinted adsorption columns, it is necessary to strictly control
the operating conditions of the adsorption and elution process, including the selection
of solvents, pH adjustment, etc., and the operation is relatively complex. (4) Restricted
market application: at present, lithium ion-imprinted adsorption columns are mainly used
in laboratory research and small-scale production, and have not been widely promoted in
large-scale industrial applications, so the market application is restricted.

4.5.2. Advantages and Disadvantages of Lithium Ion Magnetic-Imprinted Materials

Lithium ion magnetic adsorbent material has the advantages of high efficiency and
rapidity, high selectivity, good controllability, renewability, and environmental friendliness:
(1) high efficiency and rapidity: lithium ion magnetic adsorbent material has the ability to
rapidly capture and enrich lithium ions, and the target ions can be rapidly enriched from
the aqueous solution to a specific region by the applied magnetic field, which accelerates
the separation and extraction process. (2) Strong selectivity: through rational design of
material structure and functionalized surface, lithium ion magnetic adsorbent material can
realize high selective adsorption of lithium ions, which can accurately identify and capture
the target ions in the complex ion mixing system and improve the separation efficiency.
(3) Good controllability: by adjusting the strength and direction of the applied magnetic
field, the adsorption and release process of the lithium ion magnetic adsorbent material
can be precisely controlled, making it highly controllable in operation. (4) Renewabil-
ity: lithium ion magnetic adsorbent materials can usually be realized through simple
heat treatment or solvent elution and other methods of ion release and material regenera-
tion, which can reduce costs and reduce the consumption of resources. (5) Environmen-
tally friendly: compared with traditional chemical methods, lithium ion magnetic adsor-
bent materials produce less waste liquid during lithium extraction, reducing the risk of
environmental pollution.

Lithium ion magnetic adsorbent material has high preparation technology require-
ments, limited material stability, dependence on magnetic field, and in the research and
development stage, has the following advantages: (1) high preparation technology re-
quirements: lithium ion magnetic adsorbent material preparation technology is relatively
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complex; there is a need to synthesize specific functional materials and combine them with
magnetic carriers, and the preparation process is relatively cumbersome, requiring a high
level of technology and cost investment. (2) Limited material stability: some lithium ion
magnetic adsorbent materials may be affected by chemicals in the aqueous solution or envi-
ronmental conditions, leading to a decrease in adsorption performance or material failure,
so it is necessary to strengthen the stability and durability management of the materials in
the process of use. (3) Dependence on magnetic field: the adsorption and release process
of lithium ion magnetic adsorbent material is affected by the applied magnetic field, so it
needs to be equipped with magnetic field equipment, which increases the complexity of
operation and the investment cost of equipment. (4) Still in the research and development
stage: lithium ion magnetic adsorbent materials are still in the research and development
stage in large-scale industrial applications, and are mainly used in laboratory research and
small-scale production, and market applications are still subject to certain restrictions.

4.5.3. Advantages and Disadvantages of Lithium Ion-Imprinted Adsorbent Membrane
Materials

Lithium ion-imprinted adsorbent membrane materials have the advantages of high
selectivity, fast response, good controllability, and resource saving: (1) High selectivity:
lithium ion-imprinted adsorbent membrane materials can realize high selective capture of
lithium ions through rational design of functional monomers and membrane structure, thus
accurately identifying and enriching the target ions in the complex ion mixing solution,
and improving the separation efficiency. (2) Fast response: due to its thin film structure,
the lithium ion-imprinted adsorption membrane material is characterized by fast response,
which can complete the adsorption and release process in a short time, accelerating the
separation and extraction of lithium ions. (3) Good controllability: by adjusting the structure
of the membrane and surface functionalization, the adsorption and release behavior of the
lithium ion-imprinted adsorbent membrane material can be precisely controlled, making it
highly controllable in operations. (4) Saving resources: compared with traditional chemical
methods, lithium ion-imprinted adsorbent membrane materials produce less waste liquid
during lithium extraction, reducing the risk of environmental pollution and saving water
resources and treatment costs.

Lithium ion-imprinted adsorbent membrane materials have the disadvantages of high
preparation technology requirements, limited material stability, dependence on operat-
ing conditions and are still in the research and development stage: (1) high preparation
technology requirements: lithium ion-imprinted adsorbent membrane materials have a rel-
atively complex preparation technology, which requires the synthesis of specific functional
monomers and film-forming treatment on the membrane substrate, and the preparation
process is relatively cumbersome, which requires a high technical level and cost investment.
(2) Limited material stability: some of the lithium ion-imprinted adsorption membrane
materials may be affected by chemicals in aqueous solution or environmental conditions,
leading to a decline in adsorption performance or failure of the membrane material, so
it is necessary to strengthen the management of the stability and durability of the mate-
rial in the process of use. (3) Dependence on operating conditions: the adsorption and
release processes of lithium ion-imprinted adsorbent membrane materials are affected by
operating conditions, such as temperature, pH, etc., so the operating conditions need to be
strictly controlled, which increases the complexity of operation. (4) Still in the research and
development stage: lithium ion-imprinted adsorbent membrane materials in large-scale
industrial applications are still in the research and development stage, and are mainly used
in laboratory research and small-scale production, and market applications are still subject
to certain restrictions.

5. Application of Lithium Ion-Imprinted Materials

The preparation of appropriate lithium ion-imprinted materials serves not only to
recover Li+ but also to facilitate their application in various environments for lithium
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resource extraction. The following discussion will sequentially summarize the progress
made in lithium ion-imprinted materials and briefly outline their applications in different
contexts. This summary aims to provide insights into future directions for the development
of lithium ion-imprinted materials.

5.1. Application of Lithium Ion-Imprinted Adsorption Columns
5.1.1. Application of Precipitation Polymerization Method for the Preparation of Imprinted
Adsorption Columns

Xu et al. [30] employed the precipitation polymerization method to create a novel
Li/Rb imprinted multistage mesoporous silica (Li/Rb-IHPS). The study investigated the
impact of pH on adsorption experiments. As shown in Figure 30A, the adsorption capacity
of Li/Rb-IHPS for Li+ and Rb+ is pH-dependent. Specifically, the adsorption capacity of
the Li+ adsorbent liquid gradually increases within the pH range of 3–7. Simultaneously,
as the pH value increases from 2 to 8, the zeta potential gradually decreases, favorably
enhancing the adsorption of Li+. In Figure 30B, the equilibrium adsorption capacity of
Li/Rb-IHPS for Li+ and Rb+ remains consistently high at 94% and 93%, respectively, even
after five cycles. This demonstrates the exceptional stability of Li/Rb-IHPS, making it a
reliable choice for the repetitive extraction of Li+ and Rb+. However, Li/Rb-NHPS exhibits
a lower equilibrium adsorption capacity, with values of 81% for Li+ and 80.5% for Rb+.
This capacity is notably smaller compared to Li/Rb-IHPS, suggesting that Ion-Interaction
Technology (IIT) effectively prevents the destruction of adsorption sites. Consequently,
Li/Rb-IHPS emerges as a more suitable material for the recovery of lithium resources in
neutral and low-concentration environments.

 

Figure 30. (A) Effect of pH on the adsorption capacity of Li+ and Rb+ by Li/Rb-IHPS and
Li/Rb-NHPS (a) and the effect of pH on the zeta potentials of Li/Rb-IHPS and Li/Rb-NHPS (b);
(B) (a) Li/Rb-IHPS and Li/Rb-NHPS reusability tests, (b) FT-IR spectra of Li/Rb-IHPS at the begin-
ning and after five cycles. Reproduced with permission from Ref. [30], Elsevier, 2018.
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5.1.2. Application of Imprinted Adsorption Columns Prepared by Surface Imprint
Polymerization Method

Huang et al. [84] successfully synthesized lithium ion-imprinted polymers (Li+-IIP)
on the surface of multi-walled carbon nanotubes using a surface-imprinted technique.
Figure 31A demonstrates a proportional increase in adsorption capacity with rising ini-
tial concentrations (10 mg·L−1 to 200 mg·L−1). Based on these findings, the maximum
adsorption capacities of Li+-IIPs and NLi+-IIPs were calculated to be 1362.56 μmol·g−1 and
μmol·g−1, respectively. In Figure 31B, it can be seen that in the interval of pH = 2–6, the
adsorption capacity of the material increased with the increase of pH value, and in the
interval of pH = 6–8, with the increase of pH value, the adsorption capacity of the material
started to decrease; the adsorption capacity of the material after 10 cycles of adsorption
experiments only decreased by 10.3%, indicating that Li+-IIPs has good regeneration per-
formance and has the potential of extracting and recovering Li+ from water. The optimal
adsorption conditions for this material are a starting concentration of 200 mg·L−1, pH of 6,
and temperature of 25 ◦C. Consequently, it can effectively extract lithium resources under
conditions of higher concentration, weak acidity, and room temperature.

 

Figure 31. (A) Effect of initial concentration on Li+ adsorption capacity; (B) effect of pH on Li+

adsorption capacity; (C) adsorption–regeneration cycle of Li-IIPs. Reproduced with permission from
Ref. [84], Elsevier, 2018.

5.1.3. Application of Electrochemically Prepared Imprinted Adsorption Columns

Ning et al. [43] utilized an electrochemical method to synthesize the electrode material
N@Li+-IPDI for selectively recovering lithium ions. Figure 32A illustrates the impact
of pH, applied voltage, residual weight, and the number of adsorption cycles on the
adsorption efficacy. The adsorption capacity escalates as the pH rises within the range of
2–6, with a peak recovery of 14.74 mg·g−1 at pH 6.0. Additionally, the adsorption efficiency
correlates positively with increasing potential, albeit plateauing after reaching 0.6 V; the
material loss showed a positive correlation with H+ concentration, resulting in a mass
loss of 3.39% at pH = 2. After undergoing four cycles of resolution–adsorption, the Li+

concentration decreased from 53.1 mg·L−1 to 17.25 mg·L−1, with a recovery rate of 67.51%.
Subsequently, after five regenerations, the material recovery reached 93.42% of the initial
value. Desorption rates for the N@Li+-NPDI and N@Li+-IPDI electrodes were 95.82% and
91.72%, respectively. Notably, the N@Li+-IPDI exhibited consistent high regeneration rates
across cycles. Furthermore, within the voltage range of 0.2–1.0 V, desorption rates increased
proportionally with potential, the concentration of Li+ in the enrichment solution reached
153.74 mg·g−1.

54



Polymers 2024, 16, 833

 

Figure 32. (A) (a) Adsorption with pH, (b) effect of voltage on adsorption capacity, (c) residual weight
with pH, (d) Li+ concentration in solution with number of adsorptions; (B) (a) cyclic regeneration
performance test of N@Li+-NPDI and N@Li+-IPDI electrodes; (b) N@Li+- NPDI and N@Li+-IPDI
electrode materials; (c) desorption rate of N@Li+-IPDI electrode materials at different desorption
potentials, and (d) relationship between the concentration of enriched solution and the number of
desorption times. Reproduced with permission from Ref. [43], Elsevier, 2023.
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5.2. Application of Lithium Ion Magnetic-Imprinted Materials

The unique magnetic properties of lithium ion magnetic-imprinted materials facilitate
easier recycling. Additionally, the teams conducted studies on the materials’ adsorption
properties under various conditions including temperature, pH value, and regeneration
performance. This research aimed to determine the optimal application environment and
effectiveness of these materials.

Xubiao Luo et al. [38] investigated the effect of pH on the adsorption test, the adsorp-
tion capacity of Fe3O4@SiO2@IIP and Fe3O4@SiO2@NIP for Li+ at different pH (1–9), and
the results showed that Fe3O4@SiO2@IIP can be used in a wide pH environment, and the
pH of the solution is most suitable for 6.0. The research team also conducted a fixed-bed
column adsorption test and a fixed-bed column regeneration test to verify the applicability
of Fe3O4@SiO2@IIP for removing Li+ ions from wastewater. In Figure 33A, the fixed-bed
column adsorption test shows the penetration curve of Fe3O4@SiO2@IIP toward Li+ ions,
indicating that Fe3O4@SiO2@IIP exhibits stable Li+ ion removal performance. In Figure 33B,
the fixed bed column regeneration test shows a cumulative desorption efficiency of about
89.9% for the first run and about 98.7% for the second run. This Fe3O4@SiO2@IIP is a
material with high selectivity for lithium ions and can be efficiently recycled.

 

Figure 33. (A) Fixed-bed column adsorption test; (B) fixed-bed column regeneration test. Reproduced
with permission from Ref. [38], ACS Publications, 2015.

Chang Liang et al. [31] analyzed the magnetization curves of Fe3O4@C and Li+-IIP,
depicted in Figure 34A. Additionally, they conducted five adsorption–desorption cycles
on Li+-IIP particles, with the results presented in Figure 34B. Remarkably, even after these
cycles, the equilibrium adsorption capacity remained at 91.47% of the initial value, affirming
the cyclic stability of Li+-IIP. Furthermore, they verified the thermosensitive transition of
Li+-IIP by conducting hydrodynamic diameter measurements in the in-liquid system,
detailed in Figure 34C(a). Notably, the investigation also revealed the optimal adsorption
temperature of the material to be 35 ◦C, as shown in Figure 34C(b). In conclusion, the
Li+-IIP material offers effective temperature-switching adsorption of Li+ ions, coupled with
reliable cyclic regeneration. Its magnetic properties also facilitate convenient recycling.

Hong Zhao et al. [32] analyzed the hysteresis loops of KH570-GO/Fe3O4@C and
IIP-GO/Fe3O4@C, illustrated in Figure 35A. They also explored the pH’s impact on the
adsorption process, depicted in Figure 35B. The adsorption of Li+ on the IIP-GO/Fe3O4@C-
imprinted material increased with rising pH, reaching a maximum adsorption capacity
of 22.9 mg·g−1 at a pH of 6. The material’s regeneration performance was investigated.
According to Figure 35C(g), the adsorption capacity of IIP-GO Fe3O4@C for Li+ decreased
from 22.9 to 20.84 mg·g−1 after six adsorption–desorption cycles, representing a modest 9%
reduction from the initial adsorption capacity. This finding highlights the commendable
regeneration performance of IIP-GO/Fe3O4@C, indicating its potential for reuse.
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Figure 34. (A) The inset at the lower right corner shows the magnetization curves of Fe3O4@C and
Li+-IIP, and the magnetic separation process of Li+-IIP; (B) cyclic adsorption properties of Li+-IIP; and
(C) (a) hydrodynamic diameters and (b) adsorption capacities of Li+-IIP at different temperatures.
Reproduced with permission from Ref. [31], Elsevier, 2023.

 

Figure 35. (A) Hysteresis lines of KH570-GO/Fe3O4@C and IIP-GO/Fe3O4@C; (B) effect of pH on
the Li+ adsorption capacity of IIP-GO/Fe3O4@C and NIP-GO/Fe3O4@C; (C) adsorption target maps
of IIP-GO/Fe3O4@C in six adsorption–desorption cycles (a,d), SEM maps (b,e) and TEM maps (c,f) of
the regeneration performance of IIP-GO/Fe3O4@C (g). Reproduced with permission from Ref. [32],
Elsevier, 2021.
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5.3. Application of Lithium Ion-Imprinted Membrane Materials
5.3.1. Application of Surface Imprint Polymerization for the Preparation of Imprinted
Adsorbent Films

Sun et al. [105] utilized surface-imprinted polymerization to craft large porous polymer
ion-imprinted microporous membranes (IIMMs) known for their robust renewability and
heightened selectivity toward lithium ions. In this investigation, the adsorption selectivity
of this material amid competing ions, such as Mg2+, was scrutinized. Figure 36A illustrates
a distinct elevation in Li+ adsorption by the IIMMs in the presence of Mg2+, signifying
enhanced specific recognition and adsorption selectivity for Li; the figure clearly shows
that the maximum a-value (the selectivity factor) in the selective adsorption experiment was
4.42, indicating that IIMMs can maintain strong adsorption selectivity even when competing
ions are present. Additionally, Figure 36B reveals that after six adsorption–elution cycles, the
minimum adsorption amount decreased by only 9.09% compared to the maximum adsorption
amount, demonstrating the material’s excellent regeneration performance.

 

Figure 36. (A) Adsorption selectivity (a) and separation factors (b) of IIMMs for Li+ and Mg2+;
(B) adsorption stability and regeneration performance of IIMMs after several adsorption–desorption
cycles. Reproduced with permission from Ref. [105], Elsevier, 2017.

Sun et al. [40] prepared ion-imprinted nanocomposite membranes (IINcMs) with high
selectivity, and developed ion-imprinted nanocomposite membranes (IINcMs) through
surface-imprinted polymerization, exhibiting high selectivity, regeneration, and antifouling
properties. Figure 37A illustrates that after 10 adsorption–elution cycles, the minimum
adsorption amount decreased by only 7.9% compared to the maximum adsorption amount,
indicating excellent regeneration performance. To assess the antifouling performance
of the prepared membrane, static and dynamic BSA adsorption experiments were con-
ducted. Figure 37B demonstrates the strong antifouling performance of the resultant
material. Additionally, the material exhibits strong hydrophilicity, evident from the con-
tact angle measurement experiment depicted in Figure 37C, and membrane flux results
shown in Figure 37D. Furthermore, the material demonstrates high selectivity, as illustrated
in Figure 37E.

5.3.2. Application of Electrochemically Prepared Imprinted Adsorbent Membranes

Zhang et al. [39] utilized a unipolar pulsed electropolymerization method to create
a lithium ion-imprinted membrane (LIIP@N-CMS/GA) exhibiting high acid resistance.
Figure 38A indicates that the membrane material achieved maximum adsorption capacity
at pH = 9, with effective adsorption observed in both acidic and alkaline systems. To
address practical application challenges, the study simulated the acidic leaching solution of
fly ash (pH = 1.5) and explored the impact of various adsorption potentials on its efficacy. In
Figure 38B, the maximum Li+ adsorption on the LIIP@N-CMS/GA electrode is observed at
−0.3 V, reaching 47.31 mg·g−1. This adsorption process is further illustrated in Figure 38C,
where the adsorption capacity of the LIIP@N-CMS/GA membrane remains at 91.7% of
its initial value after 10 adsorption–elution cycling experiments. This resilience suggests
the material’s promising recycling performance, making it highly suitable for large-scale
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lithium extraction. Figure 38D vividly demonstrates the material’s outstanding specific
adsorption of Li+.

 

Figure 37. (A) Effect of regeneration performance of IINcMs on recombination capacity; (B) adsorp-
tion performance of BSA on membranes under static and dynamic conditions; (C) contact angles
of (a) pure PVDF membranes, (b) PDA/PVDF, (c) Ag/PDA/PVDF, (d) IINcMs, and (e) NIINcMs;
(D) contact angles of pure PVDF membranes and membrane fluxes of IINcMs; (E) time-dependent
permeation selectivity curves of lithium and magnesium through (a) IINcMs and (b) NIINcMs.
Reproduced with permission from Ref. [40], Elsevier, 2018.

 

Figure 38. (A) Effect of pH on the adsorption capacity of Li+ on LIIP@N-CMS/GA electrode;
(B) variation of adsorption capacity of Li+ on LIIP@N-CMS/GA electrode with adsorption potential
by simulated acidic leach solution of fly ash; (C) desorption ratio curves of LIIP@N-CMS/GA and
NIIP@N-CMS/GA electrodes (a); adsorption stability and regeneration performance of LIIP@N-
CMS/GA and NIIP@N-CMS/GA electrodes (b); (D) adsorption capacity of fly ash simulated acidic
leach solution on ions on LIIP@N-CMS/GA and NIIP@N-CMS/GA electrodes. Reproduced with
permission from Ref. [39], Elsevier, 2018.
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Liu et al. [42] employed unipolar pulsed electropolymerization to fabricate lithium
ion-imprinted membranes (Li+-IIM) with high acid resistance. Figure 39A illustrates that
even after five adsorption–elution cycling experiments, the Li+-IIM membrane retains
95.88% of its initial adsorption capacity. This suggests structural stability and efficient
recycling performance, rendering it applicable in practical scenarios. Figure 39B illustrates
the Li+-IIM membrane’s specific adsorption and selective recognition of the target ion
Li+. Kinetic adsorption experiments were conducted on the Li+-IIM membrane at varying
pH levels. The adsorption capacity of this membrane in acidic solutions, as depicted
in Figure 39C, was lower than in neutral solutions. However, in contrast, the Li+-IIM
membrane exhibited a stronger adsorption capacity in acidic conditions.

Figure 39. (A) Regeneration of Li+-IIM; (B) adsorption selectivity of Li+-IIM and Li+-NIM for Li+,
Na+, K+, Mg2+, Al3+, and Fe3+; (C) kinetic adsorption curves of Li+-IIM at different pH values.
Reproduced with permission from Ref. [42], Elsevier, 2020.

5.3.3. Preparation of Imprinted Adsorbent Films using Hydrolysis Polymerization for
Applications

Yang et al. [44] synthesized lithium ion-imprinted membranes (LIIMs) via hydrolysis
polymerization, demonstrating robust adsorption and selective recognition of Li+. Analysis
of Figure 40A,B, along with SEM validation, reveals the membrane’s efficacy in complex
solutions containing Li+ and four competing metal ions. Moreover, Figure 40C illustrates
that, after six adsorption–elution cycles, the minimum adsorption amount decreased by
only 3% compared to the maximum adsorption amount, indicating excellent regeneration
performance of the material.

Cui et al. [41] synthesized antifouling lithium-imprinted hybrid membranes (LIHMs)
via hydrolysis polymerization, showcasing robust selective recognition of Li+, excellent
antifouling properties, and regeneration ability. The material’s adsorption capacity for
Li+ significantly rises with increasing pH, peaking at pH=6, indicating its suitability for
lithium resource recovery in neutral and weakly acidic environments. After six adsorption–
elution cycles, the minimum adsorption capacity is only 8.2% lower than the maximum,
demonstrating the material’s strong regeneration performance. In this experiment, the
material’s antifouling performance was assessed through surface wettability, as depicted in
Figure 41C. The results of the anti-pollution test indicate that the surface of the produced
LIHMs formed a water layer, aiding in the prevention of organic contamination. Mechan-
ical strength is crucial for evaluating membrane viability during separation. Figure 41D
illustrates the tensile strength and Young’s modulus of the LIHMs, measuring 0.286 MPa
and 5.151 MPa, respectively. Additionally, a single piece of LIHMs can support a weight of
100 g. In conclusion, the material exhibits good mechanical strength.
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Figure 40. (A) Selective adsorption (a), ion distribution coefficients (b), and separation factors (c)
of lithium ions by LIIMs of 40 mg·g−1 Li+/Mg2+, Li+/K+, Li+/Na+, and Li+/Ca2+; XPS full-scan
spectra before and after adsorption of LIIMs (d) and Li (e) and O (f,g) high-resolution spectra and
SEM after Li adsorption (h,i); (B) permeation capacity of LIIMs (a), permeation flux curves of LIIMs
and NIIMs to Li+ (b), and schematic diagram of the permeation mechanism (c) (100 mg·g−1 of mixed
solution of Li+, Na+, K+, Mg2+, and Ca2+); (C) adsorption stability results for LIIMs (40 mg·g−1 LiCl
solution). Reproduced with permission from Ref. [44], Elsevier, 2022.

 

Figure 41. (A) Effect of pH on the adsorption capacity of LIHMs and NIHMs; (B) adsorption stability
and regeneration performance of LIHMs; (C) water contact angle of PVDF (a), PVDF/GO (b), and
LIHMs (c), underwater oil of PVDF (d), PVDF/GO (e), and LIHMs (f) contact angles; (D) (a) stress–
strain curves of LIHMs, (b) pictures of LIHMs holding a 100 g weight. Reproduced with permission
from Ref. [41], RSC Publications, 2017.
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5.4. Other Types of Materials for Lithium Ion
5.4.1. Application of Surface-Imprinted Polymerization for the Preparation of Imprinted
Adsorbent Aerogels

Kang et al. [45] successfully created Li+-imprinted 3D block graphene aerogels (IDGAs)
using graphene oxide (GO) as the backbone material and tris(hydroxymethyl)aminomethane
(Tris). This was achieved through surface modification employing a liquid-phase self-
assembly technique with cross-linking facilitated by DMF. Figure 42A illustrates the water
contact angle test results for GAs, DGAs, and IDGAs, showcasing their exceptional wet-
tability and stability. In Figure 42B, the shift in the adsorption value of IDGAs for Li is
evident after four adsorption–desorption cycles. The adsorption amount decreased from
11.50 mg·g−1 to 10.11 mg·g−1, representing a 12% reduction from the initial value.

 
Figure 42. (A) Contact angles of GA, DGA, and IDGA; (B) regeneration performance. Reproduced
with permission from Ref. [45], Elsevier, 2024.

5.4.2. Application of Functionalized Imprinted Polymer Brushes Prepared by UV-Initiated
Surface Polymerization

Xue et al. [46] synthesized macroporous polyHIPE foam polymers via UV-initiated
surface polymerization. Figure 43A demonstrates the pH’s impact on adsorption perfor-
mance. Adsorption capacity increases from pH 3 to 6, stabilizing as pH shifts from 6 to
10. Maximum performance occurs at pH 6.0. In Figure 43B, after five cycles of adsorption–
desorption experiments, the material retains 96.4% of its initial adsorption capacity.

 
Figure 43. (A) Effect of pH on the adsorption capacity of PVBC-S2O3 and PVBC-g-PCE; (B) regeneration
capability of PVBC-S2O3 and PVBC-g-PCE. Reproduced with permission from Ref. [46], Elsevier, 2020].

5.4.3. Application of Electrochemical Methods for the Preparation of Nanofiber-Imprinted
Materials

Ding et al. [47] employed a combination of electrostatic spinning and surface ion-
imprinted techniques to fabricate a novel nanofiber adsorption material, IIP@SG/GO.
Figure 44A illustrates the pH effect on adsorption performance. Notably, at pH = 8.0, the
recovery reached 1.1 mg·g−1. Additionally, Figure 44B demonstrates that the adsorption
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capacity of PAN-IIP@SG/GO only decreased by 10.91% after five cycles of adsorption–
desorption experiments.

 

Figure 44. (A) Adsorption capacity of PAN-IIP@SG/GO for Li+ in the pH range of 5–10; (B) recovery
performance. Reproduced with permission from Ref. [47], Elsevier, 2022.

5.5. Application Summary

There are many types of lithium ion-imprinted materials, and they can be used in different
environments for lithium extraction. The following Table 3 compares their adsorption capacity
ranges, optimal pH and regeneration performance parameters, for example, the adsorption
capacity of Li/Rb-IHPS in the experimental range of 0–200 μg·g−1, the optimal adsorption
conditions at pH = 7, and the adsorption performance after five adsorption–analysis cycles of
this material was 93% of the initial adsorption capacity, and so on for the other materials.

Table 3. Adsorption capacity range, optimum pH and regeneration performance parameters of
Li-IIPs.

The Name of the
Material

Adsorption
Capacity Range

Optimal
pH

Number of
Adsorption–Desorption

Remaining
Adsorption Capacity

References

Li/Rb-IHPS 0–200 μg·g−1 7 5 93% [30]
Li+-IIP 0–1400 μmol·g−1 6 10 89.7% [84]

N@Li+-IPDI 0–15 mg·g−1 6 5 93.42% [43]
Fe3O4@SiO2@IIP 0–1 mmol·g−1 6 5 92.4% [38]

Li+-IIP 0–30 mg·g−1 / 5 91.47% [31]
IIP-GO/Fe3O4@C 0–30 mg·g−1 6 6 91% [32]
Li+-IIP-Fe3O4@C 0–15 mg·g−1 / 6 92% [104]

IIMMs 20–200 mg·g−1 9 6 90.91% [105]
IINcMs 2–50 mg·g−1 / 10 92.10% [40]

LIIP@N-CMS/GA 0–60 mg·g−1 9 10 91.70% [39]
Li+-IIM 5–50 mg·g−1 7 5 95.88% [42]
LIIMs 0–200 mg·g−1 / 6 97% [44]
LIHMs 20–200 mg·g−1 6 6 91.80% [41]

LIIP@N-CMS/GA 10–200 mg·g−1 9 10 91.7% [39]
LIIMs 30–700 mg·g−1 / 6 97% [44]
IDGAs 0–15 mg·g−1 / 4 88.50% [45]

polyHIPE 0–5 mg·g−1 6 5 96.4% [46]
IIP@SG/GO 0–2 mg·g−1 8 5 89.09% [47]

The application of the aforementioned lithium ion-imprinted materials has been orga-
nized, analyzed, and summarized. Currently, lithium ion-imprinted materials exhibit high
selectivity for lithium ions and can effectively extract lithium resources from environmental
sources, thereby enhancing the efficiency of resource extraction. In recent studies, the maxi-
mum adsorption capacity reached 153.74 mg·g−1, positioning it at the forefront of research
in this field. However, despite this achievement, the adsorption capacity still falls short of
practical production requirements and therefore needs further improvement. Additionally,
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most materials are only suitable for neutral or weakly acidic/alkaline environments (with
pH = 6–8 being predominant), indicating a limited applicability that requires enhancement.
Moreover, these materials demonstrate a good reuse rate as their adsorption capacity after
multiple cycles of adsorption–desorption remains approximately 90% of the initial value.

6. Summary and Prospects

In summary, compared with the previous conventional lithium ion-imprinted ma-
terial preparation method, the new lithium ion-imprinted material preparation method
combines the lithium ion-imprinting technology with other new technologies such as
surface-imprinting technology, electrochemical technology, membrane separation technol-
ogy, magnetic separation technology, etc., which solves the drawbacks of the conventional
method to a certain extent, such as lower selectivity of the material to lithium ions and
smaller adsorption capacity, and difficulty in material recycling. Although these prob-
lems are solved to a certain extent, it is still necessary to conduct some innovation and
optimization for some acute problems.

First, improve the selectivity and adsorption capacity of the material for lithium ions.
As there are not only lithium ions in the brine of the salt lake, but also a large number of
alkali metal, alkaline earth metal ions and other interfering ions, it is particularly important
to improve the selectivity and adsorption of materials for lithium ions. For the choice of
complexing agent, we can choose crown ethers and their derivatives with strong effects on
lithium ions, cuproaromatic hydrocarbons, and other high-efficiency complexing agents; in
terms of carrier, we can choose graphene, carbon nanotubes, PVDF, and chitosan carriers
that can provide more imprinted sites and further grafting and modification to improve
the adsorption capacity of lithium ion-imprinted materials.

Secondly, regarding the recovery and reuse of imprinted materials, two primary chal-
lenges arise once lithium ions are eluted. Firstly, there is the issue of material recycling,
followed by the value proposition of reusing the material post-recycling. Techniques
such as the development of lithium ion-imprinted films, magnetic-imprinted materials,
and imprinted adsorption columns facilitate swift and efficient material recycling. Main-
taining high adsorption efficiency of lithium ion-imprinted materials after multiple uses
necessitates addressing concerns like minimizing complexing agent shedding and loss.
Achieving this requires employing stronger chemical bonds during material preparation
and exploring more suitable complexing agents with greater chemical stability.

Thirdly, the environmental suitability of lithium ion-imprinted materials warrants
further investigation. Presently, most materials exhibit optimal adsorption under relatively
narrow conditions, typically within the neutral pH range (pH = 6–8). This limited applica-
bility poses challenges for lithium extraction across diverse environmental conditions in
China. Enhancing material adaptability to various environments is crucial to enable lithium
extraction in a broader array of settings, necessitating improvements or optimizations in
material properties.

Fourthly, the cost aspect presents a significant hurdle. Many experimental raw materi-
als, including complexing agents and functional monomers, are prohibitively expensive.
Additionally, the utilization of certain costly technologies further compounds the finan-
cial burden, potentially impeding research progress. Addressing this challenge entails
exploring more cost-effective alternatives for functional monomers, cross-linking agents,
initiators, carriers, solvents, and other components involved in material preparation, thus
mitigating the financial barriers associated with research endeavors.

Finally, the practical application of lithium ion-imprinted materials remains largely
confined to the laboratory research and development phase, with few transitioning to
large-scale production. Urgent innovation is required to expedite this transition, enabling
the adoption of new lithium ion-imprinted materials in actual production processes.

Lithium ion-imprinted materials have great potential and prospects in the field of
lithium-ion batteries. As electric vehicles, portable electronic devices, and renewable
energy sources rapidly evolve, the demand for high-performance and stable lithium-ion
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batteries is on the rise. Consequently, lithium ion-imprinted materials have emerged as
a focal point of research due to their potential to enhance battery performance, safety,
and environmental sustainability, while also reducing production costs. Overall, lithium
ion-imprinted materials, as an important functional material, have a broad development
prospect in lithium-ion batteries and related fields. Future research endeavors will prioritize
enhancing material performance, cost reduction, safety improvements, and expanding
application possibilities. These efforts aim to address the escalating demands for energy
storage and environmental sustainability.
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Abstract: In this study, cotton fabric-reinforced phenolic resin (CPF) composites were modified by
adding four two-dimensional fillers: graphitic carbon nitride (g-C3N4), graphite (Gr), molybdenum
disulfide (MoS2), and hexagonal boron nitride (h-BN). The tribological properties of these modified
materials were investigated under dry friction and water lubrication conditions. The CPF/Gr com-
posite exhibits significantly better tribological performance than the other three filler-modified CPF
composites under dry friction, with a 24% reduction in friction coefficient and a 78% reduction in
wear rate compared to the unmodified CPF composite. Under water lubrication conditions, all four
fillers did not significantly alter the friction coefficient of the CPF composites. However, except for an
excessive amount of Gr, the other three fillers can reduce the wear rate. Particularly in the case of
10% MoS2 content, the wear rate decreased by 56%. Scanning electron microscopy (SEM) and X-ray
photoelectron spectroscopy (XPS) were employed for the analysis of the morphology and composi-
tion of the transfer films. Additionally, molecular dynamics (MD) simulations were conducted to
investigate the adsorption effects of CPF/Gr and CPF/MoS2 composites on the counterpart surface
under both dry friction and water lubrication conditions. The difference in the adsorption capacity of
CPF/Gr and CPF/MoS2 composites on the counterpart, as well as the resulting formation of transfer
films, accounts for the variation in tribological behavior between CPF/Gr and CPF/MoS2 composites.
By combining the lubrication properties of MoS2 and Gr under dry friction and water lubrication
conditions and using them as co-fillers, we can achieve a synergistic lubrication effect.

Keywords: two-dimensional materials; cotton fabric; phenolic resin; friction and wear; molecular
dynamics

1. Introduction

Oil-lubricated stern bearings have the risk of oil leakage and combustion in the process
of use and are prone to wear and damage due to dry friction when the oil is cut off [1]. With
growing environmental awareness and stricter pollution standards, people are urged to
research and develop new bearing systems that are pollution-free, wear-resistant, efficient,
energy-saving, long-lasting, and so on [2–4]. Water is the most promising lubricating
medium due to its non-pollution, wide source, safety, and incombustibility properties [5,6].
However, there is a significant difference in the physical properties between water and
lubricating oil [7]. Compared to lubricating oil, water has a low viscosity, making it difficult
to form a lubricating film on the friction interface. Specifically, in frequent starting and
stopping and variable load conditions, the lubrication between the shaft and the bearing is
mixed lubrication, boundary lubrication, or dry friction conditions, which seriously reduces
the safety and life of the stern bearing [8,9]. Therefore, it is very necessary to develop
materials with excellent anti-friction and anti-wear properties in a water environment to
address the limitations of water lubrication and improve the service life of bearings.
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Since the last few decades, the tribology of polymeric materials has been attracting
extensive interest from both academia and industry [10]. Polymeric materials are excellent
candidates for tribo-materials for water lubrication conditions owing to their high chemical
stability and self-lubrication. Examples include new-type nylon, modified rubbers, rein-
forced phenolic resin, and so on. High-performance fiber fabric-reinforced resin composites
combine the advantages of both fibers and resins, making them a high-strength, low-self-
lubricating bearing material [11–13]. It can be used in aviation, aerospace, shipbuilding,
and so on. In the shipbuilding field, fabric resin laminated composites can be used as
water-lubricated stern tube-bearing materials for ships using water as lubricant [14]. The
fabric/resin interfacial affects the overall performance of the composites. Strong interfa-
cial adhesion guarantees efficient stress transfer from the resin matrix to reinforced fibers
and ensures the continued development of fiber-reinforced composites for potential ad-
vanced composite applications [15]. However, Nomex and Polytetrafluoroethylene (PTFE)
PTFE fibers have low surface chemical activity, which reduces the bond strength between
the fabric and the resin. Cotton fibers have moderate strength and better adhesion to
resins than PTFE fibers and Nomex fibers. Meanwhile, as a commonly used material for
water-lubricated bearings, the tribological properties of CPF composite directly affect the
frictional wear, noise, operational stability, and service life of water-lubricated bearings.
Therefore, it is of great significance to study the friction properties of CPF composites for
water-lubricated bearings.

The properties of the resin matrix play a crucial role in the overall tribological perfor-
mance of the composites [16]. Phenolic resin (PF) has the advantages of good mechanical
properties, dimensional stability, a simple production process, and wear resistance, and
is often used as an adhesive resin [17–19]. Despite the excellent properties of fiber fabric-
reinforced PF composites, there are still some challenges in terms of friction and wear.
This is manifested by the fact that pure PF often lacks self-lubricating properties, has a
high coefficient of friction, significant friction noise, and poor dimensional stability when
exposed to moisture [20,21]. Therefore, it is of great importance to improve the friction and
wear properties of phenolic resins.

Modification of polymer resins by filler blending has become a common method to
improve the tribological properties of fabric composites [22–24]. Expect nanoparticles, such
as Si3N4, CaCO3, TiO2, CuO, Al2O3, ZnO, and SiC, to be filled into the PF matrix in order
to improve the tribological and mechanical performance of PF composites. In recent years,
two-dimensional materials such as g-C3N4, Gr, MoS2, and h-BN have attracted interest
from tribologists and engineers. More specifically, they have unique layered structures and
low shear resistance, which endow them with excellent self-lubricating properties, due
to which they can be widely used in the field of tribology [25,26]. The crystal structure of
g-C3N4 has strong covalent C–N bonds and weak van der Waals forces between layers,
which have excellent lubricity properties similar to those of carbon-based nanomaterials.
Wu et al. [27] filled the prepared g-C3N4 nanosheets into a phenolic resin coating and
investigated the effect on its tribological properties, suggesting that the modified tribo-
logical properties of g-C3N4 nanosheets may be attributed to their lamellar structure and
high specific area, which contribute to the formation of a thin and continuous transfer
film. Zhang et al. [28] investigated the influence of graphite, graphene, and graphene
oxide fillers on the tribological performance of PTFE/Nomex hybrid fabric/phenolic resin
composites and revealed that all three solid lubricant fillers were effective in reducing the
wear rate of the fabric composites. Gao et al. [29] obtained significantly improved tribologi-
cal performance by adding h-BN nanoparticles to a polyoxymethylene (POM) composite.
MoS2 is an advanced lubricating material, but the low shear strength of MoS2 would be
reduced in a humid environment [30]. However, more recent studies demonstrated that
MoS2 could still maintain the capacity of lubrication in aqueous lubrication. Xin et al. [31]
prepared MoS2/ polyether-ether-ketone (PEEK) PEEK composites using ball milling and
spark plasma sintering processes, and the experimental results showed that MoS2/PEEK
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composites have excellent anti-wear properties under water lubrication conditions and are
a potential material for underwater equipment.

Currently, there have been reports on the tribological properties of modified fiber
fabric composites. However, most of these studies focus on PTFE fibers and Nomex fibers.
There are fewer studies on the tribological behavior of CPF composites. Generally, solid
lubricant filling can greatly improve the self-lubricating properties of the resin matrix, and
at the same time, the resin with solid lubricant transferred to the counterpart can form a
transfer film with lubricating properties. All these factors can promote the improvement of
the anti-wear and friction-reduction properties of CPF composites. However, what types
of two-dimensional materials are more suitable for water lubricating when modified to
phenolic resin, and the reasons are unknown.

In order to explore the effects of different two-dimensional materials on the tribological
behavior of cotton fabric/phenolic resin laminated composites, a series of CPF composites
were modified by adding different proportions of four two-dimensional materials: g-C3N4,
graphite (Gr), MoS2, and h-BN. The tribological properties of these modified materials
were investigated under dry friction and water lubrication conditions. In order to better
understand wear mechanisms, worn surfaces were analyzed by scanning electron mi-
croscopy (SEM) and X-ray photoelectron spectroscopy. Besides experimental investigations,
a comprehensive understanding of the adsorption behaviors of CPF/Gr and CPF/MoS2
composites on counterpart surfaces at the molecular level was achieved by molecular
dynamics simulations, respectively. The different friction and wear behaviors of CPF/Gr
and CPF/MoS2 composites were attributed to the different surface adsorption energy and
material transfer behaviors. It is expected that this study may be helpful to the application
of the CPF composites to water-lubricated stern bearings.

2. Experimental

2.1. Materials

The pheolic resin was used as the adhesive. Cotton fabric is woven from cotton yarn.
Molybdenum disulfide (MoS2, particle size 12–16 μm, ≥99.9%) was provided by Shanghai
Macklin Biochemical Technology Co., Ltd. (Shanghai, China). Hexagonal boron nitride
(h-BN, particle size 5–10 μm, ≥99.9%) was provided by Shanghai Macklin Biochemical
Technology Co., Ltd. (China). Graphite (Gr, particle size 5–10 μm, ≥99%) was provided by
Shanghai Meryer Chemical Technology Co., Ltd. (Shanghai, China). Anhydrous ethanol
was provided by Qingdao SankaiMedical Technology Co., Ltd. (Qingdao, China). The
g-C3N4 was synthesized by the calcination method, and the other chemical agents were
used as received without further treatment. The four fillers were treated with ultrasonics
before use.

The preparation process of the g-C3N4 is shown as follows [32]: Firstly, melamine
powder was put into an alumina crucible with a lid, ramped at 10 ◦C/min to 550 ◦C, where
it was held for 2 h, and then cooled to room temperature. The collected yellow products
were dry rubbed in a ball mill for 12 h, and then the graphitic phase carbon nitride (g-C3N4)
was obtained.

2.2. Sample Preparation

Firstly, the cotton fabric was cut into 70 cm × 20 cm for later use. The four fillers were
added to the PF resin solution in the proportion shown in Table 1. The mixed solution was
stirred through a stirrer (OS40-S, DLAB Scientific, Beijing, China)at 300 rpm for 1 h at room
temperature to ensure the fillers were uniformly blended in the resin solution. Subsequently, the
mixture is further processed with a three-roller calender to ensure even dispersion of the four
fillers. After that, the dispersed resin solution was diluted to 50% with the appropriate amount
of ethanol and mechanically stirred at 300 rpm for 1 h. Finally, the cotton fabric was submerged
in the pre-prepared resin solution and subjected to ten minutes of ultrasonic treatment. After
several cycles of immersion, the relative mass fraction of the resin mixture reached 60 ± 5%,
and it was then placed in an oven at 110 ◦C for a three-minute drying period.
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Table 1. Designations and detailed compositions (wt%) of CPF composites.

Composites/wt% PF g-C3N4 Gr MoS2 h-BN

CPF 100 / / / /
CPF/3CN 97 3 / / /
CPF/5CN 95 5 / / /

CPF/10CN 90 10 / / /
CPF/15CN 85 15 / / /
CPF/3Gr 97 / 3 / /
CPF/5Gr 95 / 5 / /
CPF/10Gr 90 / 10 / /
CPF/15Gr 85 / 15 / /

CPF/3MoS2 97 / / 3 /
CPF/5MoS2 95 / / 5 /

CPF/10MoS2 90 / / 10 /
CPF/15MoS2 85 / / 15 /

CPF/3BN 97 / / / 3
CPF/5BN 95 / / / 5

CPF/10BN 90 / / / 10
CPF/15BN 85 / / / 15

The impregnated cotton fabric was cut into 85 mm × 50 mm pieces, which were
stacked layer by layer and then placed into the mold. The fabrication of CPF composites
was carried out using a hot-pressing process, with curing at 2.6 MPa and 130 ◦C for 4 h.
Finally, the CPF composites were taken out and cut into 25 mm × 10 mm × 3 mm to make
the test samples.

2.3. Tribological Tests

Tribological tests were carried out using a block-on-ring apparatus (MRH-1A, Jinan
Yihua Tribology Testing Technology Co., Ltd. (Jinan, China)). The structure of the friction
pair is shown in Figure 1a. The test samples had a dimension of 25 × 10 × 3 mm3. GCr15
and QSn7-0.2 were selected as the counterparts under dry friction and water lubrication
conditions, respectively. GCr15 steel is frequently used as bearing steel and has excellent
mechanical properties but poor corrosion resistance in water lubrication, while QSn7-0.2 is
used in the water environment due to its excellent corrosion resistance [33]. The diameter
of the counterpart ring was 49.95 ± 0.05 mm. The surface of the ring was polished with SiC
metallographic abrasive papers, and the mean roughness Ra was controlled at about 0.2 μm
with randomly distributed grooves, as shown in Figure 1b,c. The counterpart ring was
thoroughly cleaned with petroleum ether in an ultrasonic bath for 10 min before testing.

Figure 1. (a) Schematic diagram of block-on-ring wear tester; (b) SEM images of GCr15 surface;
(c) SEM images of QSn7-0.2 surface.

All the tribological tests were conducted at room temperature. For water lubrication,
both the specimen and the counterpart were fully immersed in pure water. A constant
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normal load of 132 N was applied throughout the tests. The tribological experiments were
performed at constant and variable sliding speeds, respectively. In the variable-speed
friction experiment, the rotation speeds ranged from 35 to 1120 rpm, corresponding to
velocities of 0.09 m/s, 0.18 m/s, 0.36 m/s, 0.73 m/s, 1.47 m/s, and 2.93 m/s. The speed
was increased every 30 min, and the total duration of the experiment was 180 min. In
the constant-speed friction experiment, the rotation speed was set at 140 rpm (0.36 m/s),
and the experiment lasted for 120 min. Additionally, 132 N is equivalent to 0.25 Mpa in
operation, and the variable sliding speed process simulates the different stages of bearing
operation [34]. Every test was repeated three times, using the average value as the test
result. The friction coefficient (COF) was automatically recorded by the tribometer. The
specific wear rate of the test samples was calculated according to Equation (1) [35].

WS =
B

L × F

[
R2arcsin

(
W
2R

)
− W

4

√
4R2 − W2

]
·mm2/Nm (1)

where B is the width of polymer testing samples, R is the radius of the counterpart ring,
W is the projected width of the wear track (depending on material loss), F is the normal
load applied on polymer samples (132 N), and L is the total sliding distance (m).

2.4. Testing and Characterization

The particle size of the four fillers after ultrasonic treatment was measured using a laser
particle size distribution meter (LF-POP, OmicronOMEC, Zhuhai, China). X-ray diffraction
(XRD, Shimadzu 6000, Shimadzu, Kyoto, Japan) was used to observe the crystalline struc-
tures of the g-C3N4 powder with Cu–Ka radiation. The measurement speed was 10◦min−1,
and the measurement range was 10–80◦. Fourier transform infrared spectroscopy (FTIR,
TENSOR 27, Billerica, MA, USA) was used to observe the chemical structure composition
of g-C3N4 using the KBr method in a wave number range of 4000–500 cm−1. A scanning
electron microscope (SEM, JSM-7610F, Akishima-shi, Japan) was used to investigate the
surface microscopy of the counterparts and the worn surface of fabric composites. X-ray
photoelectron spectroscopy (XPS, Thermo Fisher Scientific, Waltham, MA, USA) with the
line source of monochromatized Al Kα to analyze the changes in the phase composition
and chemical composition of the worn surface of counterparts.

3. Results and Discussion

3.1. Characterization of g-C3N4 and Particle Size Distribution of Four Fillers

Figure 2a shows the g-C3N4 XRD pattern; it can be seen that two major diffraction
peaks appear near 13.1◦ and 27.3◦, and no diffraction peaks of other impurity phases were
detected in all samples. The peaks located at 13.1◦ and 27.5◦ were attributed to the (100)
and (002) planes, which were, respectively, related to the interlayer structural packing and
interlayer stacking structure [25]. The molecular structure of g-C3N4 was further confirmed
by FTIR spectroscopy, as shown in Figure 2b. The broad bands in the 3000–3500 cm−1

were attributed to the secondary (=NH) and primary (–NH2) amines. Noticeably, the set of
peaks between 1200 cm−1 and 1700 cm−1 can be assigned to the typical stretching vibration
of CN heterocycles. The distinct and sharp peak at around 807 cm−1 originated from
representative tri-s-triazine units [27]. These observations confirm the successful synthesis
of g-C3N4. Figure 2c shows the morphology of the synthesized g-C3N4 powder. It can be
seen that g-C3N4 powder exhibits an irregular flake-like structure. Particle sizes of g-C3N4,
Gr, MoS2, and h-BN after ultrasonic treatment used as filler to modify the CPF composites
were tested by a laser particle size distribution instrument. As shown in Figure 2d, the
particle sizes of these four fillers are similar, with an average particle size ranging from
0.7 to 2.5 μm.
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Figure 2. (a) XRD patterns of g-C3N4; (b) FTIR spectra of g-C3N4; (c) SEM micrograph of g-C3N4;
(d) the particle size of the four fillers.

3.2. Tribological Properties
3.2.1. Tribological Behaviors at Varying Sliding Speeds under Water Lubrication

In order to investigate the tribological performance of CPF composites under different
lubrication regimes, tribological tests were performed at varying sliding speeds. Figure 3a
shows the friction coefficient curve of unmodified and four types of two-dimensional
material-modified CPF composites with a mass fraction of 15%. The applied load is
132 N, and the sliding speed increases from 0.09 m/s to 2.93 m/s, with a change in speed
every 30 min. It can be seen that in the initial stages of friction, several CPF composites
undergo a noticeable running-in process where the friction coefficient gradually increases
and then stabilizes. As the velocity continues to increase, the friction coefficient of all
CPF composites decreases at higher speeds. At lower speeds, compared to unmodified
CPF composites, the friction coefficient of MoS2 and g-C3N4-modified CPF composites is
relatively higher. However, when the velocity exceeds 0.36 m/s, the friction coefficient of
these CPF composites significantly decreases, and it becomes lower than that of unmodified
CPF composites.
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Figure 3. (a) Friction coefficients of CPF, CPF/15CN, CPF/15Gr, CPF/15MoS2, and CPF/15BN as a
function of sliding speed; (b) Stribeck curves derived from friction coefficients of various speed steps.
Load: 132 N; lubrication medium: pure water.

The friction coefficient curves plotted based on the average values of friction coef-
ficients within different velocity ranges are shown in Figure 3b. It can be observed that
during the variable speed process, all five CPF composites exhibit typical Stribeck curve
characteristics. This means that as the velocity increases, the friction system gradually
transitions from boundary lubrication to mixed lubrication. However, throughout the
entire process, the friction coefficients are noticeably higher than those under conventional
water lubrication conditions. These results indicate that the friction interface is not purely
in a state of either boundary lubrication or mixed lubrication; instead, it involves dry
friction. This is mainly because the phenolic resin composites are relatively hard, and the
contact load at the friction interface is significant, making them susceptible to puncturing
the boundary adsorption film and experiencing dry friction, especially at low speeds [36].
Since 0.36 m/s marks the transition point for lubrication states, the subsequent study
focuses on the friction and wear behavior of the CPF composites with four different filler
contents under constant-speed conditions in both dry and water lubrication conditions.

3.2.2. Tribological Behaviors at Constant Sliding Speeds

Figure 4 shows the friction coefficients and wear rates of CPF composites modified
with different filler contents under dry friction conditions. It can be seen from Figure 4a,c
that the addition of g-C3N4 and MoS2 did not lead to an improvement in tribological
performance, as the friction coefficients remained relatively unchanged and the wear
resistance deteriorated. It is assumed that the harder g-C3N4 particles are transferred
to the friction interface, causing “three-body” wear, resulting in a higher wear rate of
the composites. At the same time, MoS2 tends to oxidize under dry friction conditions,
reducing its own self-lubricating properties and giving it poor wear resistance [23]. In
comparison, the incorporation of Gr can significantly reduce both the friction coefficients
and wear rates of the CPF composites (Figure 4b). When the content increased to 10%
and 15%, the friction coefficient decreased by 24%, and the wear rate decreased by 78%.
As shown in Figure 4d, the addition of h-BN can significantly improve the tribological
behavior of CPF composites. Even with a 3% h-BN content, a substantial 35% reduction in
the friction coefficient and a 25% decrease in wear rates are achieved. Gr and h-BN have
similar properties and excellent self-lubricating properties. Under dry friction conditions,
it is easy to promote the transfer of wear debris to the counterpart surface, forming a
continuous solid lubrication transfer film, which improves the tribological properties of
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the composites [28,37]. However, as the h-BN content increased further to 15%, a subtle
trend of rising friction coefficients and wear rates emerged, resembling the behavior of
unmodified CPF composites. Therefore, the CPF composites modified with 15% Gr and
3% h-BN have superior tribological properties under dry friction conditions. While the
incorporation of g-C3N4 and MoS2 led to a corresponding increase in the friction coefficient
and wear rate of the CPF composites, this result is consistent with the results of the friction
coefficient at low speeds (Figure 3b), indicating that the CPF composites are accompanied
by dry friction under low-speed boundary lubrication conditions.

Figure 4. Friction coefficients and wear rates of CPF composites modified with different filler contents
under dry friction conditions: (a) g-C3N4, (b) Gr, (c) MoS2, and (d) h-BN. Load: 132 N, rotational
speed: 140 rpm.

Figure 5 illustrates the friction coefficients and wear rates of CPF composites modified
with varying filler contents under water lubrication with a load of 132 N and a speed of
140 rpm. The tribological properties of several composites, except CPF/Gr composites,
showed significant improvement over dry friction conditions. The wear-reducing and
anti-friction properties are attributed to the ability of tribofilms and boundary adsorption
films to avoid direct solid-solid contact, thereby reducing friction and wear. It can be
observed that the addition of all four two-dimensional materials leads to a decrease in
the friction coefficient compared to unmodified CPF composites, but the changes with
increasing content are not significant. By examining the wear rates, it becomes evident
that the tribological performance of Gr under water lubrication conditions is notably lower
than that under dry friction conditions. Furthermore, as the Gr content increases, the
wear rate rises. When the content reaches 15%, the wear amount surpasses that of the
unmodified CPF composite. This may be due to the presence of water, which hinders
the formation of the transfer film of the CPF/Gr composite. Apart from Gr, the other
three fillers can reduce the wear rate of the CPF composites, especially 5% h-BN and 10%
MoS2, which exhibit the most significant reduction in wear amount. The wear rates are
4.3 × 10−6 mm3/Nm and 3.54 × 10−6 mm3/Nm, respectively, representing reductions
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of 47% and 56% compared to unmodified CPF composite. This may be attributed to the
fact that h-BN reacted with water molecules to generate B2O3 and H3BO3 [29], and MoS2
could still maintain the capacity of lubrication in aqueous lubrication [31]. They generate
a transfer film with a certain load-bearing capacity, which improves the wear resistance
of the composites. The analysis of friction coefficients and wear rates among the several
CPF composites highlights substantial differences in the tribological performance of Gr
and MoS2 in different environments.

 
Figure 5. Friction coefficients and wear rates of CPF composites modified with different filler contents
under water lubrication conditions: (a) g-C3N4, (b) Gr, (c) MoS2, and (d) h-BN. Load: 132 N; rotational
speed: 140 rpm.

The SEM images of the wear surfaces of five CPF composites after dry friction are
shown in Figure 6. It can be seen that the wear surface of unmodified CPF composite
exhibits slight resin delamination than the unworn surface (Figure S1a), with the pri-
mary wear mechanism being fatigue wear. After adding g-C3N4 and MoS2, as shown in
Figure 6b,d, the composites experience significant resin delamination, accompanied by
numerous furrows or grooves. The pristine CPF composites had no visible flaking on the
surface and relatively smooth surfaces, as shown in Figure S1b,d. The wear debris consists
of severed cotton fibers and resin fragments, illustrating a typical abrasive wear mechanism.
In contrast, when Gr is introduced, the wear surface is smooth with fewer cracks compared
to the original surface (Figure S1c)., and there is no apparent resin delamination. It can be
attributed to the excellent lubricating properties of Gr [38], as it can transfer to the friction
interface during dry friction, leading to friction reduction and high wear resistance. After
the addition of h-BN, only a small number of fatigue cracks appear on the wear surface
(Figure S1e), and there is no pronounced resin delamination. The wear performance of the
composites is improved compared to that with g-C3N4 and MoS2, but it is inferior to the
wear resistance of the CPF composite with Gr added.
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Figure 6. SEM images of worn surfaces of (a) CPF, (b) CPF/15CN, (c) CPF/15Gr, (d) CPF/15MoS2,
and (e) CPF/15BN under dry friction conditions at 132 N and 140 rpm. White arrows indicate the
sliding direction.

Figure 7 demonstrates the SEM images of the worn surfaces of five types of CPF
composites under water-lubricating conditions. Due to the poor water resistance of phenolic
resin, water penetrates into the interior of the composites, resulting in some microcracks
on the surface of the CPF composites (c.f. Figure S2) [39]. As shown in Figure 7a of the
unmodified CPF composite, although the surface is smooth, there are many microcracks
present. During the frictional shear process, they damage the resin/cotton fiber interface,
causing it to detach and ultimately develop into cracks. The addition of g-C3N4 results
in a significant reduction in cracks on the worn surface, but resin delamination similar
to dry friction conditions still exists (Figure 7b). After the addition of h-BN, the worn
surface shows no significant difference from the unmodified CPF composite except for the
reduction in surface cracks (Figure 7e).

It should be noted that the addition of Gr and MoS2 exhibits a completely different
wear morphology from dry friction conditions. The CPF composite modified with Gr does
not show a smooth surface, similar to dry friction conditions. Instead, there is a significant
amount of resin delamination and cotton fibers exposed on the surface. During the friction
process, cotton fibers are cut and pulled out, leading to the overall structural damage of
the composites (Figure 7c). After the addition of MoS2, the worn surface is smooth, with
no obvious cotton fibers exposed on the surface. Resin and cotton fibers jointly withstand
the shear stress during the friction process, demonstrating good wear resistance. The wear
morphology results are consistent with the wear rate results in Figure 5.
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Figure 7. SEM images of worn surfaces of (a) CPF, (b) CPF/15CN, (c) CPF/15Gr, (d) CPF/15MoS2,
and (e) CPF/15BN under water lubrication conditions at 132 N and 140 rpm. White arrows indicate
the sliding direction.

3.2.3. Tribo-Chemistry of Counterpart Surface with Addition of Gr and MoS2

From the above results, it can be seen that Gr and MoS2-modified CPF composites
exhibit significant differences in friction and wear performance. CPF/15Gr composite
show excellent anti-friction and wear properties under dry friction conditions but have
relatively poor wear resistance under wet lubrication conditions. On the other hand,
the CPF/15MoS2 composite demonstrates some wear resistance under wet lubrication
conditions while lacking anti-friction and wear performance under dry friction conditions.
In the following, we will focus on the performance differences between the two and
analyze their interfacial transfer film morphology and chemical composition, with the aim
of revealing their friction and wear mechanisms.

Figure 8 shows SEM images of the counterpart surface morphology after sliding
against unmodified CPF, CPF/15Gr, and CPF/15MoS2 composites under dry friction and
water lubrication conditions. It can be seen that although a transfer film is formed for the
unmodified CPF composite under dry friction, it is thick and discontinuous. This implies
that the adhesion of the formed transfer film to the counterpart is relatively weak, making
it easily removed during the friction process, leading to a higher wear rate (Figure 8a).
After the addition of Gr, the worn surface is relatively smooth, with no apparent resin
delamination or fiber exposure (Figure 6c). The formed transfer film is thin and uniform,
exhibiting good adhesion to the couple. This prevents direct contact between the couple and
the polymer during friction, thereby improving the material’s wear resistance (Figure 8b).
As shown in Figure 8c, when MoS2 is added as a filler, severe scratching occurs on the
counterpart surface, resulting in deep grooves and high surface roughness, increasing the
wear of the composites.
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Figure 8. SEM images of the counterpart surfaces of (a,d) CPF, (b,e) CPF/15Gr, and (c,f) CPF/15MoS2

at 132 N and 140 rpm; (a–c) under dry friction conditions, (d–f) under water lubrication conditions.
White arrows indicate the sliding direction.

Under water lubrication conditions, as shown in Figure 8d,e, the worn surfaces of the
QSn7-0.2 counterpart after sliding against CPF/15Gr and CPF/15MoS2 composites exhibit
completely different morphologies compared to dry friction. The CPF/15Gr composite
counterpart surface shows numerous furrows caused by cotton fibers without a uniform
and dense transfer film formation, as shown in Figure 8e. In contrast, the CPF/15MoS2
composite counterpart surface has a smooth, worn surface with a noticeable presence of
transfer film. The worn surface of the unmodified CPF composite counterpart surface is
similar to that of the CPF/15Gr composite counterpart, also showing a large number of
furrows, indicating a similar wear mechanism between the two.

To gain a deeper understanding of the mechanism of frictional chemical reactions,
Figure 9 shows the XPS spectrum of the counterpart surfaces after sliding against the
CPF/15Gr and CPF/15MoS2 composites under dry friction conditions. It can be seen that
the counterpart surfaces of Gr and MoS2 exhibit similar C1s spectra. Among them, the
feature peak corresponding to 284.6 eV is attributed to C–C bonds, mainly originating from
PF, Gr, and cotton fibers. The peak at 286.9 eV corresponds to C–O–C bonds, primarily
originating from PF and cotton fibers, while the peak at 288.2 eV corresponds to C=O
bonds, originating from cotton fibers (Figure 9a,d). By calculating IC–C/IC=O, it can be seen
that the IC–C/IC=O ratio on the CPF/15Gr composite counterpart surface is higher than that
of the CPF/15MoS2 composite counterpart surface, indicating the involvement of Gr in
the construction of the transfer film on the interface [40,41]. In the Mo3d spectrum, strong
peaks appear at 231.2 eV and 232 eV, corresponding to MoO3, suggesting that MoS2 is
oxidized into MoO3 during friction, resulting in the loss of the self-lubricating properties
of MOS2 [42]. This has an adverse effect on the friction and wear performance of the CPF
composites, leading to higher friction coefficients and wear rates (Figure 9e,g).
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Figure 9. XPS spectra of CPF/15Gr ((a): C1s, (b): O1s, (c): Fe2p) and CPF/15MoS2 ((d): C1s, (e): O1s,
(f): Fe2p, (g): Mo3d, and (h): S2p) tribofilms on the worn surface of GCr15 with CPF composites after
sliding against under dry friction conditions at 132 N, 140 rpm.

Comparing the O1s spectra of the two, a strong peak at 529.1 eV, corresponding to the
presence of organometallic compounds, appeared on the CPF/15Gr composite counterpart
surface. Due to shear forces and frictional heat, molecular chain breakage occurs in the
phenolic resin and cotton fibers, resulting in the formation of polymer carbon radicals.
These carbon radicals can react with O2 and H2O in the air and ultimately react with the
Fe present in the coupling, leading to the generation of organometallic compounds [43].
The formation of organometallic compounds is beneficial for enhancing the bond strength
between the transfer film and the coupled surface, thereby better utilizing their lubrication
and wear-resistant properties [40]. It can be seen from Figure 9e that a significant amount
of Mo is oxidized into MoO3, and S elements can also react with the Fe in the coupling,
generating FeSO4 (Figure 9e). It should be noted that the presence of reactive Mo and
S elements inhibits the occurrence of chelation reactions, leading to the low intensity of
organometallic compounds.

XPS spectra of the counterpart surface after sliding against the CPF/15Gr and CPF/MoS2
composites under water lubrication conditions are shown in Figure 10. Similar to Figure 9,
the carbon peak is almost the same. However, the intensity of IC–C/IC=O, especially for
CPF/15Gr composite, is significantly lower compared to dry friction conditions, indicating
the ability to form a transfer film on the friction interface is weaker in the presence of
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water. Observing the O1s spectra of both, in contrast to dry friction, there is no evidence of
chelation compound formation on the counterpart, indicating that under water lubrication
conditions, the necessary conditions for chemical reactions seen in dry friction are not
present. This leads to weaker adhesion between the transfer film and its counterpart.
Furthermore, it can be seen that characteristic peaks corresponding to Mo–S at 228.9 eV
and 232.7 eV in the Mo3d spectrum, as well as the corresponding feature peak S−2 at
162.4 eV in the S2p spectrum, indicate that under water lubrication conditions, MoS2 has
not undergone oxidation, thereby preserving its self-lubricating properties. Therefore,
the CPF/15MoS2 composite exhibits better tribological performance compared to the
CPF/15Gr composite under water lubrication conditions.

 
Figure 10. XPS spectra of CPF/15Gr ((a): C1s, (b): O1s, (c): Fe2p) and CPF/15MoS2 ((d): C1s, (e): O1s,
(f): Fe2p, (g): Mo3d, and (h): S2p) tribofilms on the worn surface of QSn7-0.2 with CPF composites
after sliding against under water lubrication conditions at 132 N, 140 rpm.

3.2.4. Molecular Dynamics Simulation of CPF Composites Modified by Gr and MoS2

Based on the above analysis, the differences in the tribological performance of CPF/Gr
and CPF/MoS2 composites under dry friction and water lubrication conditions primarily
stem from the formation of high-performance transfer films. The adsorption capability
between the material and its counterpart directly influences the material’s transfer [44]. In
the following, molecular dynamics simulations were used to investigate the adsorption
behavior of CPF/Gr and CPF/MoS2 composites on their counterparts under both air and
water environments. It can better explain the difference in tribological properties of the
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two materials in different environments. The main components of GCr15 and QSn7-0.2 are
Fe and Cu, so Fe and Cu were chosen as the friction layers of the molecular models of their
counterparts [45]. The model system consists of PF, cotton fabric, Gr, and MoS2, as shown
in Figure 11. In addition, the gray balls, white balls, red balls, yellow balls, and blue balls
represent carbon atoms, hydrogen atoms, oxygen atoms, sulfur atoms, and molybdenum
atoms. Molecular models of CPF composites were constructed via the amorphous cell
packing task in Materials Studio software(8.0), as shown in Figure S3.

Figure 11. Molecular models of (a) PF, (b) cotton fabric, (c) Gr, and (d) MoS2.

The amorphous cell module was used to construct the amorphous cell of the CPF
composites, and it was optimized, as shown in Figure 12. The calculations were performed
using the NVT ensemble with zero total momentum, the universal force field, the Nose
temperature control method to maintain the temperature at 300 K (simulating room tem-
perature), a van der Waals force cutoff radius of 12.5 Å (1 Å = 0.1 nm), and a Coulomb
force accuracy of 0.01 Kcal·mol−1. The time step for calculations was set to 0.5 fs, and the
simulation time was 100 ps. Adsorption energy calculations were then performed on the
optimized model using the following formula [46]:

E = −Einter = Etotal − (Elayer1 − Elayer2) (2)

where E is the adsorption energy, Einter is the interaction energy between the CPF composite
and counterpart surface, Elayer1 is the interaction between the CPF composite, and Elayer2 is
the interaction energy of the counterpart surface, in Kcal/mol.

The adsorption energy of the optimized model is calculated as shown in Tables 2 and 3.

Table 2. Adsorption energy of three CPF composites under dry friction conditions.

Etotal Elayer1 Elayer2 E

CPF 22,063.98 22,129.34 −42.6215 22.7391
CPF/15Gr 59,974.35 60,044.69 −42.6215 27.7161

CPF/15MoS2 38,583.75 38,650.52 −42.6215 24.1535

Table 3. Adsorption energy of three CPF composites under water lubrication conditions.

Etotal Elayer1 Elayer2 E

CPF 24,527.14 20,324.73 4227.439 25.0309
CPF/15Gr 52,501.46 48,298.61 4227.439 24.589

CPF/15MoS2 44,046.73 39,845.03 4227.439 25.7347
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Figure 12. CPF composites adsorption model under different lubrication conditions: (a–c) under dry
friction conditions and (d–f) under water lubrication conditions.

It can be seen that there is adsorption between the CPF composites and their counter-
parts. Under dry friction conditions, the CPF/15Gr composite exhibits higher adsorption
energy. This suggests that under dry friction conditions, the adsorption between the
CPF/15Gr composite and the Fe counterpart further promotes the formation and stable
presence of the transfer film. This prevents direct contact at the friction interface, lead-
ing to effective lubrication and wear resistance. Under water lubrication conditions, the
adsorption energies between CPF/15MoS2 and CPF composite have increased, while the
adsorption energy of CPF/15Gr is lower than that under dry friction conditions. This
indicates that the adsorption capacity of CPF/15Gr to the counterpart is weaker under
water lubrication conditions, which is not beneficial to the formation of a transfer film. As
a result, the tribological performance decreases compared to dry friction conditions.

3.2.5. The Synergistic Interaction between MoS2 and Gr

The earlier analysis indicates that CPF/Gr and CPF/MoS2 composites are suitable for
working under dry friction and water lubrication conditions, respectively. The reason for this
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lies in whether a self-lubricating transfer film has formed on the friction interface. To verify if
there is good synergistic lubrication between the two fillers, a design was proposed to add both
fillers together to prepare corresponding CPF composites. Subsequently, the friction coefficients
and wear rates were tested under dry friction and water lubrication conditions.

As shown in Figure 13, the CPF/15Gr/15MoS2 composite exhibits good tribological
performance under both dry friction and water lubrication conditions. Under dry friction
conditions, there is a 30% reduction in the friction coefficient and a 63% decrease in the wear
rate when compared to unmodified CPF composite. Under water lubrication conditions, the
friction coefficient decreases by 16%, and the wear rate decreases by 41%. The combination of
both fillers preserves the excellent tribological performance of Gr under dry friction conditions
and maintains the self-lubricating properties of MoS2 under water lubrication conditions. This
demonstrates that MoS2 and Gr have excellent synergistic lubrication effects.

 
Figure 13. (a) Friction coefficients; (b) wear rates of CPF, CPF/15Gr, CPF/15MoS2, and CPF/15Gr/15MoS2

at 132 N and 140 rpm.

4. Conclusions

The tribological performance of CPF composites modified with g-C3N4, Gr, MoS2,
and h-BN under both dry friction and water lubrication conditions was studied. The main
conclusions are as follows:

1. Gr exhibits significantly better tribological performance than the other three fillers un-
der dry friction. When the Gr content increased to 10% and 15%, the friction coefficient
decreased by 24%, and the wear rate decreased by 78% compared to the unmodi-
fied CPF composite. The enhanced wear resistance can be attributed to promoting
the transfer of wear debris to the counterpart surface, forming a continuous solid
lubrication transfer film that improves the tribological properties of the composites.

2. Under water lubrication conditions, all four fillers did not significantly alter the
friction coefficient of the CPF composites. However, except for an excessive amount
of Gr, the other three fillers can reduce the wear rate of the composite material.
Particularly in the case of 5% h-BN and 10% MoS2, the wear rate decreased by 47%
and 56%, respectively. It should be noted that 10wt% MoS2 has the best wear-reduction
effect. It demonstrated that certain content of MoS2 has not undergone oxidation,
thereby preserving its self-lubricating properties. However, due to the presence of
water, CPF/MoS2 composites are more easily transferred to the counterpart surface to
form a transfer film with lubricating properties than CPF/Gr composites.

3. The adsorption capacity between the composites and their counterparts plays a crucial
role in the formation of the transfer film under both dry friction and water lubrication
conditions. Calculations of adsorption energy reveal that Gr is well-suited for dry friction,
while MoS2 is more suitable for operation in a water environment. Using both MoS2 and
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Gr as co-modifiers for CPF composites, it can be found that the CPF composites have
good tribological properties both under dry friction and water lubrication conditions.
The results show that Gr and MoS2 have synergistic lubrication effects.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/polym15224454/s1, Figure S1: SEM images of worn sur-
faces of (a) CPF, (b) CPF/15CN, (c) CPF/15Gr, (d) CPF/15MoS2, (e) CPF/15BN under dry friction
conditions. Figure S2: SEM images of worn surfaces of (a) CPF, (b) CPF/15CN, (c) CPF/15Gr,
(d) CPF/15MoS2, (e) CPF/15BN under dry friction conditions. Figure S3. The molecular structures of
(a) CPF, (b) CPF/15Gr and (c) CPF/15MoS2.
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Abstract: Superhydrophobic coatings have attracted substantial attention owing to their potential
application in various industries. Conventional textiles used in daily life are prone to staining with
water and household liquids, necessitating the development of water-repellent and stain-resistant
coatings. In this study, we fabricated a highly water-repellent superhydrophobic PET fabric by using
an eco-friendly water-based coating process. Fluorine-free octadecyltrichlorosilane (OTS) solutions
with various wt.% of hollow silica (HS) nanoparticles were used to produce a superhydrophobic sur-
face via a facile dip coating method. Our findings revealed that the incorporation of HS nanoparticles
substantially increased the water contact angle, with higher concentrations resulting in enhanced
water repellency and increased surface roughness. The treated fabrics had a remarkable water contact
angle of 152.4◦ ± 0.8◦, demonstrating their superhydrophobic fiber surface. In addition, the durability
of these superhydrophobic properties was investigated via a laundry procedure, which showed that
the fabrics maintained their water repellency even after 20 laundering cycles. EDX and XRD analyses
confirmed that the morphological evaluations did not reveal any substantial structural alterations.
Significantly, the fibers maintained their strength and durability throughout the testing, enduring
only minor hollow SiO2 nanoparticle loss. This eco-friendly and cost-effective method holds great
potential for application in apparel and other industries, offering an effective solution to resist water
stains and improve performance in various contexts.

Keywords: eco-friendly superhydrophobic coating; PET fiber; porous hollow silica nanoparticles
(HS); water repellency; textile applications

1. Introduction

Superhydrophobicity is a frequently observed phenomenon in natural structures such
as rose petals, rice leaves, lotus leaves, and butterfly wings. This has been a focal point of
substantial research and innovation efforts. Applications of superhydrophobic surfaces
have been explored across diverse fields, offering a multitude of advantages. These benefits
include self-cleaning capabilities, resistance to corrosion, the mitigation of fouling and
fogging, and the capacity to effectively separate oil and water, decrease fluid drag, and
improve compatibility with blood [1–3]. There has been a significant surge of interest in
the development of technologies for producing superhydrophobic surfaces due to their
potential benefits in various applications [4,5]. The scientific literature indicates that a
material’s ability to exhibit superhydrophobic properties is influenced by both its surface
chemistry and its surface structure [6]. Two distinct theoretical models, namely the Wenzel
and Cassie–Baxter models, have been applied to facilitate the fabrication of superhydropho-
bic surfaces [7]. This achievement has been attained through techniques such as surface
roughening, reducing surface-free energy, or a combination of both approaches.

Superhydrophobic surfaces hold significant potential for application across a wide
spectrum of industries [8,9]. Recently, the growing market demand for high-performance
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textiles has presented challenges and opportunities for finishers globally [10]. The ex-
pansion of the casual and sportswear markets has led to an increasing need for super-
hydrophobic fabrics. Such fabrics exhibit a water contact angle of 150◦ or higher with a
practically non-wettable superhydrophobic surface [9]. Consequently, the market demand
for superhydrophobic fabrics has increased daily. Various methods are available for achiev-
ing superhydrophobicity in textiles, such as the use of low surface energy compounds,
formaldehyde, and fluorinated compounds. Table S1 offers a consolidated overview of the
diverse methodologies used to achieve superhydrophobic surfaces, enhancing their ability
to repel water effectively. The majority of prior research has focused on the application
of fluorochemicals owing to their remarkable water-repellent properties. Nonetheless,
the utilization of fluoroalkyl compounds has notable drawbacks, including their elevated
cost and the potential hazards they pose to human health and the environment [11–14].
Fluorinated compounds are frequently employed as hydrophobic agents because of their
advantageous attributes, including their reduced surface energy compared to various other
compounds (-CH2 > -CH3 > -CF2 > -CF2H > -CF3), inherent oleophobic properties, resis-
tance to chemical interactions, and stability across a wide temperature range, encompassing
both high and low temperatures [15–17]. However, it is important to note that long-chain
perfluorinated alkyl substances, which belong to the category of fluorinated compounds,
can lead to bioaccumulation and toxicity, posing risks to both human health and the en-
vironment [18,19]. Unfortunately, these materials are currently subject to the regulation
of hazardous substances (RoHS). By 2025, the European Union (EU), the United States of
America (USA), and Japan will enforce prohibitions on these materials. Hence, there is an
immediate need to identify alternative non-fluorinated modifying agents to develop envi-
ronmentally friendly hydrophobic textile materials. Consequently, octadecyltrichlorosilane
(OTS) has garnered significant attention from researchers as an excellent reagent for coating
production. OTS is a widely employed organosilane derivative that offers the advantage
of requiring only water and a solvent such as hexane for the coating fabrication process.
Octadecyltrichlorosilane (OTS) is extensively manufactured and is recognized for its ability
to alter the surface properties of various solid substrates through the formation of densely
packed and highly oriented self-assembled monolayers (SAMs). Furthermore, the absence
of fluorine contributes to a reduction in environmental and health-related risks associated
with its usage [20–22].

Surface energy and surface roughness are crucial factors for achieving a water contact
angle (CA) exceeding 150◦ [23–27]. When a material possesses the lowest possible surface
energy, it can only attain a water contact angle of approximately 120◦, indicating either a
degree of hydrophobicity or excellent hydrophobic properties [28]. To attain higher levels
of hydrophobicity (superhydrophobicity), it is necessary to increase surface roughness [29].
Extensive research efforts have been dedicated to creating superhydrophobic surfaces, with
a particular focus on sol-gel methods. Within this context, various inorganic nanoscale
particles such as TiO2 [23], ZnO [25,30], graphene [31], carbon nanotubes (CNTs) [32], and
indium tin oxide (ITO) [33] have been used to enhance the surface roughness of materials.
More recently, SiO2 sol and SiO2 nanoparticles have garnered significant attention from re-
searchers due to their capacity to generate superhydrophobic surfaces [3,9]. This capability
can be attributed to their unique capacity to yield nanostructures, facilitate surface modifica-
tion, maintain optical transparency, and exhibit remarkable thermal stability. Furthermore,
these nanoparticles agglomerate on polymer surfaces, giving rise to an ideal hierarchical
morphology characterized by intricate micro- and nanoscale rough structures [34]. There
are several published research articles in which silica sol was used to increase surface
roughness [9,35,36], but very few articles in which silica nanoparticles were used. It has
been reported that silica nanoparticles can increase the surface roughness and the adhe-
sion stability of silica nanoparticle-based superhydrophobic coatings, addressing one of
the long-standing issues for nanoparticle-based liquid-repellent coatings. This enhanced
adhesion assures the durability and longevity of the superhydrophobic properties [37].
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In this study, we have undertaken a pioneering approach by incorporating the latest
advancements in modified hollow silica (HS) nanoparticles. Our primary objective was to
synthesize and apply these nanoparticles to augment surface roughness. In response to
the growing environmental concerns regarding fluorine-based compounds, we developed
environmentally friendly water-repellent formulations by integrating non-fluorine-based
compounds with OTS and HS nanoparticles. Superhydrophobic fabrics were fabricated
using a cost-effective and straightforward dip-coating method on a polyethylene terephtha-
late (PET) fabric substrate. This novel methodology was designed to establish a synergistic
effect on fabric surfaces, leading to substantial enhancement in their water-repellent proper-
ties. Subsequently, we rigorously tested the prepared fabric and subjected it to laundering
in a washing machine to evaluate its durability. This critical step ensures that the fabric is
well suited for commercial applications and everyday use as water-repellent textiles.

2. Experimental Section

2.1. Materials and Methods

We procured high-quality chemicals from Sigma–Aldrich (Seoul, Republic of Korea),
which included octadecyltrichlorosilane (OTS) (≥90%) and hexane (≥97.0% as confirmed
by GC). We received a shipment from Bosungtex in (Seoul, Republic of Korea), consisting
of 100% polyester textiles in a white color, with the model number BE-BM6910NZ. To
obtain deionized water with a resistivity exceeding 18.2 MΩ cm, we employed a Barnstead
EasyPure UV/UF compact water system (Model No. D8611, Dubuque, IA, USA). We
acquired extra pure Sodium silicate (Na2SiO3·9H2O) (>99.9%), calcium carbonate (CaCO3)
(>99.0%), hydrochloric acid (HCl) (>99.0%), rose Bengal dyes (>99.0%), and purified ethyl
alcohol (>99.5%) (C2H6O) from Sigma–Aldrich and utilized them without any further need
for purification.

2.2. Preparation of Hollow Hydrophobic SiO2 Nanoparticles

Hollow silica (HS) nanoparticles were synthesized using a step-by-step procedure. Ini-
tially, sodium silicate was gradually added to a suspension of nanosized calcium carbonate
while the suspension was maintained at 80 ◦C using a thermostatic water bath. The pH
of the mixture was adjusted to within the range of 9–10 by adding 10 wt.% hydrochloric
acid (HCl) solution. After the mixture was stirred for 2 h, a composite with a SiO2:CaCO3
molar ratio of 1:10 was formed. The composite was then filtered and washed with ethanol
and distilled water. The resulting solid was then dried at 100 ◦C and calcined at 700 ◦C
for 5 h, leading to the formation of a core-shell compound consisting of CaCO3 and SiO2.
The CaCO3 template was completely removed by immersing the compound in a 10 wt.%
dilute solution of HCl overnight. The resulting gel was filtered, washed, and subjected
to another round of calcination at 100 ◦C for 24 h. This final step successfully yielded the
HS nanoparticles.

2.3. Preparation of Superhydrophobic Solution for Textile Coating

The coating solution was prepared following the optimal conditions established in
a previous study [19]. 200 μL of water was added to a 50 mL centrifuge tube containing
pure OTS (10.0 mL), and the mixture was immediately shaken at 3200 rpm for 10 s using a
vortex mixer and a tube cap. Subsequently, the tube was sonicated in an ultrasonic cleaner
for 10 s without a cap, followed by an additional 10 s mixing steps on the vortex mixer
while capped. Next, 5000 μL of the resulting solution was transferred to a 200 mL glass
vial, which was closed with a cap but not sealed tightly. After allowing the solution to
settle for 2 h, 100 mL of hexane was added to the vial. The mixture was stirred using a
magnetic stirrer for 2 h before use. This process was repeated multiple times to prepare
coating solutions in separate glass vials.

HS powder was added into each glass vial at different weight ratios (0.5, 1.0, 1.5, and
2.0 wt.%) according to the pure OTS content. The mixtures were stirred for 2 h before
application using a magnetic stirrer. To obtain superhydrophobic surfaces, PET fabric
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substrates (15 × 15 cm2) and glass slides (5 × 5 cm2) were prepared. The substrates
were then treated by overnight immersion in the prepared coating solutions using the
dip-coating method. Figure 1 visually illustrates the entire experimental process. After
immersion, the samples were removed from the solutions, washed three times with hexane,
and left to dry in ambient air for 5 h. Notably, the glass slides underwent an additional
step of cleaning with a UV-Ozone cleaner for 30 min.

Figure 1. Schematic of the manufacturing process for superhydrophobic surfaces incorporating
hollow silica (HS) powder modified with octadecyltrichlorosilane (OTS).

2.4. Characterization and Instrumentation

The contact angles of the fabric samples—the untreated PET fabric (UT), the PET
fabrics coated with OTS (PO), the glass coated with OTS (GO), the PET fabrics coated
with OTS and 0.5 wt.% HS [PO-HS(0.5)], the PET fabrics coated with OTS and 1.0 wt.%
HS [PO-HS(1.0)], the PET fabrics coated with OTS and 1.5 wt.% HS [PO-HS(1.5)], and the
PET fabrics coated with OTS and 2.0 wt.% HS [PO-HS(2.0)]—were determined using a
drop shape analyzer (DSA25, Kruss, Germany) and the sessile drop technique at room
temperature. A 6 μL droplet of deionized water (surface tension (γLV) = 72.8 mN/m) was
deposited on each fabric sample using a syringe, and the measurement was repeated six
times at various locations. Fourier transform infrared spectroscopy (FTIR) was employed
to analyze the samples using either a Nexus670 (Gaithersburg, MD, USA) or a Nicolet
IS50 (Thermo Fisher Scientific, Waltham, MA, USA). The FTIR spectra were recorded in
the range of 500–4000 cm−1 at a controlled ambient temperature of 25 ◦C. The specimens
were scanned from 4000 to 400 cm−1 with a resolution of 2 cm−1, averaging 128 scans. The
morphology and microstructure of the samples were analyzed through a combination of
techniques, including field emission scanning electron microscopy (FESEM) using a Hitachi
instrument from Tokyo, Japan, Energy Dispersive X-ray (EDX) analysis, and transmission
electron microscopy (TEM) at 200 kV. The particle size was assessed by employing the
Image J software (version java 1.8.0), a tool developed by the National Institutes of Health
(NIH), through the analysis of Field Emission Scanning Electron Microscopy (FESEM) and
Transmission Electron Microscopy (TEM) images. We conducted X-ray diffraction (XRD)
analysis using the Bruker D8 Advance instrument located in Billerica, MA, USA. The objec-
tive of this technique was to examine the morphology of both untreated and treated fibers
and assess any morphological alterations in the fibers before and after undergoing washing
cycles. Thermogravimetric analysis (TGA) was performed using a Thermogravimetric
Analyzer (TGA Q500, TA Instruments, New Castle, DE, USA) to assess thermal stability.
The TGA measurements were conducted under a nitrogen atmosphere from 25 to 800 ◦C at
a heating rate of 20 ◦C/min. To evaluate the resistance to surface wetting, a mechanical
performance test was performed using a washing machine, and water repellency was as-
sessed before and after washing. The washing machine test was performed 20 consecutive
times at 40 ◦C for 30 min each time, followed by the hot air drying of the samples.
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2.5. Water Contact Angle (WCA) and Washing Resistance (WR) Assays

The hydrophobic properties of the prepared fabrics were evaluated using water contact
angle (WCA) measurements, and their durability was assessed by washing. The WCA
was measured using an optical video contact angle instrument (DSA 25, Kruss, Hamburg,
Germany) under standard room-temperature conditions. The presented CA values were
obtained by calculating the mean of measurements taken at five distinct locations on each
fabric sample. The testing and evaluation of the laundering durability of the chemically
modified fabrics were conducted according to the guidelines outlined in AATCC Test
Method 61-2003, as recommended by the American Association of Textile Chemists and
Colorists. The experiment was conducted using a conventional accelerated laundering
apparatus outfitted with 200 mL stainless-steel lever-lock canisters. The water temperature
was maintained at 24 ◦C. The treated PET fabric (20 × 20 cm2) was subjected to a laundering
process, in which it was immersed in a solution consisting of 5 wt.% Tide liquid laundry
detergent dissolved in water. The solution was stirred at 150 rpm and maintained at 24 ◦C
for 60 min. After washing, the fabrics were rinsed with water and air dried for 12 h at
24 ◦C.

3. Results and Discussion

3.1. Superhydrophobic Surface: Reaction Mechanism and Surface Morphology

The experimental procedure presented in Figure 1 involves the modification of hollow
silica nanoparticles using OTS to impart superhydrophobicity. The superhydrophobic silica
nanoparticles are applied to the OTS-coated PET fabric using a simple dip-coating method
where the porous PET fabric is filled with interconnected silica nanoparticles, resulting
in a durable superhydrophobic textile. In Scheme 1, the silica undergoes a modification
process using organosilane (OTS) to achieve superhydrophobic properties. During the
coating procedure, the PET fabric becomes densely packed with silica nanoparticles net-
worked through alkylsiloxane, resulting in the fabrication of a robust superhydrophobic
PET membrane. This transformation is facilitated by the chemical bonding formed through
the reaction between trichloro(alkyl)silane and the surface hydroxyl groups (OH) (silanols)
present on the silica nanoparticles. The chemical structure of OTS, composed of an octade-
cyl (C18) hydrocarbon chain linked to a trichlorosilane (SiCl3) group, plays a pivotal role
in this process. The hydrophobic characteristics stem from the hydrocarbon chain, while
the trichlorosilane group enables the attachment of the OTS molecule to various surfaces,
including silica nanoparticles. The pristine and prepared samples were labeled as follows:
HS powder, UT, PO, and PO-HS(0.5), PO-HS(1.0), PO-HS(1.5), and PO-HS(2.0). The char-
acteristics of the samples are listed in Table 1. The UT PET fabric exhibited a pronounced
hydrophilic nature as it readily absorbed water. The transformation of the fabric before
and after immersion in the solution is depicted in Figure 2. Upon immersion, the fabric
became thoroughly wet, and its color changed to pink, indicating the high affinity of the
UT fabric for water. A detailed visual representation of the immersion process is provided
in Supplementary Movie S1. In contrast, the PET fabric treated with OTS and augmented
with HS nanoparticles PO-HS(2.0) exhibited significantly increased superhydrophobicity.
This pronounced improvement is presented in Figure 2, which shows the state of the fabric
before and after immersion in the solution. After immersion, the fabric exhibited remark-
able superhydrophobic behavior. Supplementary Movie S2 provides a comprehensive
visual representation of this process and elucidates the observed transformations. Because
of the hydrophobic nature of the OTS coating, the prepared fabric exhibited excellent
water-repellent characteristics and a non-sticky surface. This water-repellency prevents the
fabric from absorbing water or being wetted by aqueous solutions, therefore keeping it dry
when immersed in water with 0.01 mmol rose Bengal dyes used for easy identification [19].
Such results demonstrate the superhydrophobicity of the OTS-coated PET fabric and high-
light its potential for various applications requiring water resistance and repellency. The
thickness of the superhydrophobic PET fiber coated with PO-HS(2.0) was measured using
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a micro-hite instrument (TESA μ-Hite 07.30049) manufactured by Swiss TESA in Renens,
Switzerland. The measurement revealed that the fiber thickness was 0.10 mm.

Scheme 1. Depicts the reaction between silica and trichloro(alkyl)silane, resulting in the formation of
alkylsiloxane-silica.

Table 1. OTS and HS contents of the prepared samples.

Sample Name
Weight Ratio of Hollow SiO2 to OTS (wt.%)

OTS HS

UT - -
PO 100 -
GO 100 -

PO-HS(0.5) 100 0.5
PO-HS(1.0) 100 1.0
PO-HS(1.5) 100 1.5
PO-HS(2.0) 100 2.0

The surface microstructures of the specimens and the morphologies of the HS nanopar-
ticles were analyzed using FESEM and TEM with different magnifications Figure 3a,b. The
nanoparticles tended to aggregate into asymmetrical lumps, which can be attributed to
their large specific surface areas [38]. SiO2 nanoparticles are hollow and have a significant
internal surface area that renders them suitable for substrate attachment [39]. The mean
diameter of the SiO2 nanoparticles was determined to be 36.68 nm. The nanoparticles can
be seen with hollow structures with smooth surfaces. The distribution of particle sizes is
visually represented in Figure S1. The analysis of the UT PET fabric specimen revealed a
multitude of fiber strands that were interlaced in both the warp and weft directions, exhibit-
ing a high degree of alignment and compactness Figure 3c. The PO exhibited a uniform
coating of each fiber strand Figure 3d owing to the interaction of the agglomerated OTS
solution with a small amount of water. Figure 3e–h shows the surface morphologies of the
PET fibers coated with the OTS solution and treated with SiO2. The FESEM image shows
the existence of abundant silicon dioxide (SiO2) nanoparticles on the surface of the fiber,
resulting in a coarse and uneven visual aspect. The nanoparticle distribution is uniform,
forming a compact layer on the fiber surface. The surfaces of the PO-HS(0.5)–PO-HS(2.0)
samples exhibited the adherence of fine spherical nanoparticles of HS powder to the fiber
strands, as shown in Figure 3e–h. Furthermore, with an increase in the weight proportion
of the incorporated HS powder, the distribution of the nanoparticles increased. It has been
noted that the fiber strands are enveloped with a larger amount of coating solution. The
complete coverage of the fiber surface by the modified silica nanoparticles was apparent,
which produced a rough surface with low free energy, rendering it water-repellent.
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Figure 2. Comparison of untreated PET fabric and PET fabric treated with a special coating show-
ing differences when immersed in a pink solution. (a) Untreated fabric immersed in the solution
(b) appearance of untreated fabric after immersion (c) Coated fabric immersed in the solution (d) ap-
pearance of the coated fabric after immersion.
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Figure 3. (a) Field emission scanning electron microscopy (FESEM) and (b) transmission electron
microscopy (TEM) images of HS nanoparticles revealing the surface morphologies of the samples.
FESEM images of (c) untreated (UT) polyethylene terephthalate (PET) fabric, (d) PET fabric coated
with octadecyltrichlorosilane (OTS) solution (PO), (e) PO-HS(0.5), (f) PO-HS(1.0), (g) PO-HS(1.5), and
(h) PO-HS(2.0).

3.2. Chemical Properties

The chemical properties of the samples were analyzed using Fourier-transform in-
frared (FT-IR) spectroscopy (Nexus670, Gaithersburg, MD, USA). Figure 4 in the range of
400–4000 cm−1. FT-IR allowed the identification and examination of specific molecular
vibrations associated with the OTS-coated PET fabric, providing valuable insights into its
chemical structure and composition. The absorption bands at 2851 and 2919 cm−1 are at-
tributed to symmetric and asymmetric stretching modes, respectively, and the -CH2 groups
(methylene groups) are present in the long-chain alkyl group of the OTS compound [40,41].
The peak at 2959 cm−1 can be attributed to the asymmetric stretching of the -CH3 groups
present in OTS. Additionally, the absorption band at 1715 cm−1 indicates the vibrational
motion of C=O bonds, specifically associated with carbonyl groups. The absorption peaks
at 1243 and 1096 cm−1 suggest the presence of C-C-O and O-C-C linkages, respectively.
Furthermore, the peak at 722 cm−1 signifies the presence of C-H bonds, while the peak
at 1409 cm−1 can be attributed to the characteristic vibration of aromatic rings, which
is indicative of the presence of polyester [42]. The peak at 804 cm−1 can be attributed
to the asymmetric stretching vibration band of Si-O-Si, suggesting the presence of HS
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nanoparticles on the OTS-coated PET fabric. The summary of FTIR results is presented in
Table S2.

Figure 4. FTIR spectra of hollow silica nanoparticles (HS), octadecyltrichlorosilane (OTS), and PET
fabric coated with OTS solution (PO). Surface modification through the incorporation of different
weight percentages of (HS) nanoparticles, resulting in the formation of PO-HS(0.5), PO-HS(1.0),
PO-HS(1.5), and PO-HS(2.0).

3.3. Thermal Properties

The thermal stability of all samples was assessed using TGA, and the results are
presented in Figure 5. The weight loss of the HS sample exhibited minimal variation
when exposed to a temperature as high as 800 ◦C. This observation indicates that the HS
nanoparticles have remarkable thermal stability, as they can maintain their weight and
structure without substantial degradation or decomposition even under high-temperature
conditions [43–46]. The UT PET sample exhibited a rapid decrease in weight at approx-
imately 492 ◦C during TGA analysis. This weight loss indicates that the untreated PET
fabric began to undergo significant decomposition or degradation at this temperature.
However, the weight of the sample treated with OTS decreased by approximately 556 ◦C.
This weight loss suggests that the OTS-coated PET fabric (PO) began to decompose or
degrade at a slightly higher temperature than the untreated PET. Such findings indicate
that the OTS treatment enhanced the thermal stability of the PET fabric, as evidenced
by the delayed onset of weight loss compared with that of the untreated sample. The
OTS coating likely offered protection against thermal degradation, leading to a higher
temperature threshold for weight loss. The samples treated with the OTS solution and
SiO2 nanoparticles, particularly PO-HS(1.0) and PO-HS(2.0), exhibited a weight loss at
a temperature near 556 ◦C, as observed in the TGA curves. The observed temperature
was marginally greater than the thermal stability demonstrated by the UT PET sample.
The OTS coating was expected to have a protective effect, leading to the postponement of
weight loss upon exposure to higher temperatures.
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Figure 5. TGA results indicating the rates of thermal degradation under ambient air conditions of
untreated (UT) PET fabric, octadecyltrichlorosilane (OTS), PET fabric coated with OTS solution (PO),
and hollow silica nanoparticles (HS) incorporated at varying weight percentages. The introduction of
HS nanoparticles results in the formation of superhydrophobic fabric surfaces, specifically labeled as
PO-HS(0.5), PO-HS(1.0), PO-HS(1.5), and PO-HS(2.0), respectively.

3.4. Wettability and Durability Test
3.4.1. Wettability and Water Contact Angle (WCA)

To assess the wettability of the OTS-coated PET fabric modified with silica nanopar-
ticles, the water with 0.01 mmol rose Bengal dyes was dropped onto the fabric surface.
Supplementary Movie S3 presents the interaction of water droplets with the treated sur-
face; the water droplets easily bounce off the treated surfaces upon contact. After several
bounces, the droplet eventually leaves the surface without leaving any stains or residues.
This behavior indicates the excellent water repellency and superhydrophobic nature of the
OTS-coated PET fabric.

The WCA serves as a crucial parameter in assessing the hydrophobicity of a surface.
It is determined by measuring the angle between the surface and the tangent lines at
the modified circumference of a water droplet [47]. Previous research has demonstrated
that an OTS solution resulted in the formation of a hierarchical microstructure on the
surface and reduced surface tension through stoichiometric reactions with water. In the
present study, the surface irregularity increased as the proportion of porous HS powder
increased, which directly affected the WCA results [19]. To compare water repellency, the
WCAs of different samples were measured, as shown in Figure 6. The average WCAs
of the GO and PO samples coated with only the OTS solution (without the addition of
HS) were 118◦ and 143◦, respectively. In contrast, the WCAs of PO-HS(0.5), PO-HS(1.0),
PO-HS(1.5), and PO-HS(2.0) treated with the OTS solution containing HS were 149.5◦, 153◦,
156.5◦, and 158.5◦, respectively. These results indicate that the PO-HS(0.5)–PO-HS(2.0)
samples exhibited higher water repellency than GO and PO, exhibiting superhydrophobic
properties. Notably, the WCAs increased proportionally with the amount of HS powder,
with HS4 exhibiting the highest WCA. These findings are consistent with the TGA results,
where HS4 showed the highest residue content (13.3%) at 790 ◦C among the samples
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treated with the OTS solution PO, HS(0.5)–HS(2.0). The increase in the WCA and residue
(%) highlights the substantial contribution of HS to the enhancement of water repellency.

Figure 6. Static water contact angles (WCAs) of GO, PO, PO-HS(0.5), PO-HS(1.0), PO-HS(1.5), and
PO-HS(2.0).

Furthermore, it should be noted that the WCA of GO on the glass substrate was
significantly lower than that of the samples on the treated PET substrate PO and all samples
coated with OTS and HS (0.5–2.0). This difference can be attributed to the absence of pores
on the glass surface, which limits the coating solution to the surface and reduces surface
roughness. These results highlight the role of HS in increasing water repellency and support
the hypothesis that the addition of HS contributes to the observed superhydrophobic
properties. The WCA and residue (%) values are summarized in Table 2, providing a
comprehensive overview of the relationship between the HS content, water contact angle,
and residue formation.

Table 2. Water contact angles and residue values at 790 ◦C obtained from the TGA curves of
the samples.

Specimens Water Contact Angle (◦) Residue at 790 ◦C (%)

UT - 9.4
GO 118.0 ± 3.8 -
PO 143.0 ± 8.2 9.2
HS - 90.9

PO-HS(0.5) 149.5 ± 6.8 8.9
PO-HS(1.0) 153.0 ± 2.0 12.7
PO-HS(1.5) 156.5 ± 3.0 12.0
PO-HS(2.0) 158.5 ± 3.7 13.3
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3.4.2. Laundering Durability of the Treated Fabric

For practical and real-life applications, textile fabrics must exhibit durable water re-
pellency, even after multiple laundering cycles. To assess the resistance of the prepared
fabric samples to laundering cycles, their hydrophobicities were examined. As previously
discussed, the PO-HS(2.0) sample exhibited the highest WCA, indicating superior wa-
ter repellency. Consequently, further experiments were conducted using PO-HS(2.0) to
evaluate its performance after 20 home laundering cycles. The changes in WCA with
respect to the number of laundering cycles are shown in Figure 7. After 20 wash cycles,
the WCA of the treated PET fabric decreases from 158.3◦ to 152.4◦. Notably, this reduction
was minimal, indicating a relatively small decline in water repellency. Moreover, it is
worth mentioning that the treated PET fabric consistently maintained a WCA above the
hydrophobic threshold of 90◦. Table 3 provides additional insights, demonstrating that
most of the hydrophobic properties decreased after the 12th laundering cycle. Subsequently,
the decrease in the WCA became negligible, indicating the stable water repellency of the
fabric until the 20th laundering cycle.

 

Figure 7. Shows the assessment of superhydrophilicity durability using water contact angle measure-
ments after 20 laundering cycles for the optimal PO-HS (2.0) sample.
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Table 3. Laundering cycle durability of the treated fabric and contact angle measurements obtained
during 20 laundering cycles.

PO-HS (2.0) Water Contact Angle (◦) Rate of Durability (◦ per Cycle)

1st cycle 158.3 ± 0.2 N/A
5th cycle 157.2 ± 0.6 0.275
8th cycle 156.5 ± 0.5 0.257
12th cycle 155.8 ± 0.3 0.227
16th cycle 153.9 ± 0.4 0.293
20th cycle 152.4 ± 0.8 0.312

3.4.3. Morphological Transformation before and after Laundering of PO-HS(2.0) Fiber

This study involved a comparison of PO-HS (2.0) fabric samples before and after the
washing process to examine any morphological changes using Field Emission Scanning
Electron Microscopy (FESEM) (Hitachi, Tokyo, Japan) and Energy Dispersive X-ray (EDX)
analysis (Hitachi, Tokyo, Japan). Figure 8a shows the FESEM image and EDX mapping
used to investigate the elemental distribution before the laundry cycle. The EDX results
indicate the presence of carbon (C), oxygen (O), and silicon (Si). Notably, the treated fabric,
PO-HS (2.0), exhibited a prominent presence of oxygen, which was consistent with the
attachment of HS nanoparticles to the PET fabric. The presence of carbon was attributed to
its composition within the PET polymer [48]. The FESEM images revealed agglomeration,
which can be attributed to the strong affinity between the HS nanoparticles and the surface
of the PET fiber. These agglomerates adhered to the fiber and contributed to an increase
in surface roughness, thereby enhancing the surface hydrophobicity, as proposed by the
Cassie–Baxter model [39]. Similar results were observed when the PO-HS(2.0) fabric was
subjected to multiple washing cycles, as depicted in Figure 8b. It was noted that after the
20th cycle, no significant morphological changes were observed. However, it is noteworthy
that a small fraction of HS nanoparticles (1.3 wt.%) was released during the washing step.
The findings of this study indicate that the coating of the PET fabric with PO-HS (2.0)
nanoparticles exhibited remarkable durability, as evidenced by the minimal detachment
of HS particles even after multiple washing cycles. These results suggest that the fabric
prepared with PO-HS (2.0) has the potential for various commercial applications owing to
its excellent superhydrophobic properties and negligible loss of particles during use.

Furthermore, we conducted an X-ray diffraction (XRD) analysis to examine the mor-
phological changes in the untreated PET fabric and the treated sample, PO-HS(2.0), both
before and after the 20th washing cycle, as shown in Figure 9. The XRD pattern of un-
treated PET fibers typically exhibited several distinct peaks, with the most prominent peak
occurring at a 2θ value of 23.11◦, followed by peaks at 14.05◦, 17.10◦, 21.09◦, 20.31◦, and
25.50◦. These peaks are indicative of the polyester polymer present in PET, a confirmation
supported by various studies [49–53]. After treating the original PET fiber with OTS and
hollow silica nanoparticles to fabricate PO-HS(2.0), we observed a notable change in the
XRD pattern. Specifically, the hollow SiO2 nanoparticles introduced a single broad peak
centered at 2θ = 22.08◦, suggesting the formation of a nanocrystalline SiO2 phase [54,55].
The sharp and elevated nature of this peak is attributed to the smaller particle size and
hollow, incomplete inner structure of the spherical and smooth-surfaced SiO2 nanopar-
ticles [53,56]. Notably, in the XRD profile of the hollow SiO2 NP-treated PET fiber, no
additional peaks were observed, apart from those present in the raw PET fiber. The lack of
unwanted peaks in the XRD profile of PO-HS(2.0) indicates that no new crystalline phases
were formed during the chemical modification of the PET fiber. Similarly, after subjecting
the treated fiber to 20 washing cycles, no discernible alterations were observed in the
XRD pattern. This observation provides strong evidence for the effective coating of SiO2
and OTS on the surface of PET fibers, resulting in a highly rough surface with excellent
superhydrophobicity. Finally, we conducted a comparative analysis of our findings with
those of previously published studies, as outlined in Supplementary Table S3.
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Figure 8. Illustrates critical facets of the study. (a) presents the FESEM image and corresponding
EDX spectra, providing an overview of the elemental distribution within the PO-HS(2.0) fiber before
any washing procedures. In contrast, (b) displays the FESEM image and EDX spectra of the same
PO-HS(2.0) fiber after undergoing 20 successive laundering cycles.
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Figure 9. XRD patterns of untreated PET and PO-HS(2.0) fiber following treatment but before
washing, and PO-HS(2.0) fiber after undergoing 20 cycles of washing.

4. Conclusions and Future Direction

In summary, this study successfully developed a superhydrophobic water-repellent
coating for PET fabrics using an environmentally friendly approach that employs an OTS
solution through a dip-coating method. By incorporating HS nanoparticles into the coating
compound, we enhanced the surface roughness and achieved exceptional water repellency,
thus providing a sustainable alternative to fluorine-based compounds. We demonstrated
the creation of hierarchical nanostructures and improved surface morphology by varying
the weight percentages (0.5, 1.0, 1.5, and 2.0 wt.%) of HS nanoparticles. A thorough ex-
amination of the surface, chemical, thermal, and mechanical properties revealed that the
inclusion of HS nanoparticles, especially at concentrations exceeding 1.0 wt.%, resulted in
water contact angles exceeding 150◦, indicating the attainment of superhydrophobic sur-
faces. Impressively, textiles coated with 2.0 wt.% HS exhibited contact angles up to 158.5◦.
This underscores the direct relationship between the HS content and textile hydrophobicity,
allowing for customizable levels of water repellency. To assess the practicality of these
superhydrophobic textiles, we subjected the optimal PO-HS(2.0) sample to 20 consecutive
washing cycles, which revealed only a slight reduction in the water contact angle to 152.4◦
and the minimal detachment of the HS particles. This environmentally friendly, cost-
effective, and relatively straightforward procedure has tremendous potential for imparting
high hydrophobicity to PET fabric surfaces, making it applicable for various commercial
uses. Future investigations should focus on ensuring the long-term stability of this tech-
nology when applied to diverse textile polymers, thereby enhancing its suitability for
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widespread commercial adoption. Furthermore, there is exciting potential for exploring
new applications in the industrial sector such as oil repellency. This research represents a
significant step towards sustainable and innovative advancements in textile technology,
offering solutions to practical challenges and driving progress towards eco-friendly and
efficient materials.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/polym15204065/s1, Figure S1: Illustrates the analysis of the particle size
distribution of hollow silica nanoparticles (HS) using SEM and TEM images. Table S1: An overview of
numerous varieties of hydrophobic/superhydrophobic coatings and their application methods. Table
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droplets of rose Bengal dye solution.
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Abstract: Bandgap and energy levels are crucial for developing new electronic and photonic devices
because photoabsorption is highly dependent on the bandgap. Moreover, the transfer of electrons
and holes between different materials depends on their respective bandgaps and energy levels. In this
study, we demonstrate the preparation of a series of water-soluble discontinuously π-conjugated poly-
mers through the addition–condensation polymerization of pyrrole (Pyr), 1,2,3-trihydroxybenzene
(THB) or 2,6-dihydroxytoluene (DHT), and aldehydes, including benzaldehyde-2-sulfonic acid
sodium salt (BS) and 2,4,6-trihydroxybenzaldehyde (THBA). To control the energy levels of the poly-
mers, varying amounts of phenols (THB or DHT) were introduced to alter the electronic properties of
the polymer structure. The introduction of THB or DHT into the main chain results in discontinuous
conjugation and enables the control of both the energy level and bandgap. Chemical modification
(acetoxylation of phenols) of the polymers was employed to further tune the energy levels. The
optical and electrochemical properties of the polymers were also investigated. The bandgaps of the
polymers were controlled in the range of 0.5–1.95 eV, and their energy levels could also be effectively
tuned.

Keywords: π-conjugated polymer; energy levels; chemical modification

1. Introduction

Conjugated polymers have been extensively studied owing to their unique electronic,
optical, and mechanical properties, which make them suitable for various technological
applications such as photovoltaics [1–4], light-emitting diodes [5–7], and sensors [8–10].
To develop efficient devices, many studies have focused on controlling the bandgap and
energy levels of conjugated polymers [11–14], because photoabsorption is dependent on
the bandgap, and electron and hole transfers between substances depend on their bandgap
and energy level.

The performance of polymer solar cells (PSCs) depends heavily on the bandgap and
energy levels of the conjugated polymers used. However, PSCs are often inefficient because
of the mismatch between the absorption spectra of the conjugated polymers and the solar
irradiance spectrum. Sunlight covers a broad range of wavelengths; however, widely
used PSC materials, such as P3HT, can only absorb a small portion of this spectrum [15].
Hence, a bandgap in the range of 1.0–1.7 eV is necessary to achieve high photon conversion
yields at high cell efficiency [16]. Another reason for this inefficiency is the poor charge
separation and transfer between the donor and acceptor materials due to the energy
level mismatch [17,18]. To enhance light-harvesting capabilities and charge separation
and transfer in PSCs, a small bandgap and appropriate adjustment of the energy levels
of polymers is required. Few researchers have explored the design of small-bandgap
conjugated polymers with adjusted energy levels for use as active layers in devices [19–21].
However, the complex synthetic routes required for this approach limit its exploration.

Polymers 2023, 15, 2738. https://doi.org/10.3390/polym15122738 https://www.mdpi.com/journal/polymers108
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Previously, we synthesized a series of narrow-bandgap polymers, which could be
tuned in the bandgap range of 0.3–1.1 eV in aqueous solutions, using a relatively sim-
ple polymerization method [22,23]. However, we found that the energy levels of the
polymers were not optimal, and further optimization is required for better device perfor-
mance. In this paper, we report the synthesis of a series of water-soluble discontinuously
π-conjugated polymers (Schemes 1 and 2 and Scheme S1 (Supplementary Materials))
through the addition–condensation of pyrrole, benzaldehyde-2-sulfonic acid sodium salt,
and phenols for the control of both the bandgap and energy levels. The energy levels of
conjugated polymers are determined by the π-conjugated backbone, which can be affected
by the number of conjugated units and the introduction of functional groups, resulting in
altered electronic properties [24–26]. Varying amounts of phenols were introduced into the
main and side chains to adjust the energy levels of the polymers. Phenols were introduced
because of the presence of a hydroxyl group, which enabled chemical modification. This
facilitated the further alteration of the electronic properties of the polymers and control
over energy levels. The introduction of phenols into the main chain results in discontinuous
conjugation, enabling the control of both the energy level and bandgap. In contrast, the
introduction of phenols into side chains can only control the energy level. Finally, the
polymers were chemically modified (acetoxylation of phenols) to further tune their energy
levels. The bandgaps of the polymers were controlled in the range of 0.5–1.95 eV, and their
energy levels could also be effectively tuned.

Pyr-BS Pyr-(BS-THB) Pyr-(BS-TAB)

Pyr-DATPyr-DHT

Pyr-THB Pyr-TAB

Scheme 1. Structure of polymers.

1,2,3-trihydroxybenzene (THB)

2,6-dihydroxytoluene(DHT)

R = OH

R = CH3

SO3NaBS =

Ac =

R�= OAc or CH3

Scheme 2. Synthesis of polymers.
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2. Materials and Methods

2.1. Materials

Benzaldehyde-2-sulfonic acid sodium salt (BS), chloranil, 2-methylresorcinol (2,6-
dihydroxytoluene) (DHT), and 2,4,6-trihydroxybenzaldehyde (THBA) were purchased from
Tokyo Chemical Industry (Tokyo, Japan). Pyrrole (Pyr), pyrogallol (1,2,3-trihydroxybenzene,
THB), acetyl chloride, triethylamine, p-toluenesulfonic acid monohydrate (p-TS), tetrabuty-
lammonium hexafluorophosphate, acetonitrile, and phosphate buffer were purchased
from FUJIFILM Wako Pure Chemical Corporation (Osaka, Japan). The Pyr monomer was
purified via distillation prior to use.

2.2. Measurements

The ultraviolet–visible–near-infrared (UV–Vis–NIR) spectra were measured using a
JASCO V-670 spectrophotometer (JASCO corporation, Tokyo, Japan), and the IR spectra
were measured using a JASCO FT/IR-4200 Fourier transform infrared (FT-IR) spectropho-
tometer (JASCO corporation, Tokyo, Japan). Proton (400 MHz) NMR spectra were recorded
using a JEOL ECZ-400S spectrometer (JEOL, Tokyo, Japan). For the reduced viscosity
(ηsp/C) measurement, the samples were dissolved in a phosphate buffer (4.0 g/L sample
solution), and the measurements were carried out on a viscometer (Ubbelohde-type) at
30 ◦C. Here, we used ηsp/C instead of η because both values were almost equal in the
phosphate buffer. The molecular weights (Mws) of the polymers were calculated using the
Mark–Houwink–Sakurada equation:

ηsp/C = kMwα (1)

where the constants k (1.16 × 10−5) and α (0.894) were approximated from the ηsp/C and
Mw values, respectively, determined via ultracentrifugal analysis [22].

The bandgap (Eg) value was calculated using Equation (2):

(hνα)2 = (const) (hν − Eg) (2)

Here, α is the absorption coefficient [27].
The electrochemical measurements were performed using a three-electrode system.

Thin-layer polymer electrodes were prepared by coating a methanol solution of the corre-
sponding polymer (1 wt%) on a Pt working electrode. Ag/AgCl was used as the reference
electrode, and a Pt wire was used as the counter electrode. The electrolyte solution was
tetrabutylammonium hexafluorophosphate (0.1 M) dissolved in acetonitrile. An ALS660B
electrochemical analyzer was used for these measurements. ALS660B electrochemical
analyzer, Pt working electrode, and Ag/AgCl reference electrode were purchased from
BAS Corporation (Tokyo, Japan).

2.3. Polymer Synthesis

The structure and synthetic routes for the polymers are shown in Schemes 1 and 2 and
Scheme S1 (Supplementary Materials).

Pyr(10)-BS(10) π-conjugated polymer was prepared as follows: A solution of p-TS
(0.032 g, 0.17 mmol) in DMF (1.0 mL) was added to another solution of Pyr (0.402 g,
6.0 mmol) and BS (1.041 g, 5.0 mmol) in DMF (5.0 mL) at 10 ◦C. The mixed solution was
stored in the dark. After 24 h, an aqueous solution of sodium carbonate (5 wt%, 3.2 mL)
was added to stop the reaction. Isopropyl alcohol (80 mL) was then added to the reaction
mixture. The resulting precipitate, which is a nonconjugated polymer, was purified using
serial reprecipitations, twice from DMF–isopropyl alcohol (8 mL/80 mL), and twice from
water–isopropyl alcohol (6 mL/80 mL). Pyr(10)-BS(10) nonconjugated polymer was finally
obtained by freeze-drying (0.817 g). A solution of chloranil (0.382 g, 1.5 mmol) dissolved
in DMF (10 mL) was added to another solution of Pyr-BS nonconjugated polymer (0.40 g)
dissolved in DMF (3.0 mL) at 30 ◦C. After 6 h, toluene (80 mL) was added to the reaction
mixture. The resulting precipitate was purified using a series of reprecipitations from
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DMF–toluene (8 mL/80 mL) four times and subsequently from DMF–isopropyl alcohol
(8 mL/80 mL) and water–isopropyl alcohol (6 mL/80 mL). The Pyr(10)-BS(10) π-conjugated
polymer was finally obtained through freeze-drying (0.278 g).

Pyr(10)-[BS(8)-THBA(2)] π-conjugated polymer was prepared with a similar method
using p-TS (0.063 g, 0.33 mmol), Pyr (0.335 g, 5.0 mmol), BS (0.833 g, 4.0 mmol), THB-
A (0.154 g, 1.0 mmol), and chloranil (1.146 g, 4.66 mmol). The Pyr(10)-[BS(8)-THBA(2)]
π-conjugated polymer was obtained (0.750 g).

Pyr(5)-THB(5)-BS(10) discontinuously π-conjugated polymer was prepared as follows:
Pyr (0.168 g, 2.5 mmol) was added to a solution containing BS (1.041 g, 5.0 mmol) and
THB (0.315 g, 2.5 mmol) dissolved in water (3.0 mL). p-TS (0.0639 g, 0.33 mmol) was
added, and this inhomogeneous solution was vigorously stirred at 1200 rpm in the dark
at 25 ◦C. After 24 h, an aqueous solution of sodium carbonate (5 wt%, 3.2 mL) was added
to stop the reaction. Isopropyl alcohol (80 mL) was then added to the reaction mixture.
The resulting precipitate, which is a nonconjugated polymer, was purified using serial
reprecipitations, twice from DMF–isopropyl alcohol (8 mL/80 mL), and twice from water–
isopropyl alcohol (6 mL/80 mL). Pyr(5)-THB(5)-BS(10) nonconjugated polymer was finally
obtained via freeze-drying (1.240 g). A solution of chloranil (0.573 g, 2.3 mmol) dissolved
in DMF (12 mL), with another solution of nonconjugated polymer (0.60 g) dissolved in
DMF (5.0 mL) at 30 ◦C. After 6 h, toluene (80 mL) was added to the reaction mixture. The
resulting precipitate was purified using a series of reprecipitations from DMF–toluene
(8 mL/80 mL) four times and subsequently from DMF–isopropyl alcohol (8 mL/80 mL)
and water–isopropyl alcohol (6 mL/80 mL). The Pyr(5)-THB(5)-BS(10) discontinuously
π-conjugated polymer was finally obtained through freeze-drying (0.278 g).

Pyr(2)-THB(8)-BS(10), Pyr(8)-THB(2)-BS(10), and Pyr(5)-DHT(5)-BS(10) discontinu-
ously π-conjugated polymers were similarly prepared.

Pyr(5)-TAB(5)-BS(10) discontinuously π-conjugated polymer was prepared as follows:
Pyr(5)-THB(5)-BS(10) (0.250 g) was added to a solution containing triethylamine (0.759 g,
7.5 mmol) dissolved in DMF (4.0 mL). A solution containing acetyl chloride (0.589 g,
7.5 mmol) was continuously added to the resulting solution for 0.5 h at 25 ◦C. After 5 h,
the insoluble substance in the reaction mixture was separated via filtration. Isopropyl
alcohol (80 mL) was then added to the reaction mixture. The resulting precipitate was
purified using serial reprecipitations, twice from water–isopropyl alcohol (1.5 mL/80 mL).
Pyr(5)-THB(5)-BS(10) π-conjugated polymer was finally obtained through freeze-drying
(0.20 g).

Pyr(2)-TAB(8)-BS(10), Pyr(8)-TAB(2)-BS(10), and Pyr(5)-DAT(5)-BS(10) discontinu-
ously π-conjugated polymers and Pyr(10)-[(BS(8)-TAB(2)] π-conjugated polymers were
similarly prepared.

3. Results and Discussion

Polymerization. Addition–condensation polymerization was performed in either
DMF or water to obtain nonconjugated polymers, which were then oxidized to form π-
conjugated or discontinuously π-conjugated polymers. Here, the reason for using water
as a solvent is that the reactivity of phenols is lower than that of Pyr in this addition–
condensation with BS in DMF. It is difficult to prepare sequence-controlled polymers with
phenols. To synthesize discontinuously π-conjugated polymers, the nonconjugated poly-
mers were synthesized via inhomogeneous polymerization in water [23]. The solubility
of pyrrole in water is low, whereas phenols, BS, and the catalyst have high solubility.
Consequently, the low concentration of highly reactive pyrrole led to a small Pyr-BS se-
quence. Finally, acetoxylated polymers were obtained through the chemical modification of
π-conjugated or discontinuously π-conjugated polymers via the acetoxylation of phenols.
The synthetic routes for the polymers are shown in Scheme 2 and Scheme S1 (Supplemen-
tary Materials), and specific details are presented in Section 2.3. Figures 1 and S1 show the
1H-NMR spectra of the prepared polymers. For the Pyr(10)-BS(10) nonconjugated polymers
(Figure 1A), the peaks observed at 9–10 and 5.5 ppm are attributed to the protons a and
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b of Pyr, respectively. The peak at 6.5 ppm corresponds to proton c located between Pyr
and BS, whereas the peaks in the range of 7–8 ppm are attributed to protons d and e of
BS. After the oxidation (Figure 1B), peak broadening was observed from 5.5 to 8.5 ppm,
which is likely due to the conversion to a π-conjugated system. This conversion caused an
increase in the rigidity of the main chain, which restricted the molecular motion and led to
the broadening of the observed peak. In the case of Pyr(5)-THB(5)-BS(10), peaks around
9.5 ppm (a), corresponding to Pyr protons, were observed because of the breaking of the
π conjugation (Figure 1C). After the acetoxylation of Pyr(5)-THB(5)-BS(10), new peaks
appeared around 2.0 ppm (g), corresponding to the acetoxy group protons (Figure 1D).
However, the broadening of the NMR spectra hindered the precise assignment of the peaks
and contents of THB units (protons f) in the polymers. Additionally, the FT-IR spectra
(Figure 2) showed the appearance of a peak corresponding to carbonyl groups (C=O) near
1700 cm−1 after acetoxylation, indicating the conversion of hydroxy groups in the polymers
to acetoxy groups. The 1H-NMR and FT-IR spectra of the other polymers are shown in
Figures S1 and S2, and similar results were confirmed.

The reduced viscosities and molecular weights of the polymers are summarized in
Table 1. The reduced viscosity and molecular weight suggest that the polymer chains of
Pyr(10)-BS(10), Pyr(8)-THB(2)-BS(10), Pyr(8)-TAB(2)-BS(10), Pyr(10)-[BS(8)-THBA(2)], and
Pyr(10)-[BS(8)-TAB(2)] have equal chain lengths. Similarly, the chains of Pyr(2)-THB(8)-
BS(10), Pyr(5)-THB(5)-BS(10), Pyr(2)-TAB(8)-BS(10), Pyr(5)-TAB(5)-BS(10), Pyr(5)-DHT(5)-
BS(10), and Pyr(5)-DAT(5)-BS(10) are also of equal lengths.

Optical Properties. The absorption profiles of the polymers dissolved in phosphate
buffer are shown in Figures 3 and S3. The longer wavelength absorptions are attributed to
the π–π* excitation of the extended π conjugation. Table 1 summarizes the bandgaps of the
polymers calculated using Equation (2) (Figures 4 and S4). No significant changes were
observed in the absorption spectra of the polymer before and after the acetoxylation of
phenols (THB and DHT) (Figures 3 and S3B), suggesting that the bandgap of the polymer
remained unaffected by chemical modification. For polymers with identical chain lengths,
Pyr(10)-BS(10) and Pyr(10)-[BS(8)-THBA(2)] exhibited similar bandgaps, whereas the in-
troduction of THB into the main chain of Pyr(8)-THB(2)-BS(10) resulted in an increased
bandgap. Furthermore, when comparing Pyr(5)-THB(5)-BS(10) and Pyr(2)-THB(8)-BS(10)
of identical chain lengths, the bandgap increased with increasing THB content. This is
because the introduction of THB (benzene rings) discontinuously cut off the π conjugation,
leading to an increase in the bandgap. No significant changes in the bandgap were observed
upon the introduction of equivalent amounts of different phenols (THB and DHT) into
the identical length polymer chains of Pyr(5)-THB(5)-BS(10) and Pyr(5)-DHT(5)-BS(10).
Bandgap control was achieved by varying the number of π-conjugated polymers.

Table 1. Optical and electrochemical properties of polymers.

Compound
ηsp/C Mw

/g mol−1 Egopt /eV Eox (onset) / V EHOMO /eV ELUMO /eV
/dL g−1

Pyr(10)-BS(10) 0.061 15,000 0.50 0.35 −5.09 −4.59
Pyr(10)-[BS(8)-THBA(2)] 0.062 15,000 0.50 −0.08 −4.66 −4.16
Pyr(10)-[BS(8)-TABA(2)] 0.062 15,000 0.50 −0.34 −4.40 −3.90

Pyr(8)-THB(2)-BS(10) 0.062 15,000 1.01 0.13 −4.87 −3.86
Pyr(8)-TAB(2)-BS(10) 0.063 15,000 1.01 −0.03 −4.71 −3.70
Pyr(5)-THB(5)-BS(10) 0.046 11,000 1.28 0.07 −4.81 −3.53
Pyr(5)-TAB(5)-BS(10) 0.048 11,000 1.28 −0.09 −4.65 −3.37
Pyr(2)-THB(8)-BS(10) 0.046 11,000 1.95 0.23 −4.97 −3.02
Pyr(2)-TAB(8)-BS(10) 0.049 11,000 1.95 0.14 −4.88 −2.93
Pyr(5)-DHT(5)-BS(10) 0.047 11,000 1.28 0.18 −4.92 −3.64
Pyr(5)-DAT(5)-BS(10) 0.049 11,000 1.28 0.08 −4.82 −3.54
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Figure 1. 1H-NMR spectra of polymers in DMSO-d6: (A), Pyr(10)-BS(10) nonconjugated polymer;
(B), Pyr(10)-BS(10) π-conjugated polymer; (C), Pyr(5)-THB(5)-BS(10) polymer; and (D), Pyr(5)-TAB(5)-
BS(10) polymer, a–g indicate each proton in the polymers.

Figure 2. FT-IR spectra of Pyr(5)-THB(5)-BS(10) and Pyr(5)-TAB(5)-BS(10). KBr disc is in the range of
400–4000 cm−1.
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Figure 3. UV–Vis–NIR spectra of polymers before the acetoxylation dissolved in phosphate buffer,
cell length = 0.1 mm.
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Figure 4. (hνα)2 versus energy around the absorption edge of Pyr(5)-THB(5)-BS(10) and Pyr(5)-
TAB(5)-BS(10).

Electrochemical Properties. In this study, polymer electrodes were prepared by coat-
ing a methanol solution of the corresponding polymers (1 wt%) on a Pt electrode. The
cyclic voltammograms of the polymers measured in a 0.1 M TBuAPF6 acetonitrile solution
are shown in Figure 5 and Figure S5 (see in Supplementary Materials). The oxidation
waves of all polymers were observed. For Pyr(10)-BS(10) and Pyr(10)-[(BS(8)-THBA(2)],
with identical main chain structures and polymer chain lengths, the onset of the oxidation
potential of Pyr(10)-BS(10) was higher than that of Pyr(10)-[(BS(8)-THBA(2)], which has
THB units in the side chain (Figure S5d). Furthermore, as shown in Figures 5 and S5, the
acetoxylated polymers exhibited lower oxidation potentials than the polymers prior to ace-
toxylation. These results demonstrate that the electrochemical properties of the polymers
can be effectively tuned by altering their composition.

Energy levels. In Table 1 and Figure 6, we describe the results of the energy levels
of the polymers estimated from the absorption and cyclic voltammograms. An absolute
energy level of −4.80 eV was assumed to vacuum for the calibration of Fc/Fc+, and the
redox potential of this system was measured to be 0.06 V (Figure S6). The highest occupied
molecular orbital (HOMO) of polymers is based on EHOMO = −(4.74 + Eox_onset) eV [28],
and the lowest unoccupied molecular orbital (LUMO) is based on ELUMO =EHOMO + Eg.
The HOMO levels of the TAB polymers were higher than those of the THB polymers.
Furthermore, the introduction and acetoxylation of THB units increased the HOMO levels
of the polymers. In contrast, the acetoxylation of the polymers did not affect their bandgaps,
and the energy levels of the polymers were successfully controlled through chemical
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modification, specifically through the introduction and acetoxylation of phenols (THB
or DHT).

-0.2 0 0.2 0.4 0.6 0.8 1

Pyr(5)-THB(5)-BS(10)

Pyr(5)-TAB(5)-BS(10)

Potential / V

Figure 5. Cyclic voltammograms of Pyr(5)-THB(5)-BS(10) and Pyr(5)-TAB(5)-BS(10) coated Pt elec-
trode in 0.1 M TBuAPF6 CH3CN solution. Reference electrode: Ag/Ag+ at a sweep rate of 10 mV/s.

Figure 6. Energy diagram of polymers; the HOMO of polymers is based on EHOMO = −(4.74 +
Eox_onset) eV, and the LUMO is based on ELUMO = EHOMO + Eg.

4. Conclusions

In conclusion, we used a relatively simple polymerization method to synthesize a
series of water-soluble discontinuously π-conjugated polymers and utilized phenol (THB
or DHT) units to tailor the energy levels of the polymers. The bandgaps of the polymers
were estimated from their absorption edges using UV–Vis–NIR absorption spectroscopy.
The bandgap of the polymers was controlled by altering the number of π-conjugated units
by varying the THB content, and the acetoxylation of phenols (THB or DHT) had no effect
on the bandgap. Electrochemical measurements showed that the HOMO levels of the
polymers increased upon the introduction and acetoxylation of phenols (THB or DHT)
units. These results demonstrate that the energy levels of polymers can be controlled using
chemical modification. These water-soluble discontinuously π-conjugated polymers with
tunable energy levels offer great potential as donor materials in the development of bulk
heterojunction (BHJ) organic solar cells.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/polym15122738/s1, Scheme S1: Synthesis of polymers; Figure S1A:
1H-NMR spectra of Pyr(10)-[BS(8)-THB(2)] and Pyr(10)-[BS(8)-TAB(2) in DMSO-d6; Figure S1B: 1H-
NMR spectra of Pyr(5)-DHT(5)-BS(10) and Pyr(5)-DAT(5)-BS(10) in DMSO-d6; Figure S1C: 1H-
NMR spectra of Pyr(2)-THB(8)-BS(10) and Pyr(2)-TAB(8)-BS(10) in DMSO-d6; Figure S1D: 1H-NMR
spectra of Pyr(8)-THB(2)-BS(10), and Pyr(8)-TAB(2)-BS(10) in DMSO-d6; Figure S2A: FT/IR spectra
of Pyr(10)-[BS(8)-THBA(2)] and Pyr(10)-[BS(8)-TABA(2)], KBr disc in the range of 400–4000 cm−1;
Figure S2B: FT/IR spectra of Pyr(5)-DHT(5)-BS(10) and Pyr(5)-DAT(5)-BS(10), KBr disc in the range
of 400–4000 cm−1; Figure S2C: FT/IR spectra of Pyr(2)-THB(8)-BS(10) and Pyr(2)-TAB(8)-BS(10),
KBr disc in the range of 400–4000 cm−1; Figure S2D: FT/IR spectra of Pyr(8)-THB(2)-BS(10), and
Pyr(8)-TAB(2)-BS(10), KBr disc in the range of 400–4000 cm−1; Figure S3A: UV–Vis–NIR spectra of
nonconjugated polymers dissolved in phosphate buffer, cell length = 0.1 mm; Figure S3B: UV–Vis–
NIR spectra of polymers after the acetoxylation dissolved phosphate buffer, cell length = 0.1 mm;
Figure S4A: (hνα)2 versus energy around the absorption edge of Pyr(2)-THB(8)-BS(10) and Pyr(2)-
TAB(8)-BS(10); Figure S4B: (hνα)2 versus energy around the absorption edge of Pyr(5)-DHT(5)-
BS(10) and Pyr(5)-DAT(5)-BS(10); Figure S4C: (hνα)2 versus energy around the absorption edge
of Pyr(8)-THB(2)-BS(10) and Pyr(8)-TAB(2)-BS(10); Figure S4D: (hνα)2 versus energy around the
absorption edge of Pyr(10)-[BS(8)-THB(2)], Pyr(10)-[BS(8)-TAB(2)], and Pyr(10)-BS(10); Figure S5A:
Cyclic voltammograms of Pyr(2)-THB(8)-BS(10)- and Pyr(2)-TAB(8)-BS(10) coated Pt electrode in
0.1 M TBuAPF6 CH3CN solution, reference electrode: Ag/Ag+ at a sweep rate of 10 mV/s; Figure S5B:
Cyclic voltammograms of Pyr(5)-DHT(5)-BS(10) and Pyr(5)-DAT(5)-BS(10) coated Pt electrode in
0.1 M TBuAPF6 CH3CN solution, reference electrode: Ag/Ag+ at a sweep rate of 10 mV/s; Figure S5C:
Cyclic voltammograms of Pyr(8)-THB(2)-BS(10) and Pyr(8)-TAB(2)-BS(10) coated Pt electrode in 0.1 M
TBuAPF6 CH3CN solution, reference electrode: Ag/Ag+ at a sweep rate of 10 mV/s; Figure S5D:
Cyclic voltammograms of Pyr(10)-BS(10), Pyr(10)-[BS(8)-THB(2)], and Pyr(10)-[BS(8)-TAB(2)] coated
Pt electrode in 0.1 M TBuAPF6 CH3CN solution, reference electrode: Ag/Ag+ at a sweep rate of
10 mV/s; Figure S6: Cyclic voltammogram of ferrocene in 0.1 M TBuAPF6 CH3CN solution, reference
electrode: Ag/Ag+ at a sweep rate of 10 mV/s.
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Abstract: Since the last decade, hyperbranched polymers (HBPs) have gained wider theoretical
interest and practical applications in sensor technology due to their ease of synthesis, highly branched
structure but dimensions within nanoscale, a larger number of modified terminal groups and lowering
of viscosity in polymer blends even at higher HBP concentrations. Many researchers have reported the
synthesis of HBPs using different organic-based core-shell moieties. Interestingly, silanes, as organic-
inorganic hybrid modifiers of HBP, are of great interest as they resulted in a tremendous improvement
in HBP properties like increasing thermal, mechanical and electrical properties compared to that
of organic-only moieties. This review focuses on the research progress in organofunctional silanes,
silane-based HBPs and their applications since the last decade. The effect of silane type, its bi-
functional nature, its influence on the final HBP structure and the resultant properties are covered in
detail. Methods to enhance the HBP properties and challenges that need to be overcome in the near
future are also discussed.

Keywords: silanes; hyperbranched polymer; synthetic strategies; applications

1. Introduction

Hyperbranched polymers (HBPs) are a type of macromolecule that has gained greater
attention recently because of their unique framework and attributes [1–7]. HBPs are
defined by a highly branched architecture, with many short branches radiating from a
central core [8–11]. As HBPs are characterized by a complex, branching structure that
resembles a dendritic tree and the presence of enormous end groups, HBPs exhibit several
advantages over conventional linear polymers, including low viscosity, improved solubility,
high surface area, low polydispersity and tunable mechanical properties [12–15].

The ability of HBPs to be functionalized by contributing reactive groups at the end of
their branches is one of their essential vital aspects. This allows for the covalent attachment
of active compounds or other materials by further tailoring their properties for specific
applications. These properties make HBPs a promising class of materials with potential
applications in a wide variety of fields, including drug delivery systems, surfactants,
precursors, sensing, catalysis and material science [16–20].

HBPs exist as an irregular branching structure, provided with unique properties and a
three-dimensional (3D) geometrical structure with a degree of branching (D.B.) less than
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1.0, low molecular chain ambiguity, increased solvability, lower viscosity, intramolecu-
lar cavities and large functional end groups, which is accountable for its use in several
applications including supramolecular chemistry, bio-medicinal drug delivery, surface
coatings, additives, crosslinkers, optical, electrical, sensors and magnetic materials [21–30].
The presence of intramolecular cavities in their 3D globular architecture can be utilized to
encapsulate medicines, and due to their ease of synthesis in comparison to dendrimers,
HBPs have attracted attention for the development of drug delivery systems.

On the other hand, silanes are a class of hybrid organic-inorganic compounds. The
basic components of silanes are monomeric silicon (Si) compounds with four substituent
groups attached to the Si atom, which can be any combination of reactive or non-reactive in-
organic or organic groups, which are the fundamental building blocks of silanes. RnSi(OX)4-n
is the basic framework of an organosilane, in which “R” denotes an organo-functional
group and “OX” denotes an alkoxy or acetoxy group. Regarding their hydrolyzable sub-
stituents, the majority of silanes are typically tri-functional (R-Si-X3); X is typically an
alkoxy substituent such as -OCH3 and -OCH2CH3. However, the Si functional group can
either have two or just one “X” substituent. The mono-alkoxysilane can only create a single
layer, whereas the di-alkoxy and tri-alkoxy silanes can produce multi-layered interphases
after being hydrolyzed to their silanol forms [31,32].

Due to their potential applications, Si-containing HBPs (Si-HBPs) have generated
much attention among researchers. In silanes, when two or more reactive groups of
different kinds are held with the Si atom in a molecule, the generated compound is called
organofunctional silane. One of the reactive groups (alkoxy or hydroxy) in organosilanes
reacts with different kinds of inorganic materials such as glass, metals, silica and sand as a
result of its chemical bonding with the surface of inorganic material. The other reactive
group, such as vinyl, epoxy, methacryl, amino and mercapto groups, react with different
kinds of organic materials or synthetic resins through a chemical interface. These two
different kinds of reactive groups in silanes have made them capable of forming chemical
bonds with both inorganic and organic materials, which is responsible for their dual
functionality [33,34].

Organofunctional silanes can fulfill the minimum requirement to produce an HBP
by readily reacting with the monomer due to its hydrolyzable nature with most or-
ganic/polymeric materials. Developments of such silane-based HBPs are required to
address the complications arising from the usage of conventional core molecules. Silane
HBPs can be effectively used as surface treatment material and as an excellent adhesive,
and they can also be used directly in the polymeric material due to their ability to bond
within the polymer matrix.

The purpose of this review article is to provide a general outline of the latest devel-
opments in HBPs, particularly in Si-HBPs. In recent years, many researchers have been
interested in the development of HBPs. Silanes are favorable for the improvement of the
properties of HBPs due to their dual reactivity nature. Therefore, this review focuses on the
effects of different types of silanes on the improvement of the properties of HBPs, which
are mainly attributed to the type of silane used in the HBP synthesis. Meanwhile, some
relationships among the functional groups present in silanes are also discussed. Eventually,
this review aims to give detailed information on choosing an appropriate silane type for
the synthesis of HBPs with enhanced properties.

Studies on the topics of “silane HBPs” and “HBPs” were explored on the Web of
Science portal, and the outcomes are displayed in Figure 1. Every year, more and more
articles pertaining to the topic “HBPs” are published on the platform. From 2012 to 2022,
a total of around 500 publications per year were retrieved on the topic of “HBPs”, which
demonstrates the topic’s high relevance. On the other hand, the number of articles that
addresses the topic of “Si HBP” is not more than five articles per year in the portal. This
result illustrates a wider space for improvement of Si-based HBP synthesis owing to its
application in diverse fields.
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Figure 1. Statistics of literature retrieved from the Web of Science portal with the theme of “HBPs”
and “Si-based HBPs”.

2. Overview of Silanes

In the Periodic Table, Si belongs to major group 14 along with other elements such
as Carbon, Germanium, Tin, Lead and Flerovium, and it has four valence electrons. Si
differs chemically from the other elements of Group 14 in terms of structure, reactivity, and,
therefore, physical and chemical properties due to its vacant 3D orbitals. Si is classified as a
metalloid, as some of its properties are similar to both metals and nonmetals. In the Earth,
Si can be found as silica, a variety of silicates and aluminous silicates. With other carbon
atoms, carbon can form indefinitely long chains as (-C-C-)n-. On the other hand, Si cannot
form long chains but can bond to other Si atoms to form shorter chain lengths, which are
unstable in nature [35,36].

This is because the bond energy of the C-C bond is 356 kJ/mol, which is substantially
greater than the bond energy of the Si-Si bond (226 kJ/mol). Yet, Si can create arbitrarily
long chains to form a siloxane linkage (-O-Si-O-) when combined with oxygen atoms due to
the extremely high Si-O bond energy (286 kJ/mol). Si compounds are more highly reactive
than carbon compounds as a result of the vacant 3d orbital.

Silanes are compounds made of monomeric Si. An organosilane is a silane with at
least one Si-C link (Si-CH3). Through a sequence of reactions, organofunctional silanes are
created from SiO2 (silica), the most prominent mineral on our planet Earth. During the
reduction of silica to Si, trichlorosilane (HSiCl3) is produced through a reaction between Si
and HCl. To create the functional silanes, trichlorosilane first combines with an alkene and
then undergoes alcoholysis or a reaction with alcohol.

2.1. Chemistry of Silanes

Trialkoxysilane, also termed a silane coupling agent, has three alkoxy functional
groups at the extremities of its molecular backbone that bind an inorganic substrate to an
unpolymerized resin matrix (surface). “R” is an organofunctional group such as amino,
vinyl, aryl, methacrylate, acrylate, isocyanato, or sulfo, which furnishes the organic affinity
that enables silane groups to produce interpenetrating networks (IPNs). R-(CH2)n-Si-(OX)3
is the general formula of these bi-functional, organofunctional silanes, where “R” is an
organofunctional group [37].

Organofunctional silanes are molecules with two distinctly reactive groups linked to
the Si atom as shown in Figure 2. This allows them to react and couple to an inorganic
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surface (such as ceramics and oxide coatings on metals) or to organic resins via a covalent
bond. Organofunctional trialkoxysilanes often have the following molecular structure:

R′(CH2)nSi(OX)3, where n = 0, 1, 2, 3 . . . . (1)

Figure 2. The chemical structure of organofunctional silanes with the Si atom, hydrolyzable alloy
groups, linker and organofunctional group [38].

The above Si molecule contains two important varieties of reactive groups: (1) an
organofunctional group or organic group (R′) like epoxy, amino, methacryloxy or sul-
fide, and (2) a hydrolyzable or leaving alkoxy group (OX) like methoxy (-OCH3), ethoxy
(-OC2H5), and acetoxy (-OCOCH3). These functional and leaving groups are responsible
for the organic compatibility that enables the silane to form IPNs in polymers. -(CH2)- acts
as a linker (spacer) group that sits between the organofunctional groups R’ and the Si atom,
and the hydrolyzable alkoxyl group is denoted as OX (methoxy, ethoxy).

Before they may connect to the inorganic substrate, silanes are activated by an acid
(acetic acid) or undergo hydrolysis to generate silanol groups (SiOH). Two types of moieties
are bonded to the Si atom in an organofunctional silane. Alkyl silanes and aryl silanes
are used to enhance gloss, concealing ability, mixing time and other attributes linked to
their enhanced dispersion. They are additionally used to create hydrophobic surfaces
for applications such as water repellents. The “X” stands for alkoxy molecules, most
frequently methoxy or ethoxy, which interact with different hydroxyl groups to release
methanol or ethanol. To increase coating integrity and adherence, these organofunctional
groups (Table 1) offer the linkage with substrates, pigments, matrixes or fillers. The
hydroxy functional polymers can also react with the methoxy groups [39–45]. These
organofunctional trialk4oxysilanes undergo two important reactions such as condensation
and hydrolysis [41].

Hydrolysis: hydrolyzable groups (-OCH3 or –OC2H5) undergo hydrolysis in the
presence of water to form silanols (Si-OH).

Condensation: silanols (Si-OH) are condensed together to form a siloxane structure
(Si-O-Si), as shown in Figure 3 [41].

Meanwhile, the bonding of organofunctional silane molecules to polymers has been
studied. Two mechanisms are thought to be responsible for silane’s effective adhesion to
polymers: (1) chemical interactions between the reactive groups in the polymers and the
organofunctional groups and (2) emergence of IPNs at the silane/polymer interface.
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Table 1. Examples of organofunctional groups with reactive functional groups.

S. No Name of the Silane Structure
Organofunctional

Group Present

1. Trichloromethoxy silane Methoxy group

2. Trimethoxyphenyl silane Phenyl group

3. ,-mercaptopropyl
trimethoxy silane Sulfo group

4. ,-aminopropyl
trimethoxy silane Amino group

5. ,- glycidoxypropyl-
trimethoxysilane Epoxy group

6. Trichlorovinyl silane Vinyl group

7. Triethoxyvinyl silane Vinyl group

 

Figure 3. Hydrolysis and condensation mechanism of organofunctional silanes and bonding mecha-
nism to a substrate. (A) Hydrolysis and condensation to form polymers, and (B) adsorption to an
inorganic substrate (such as ceramics or surface oxide layers on metals) by hydrogen bonding and
then covalent bonding to the substrate by a condensation reaction with hydroxyl groups. Reproduced
from [44].
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In general, organofunctional silanes act like a “bridge” to encourage adherence be-
tween polymers and inorganic substrates (such as glass or oxide coatings on metals).
Functional silanes react with polymers to produce chemical bonds and IPNs for good
silane/polymer adhesion. In addition, they react with inorganic surfaces to form metallo-
siloxane covalent bonds for high adhesion between silanes and inorganic substrates. By
reducing water infiltration and bond displacements at the fiber/resin interface, some
organofunctional trialkoxysilanes were observed to greatly increase the mechanical strength
of composite materials. Organofunctional silanes are now widely used in coatings/paints,
adhesives and sealants [43,44].

Before bonding to the substrate, these functional silanes must first be activated by
hydrolysis to form silanols. The initial step in the hydrolysis of silanes to silanols (SiOH) is
the protonation of alkoxy groups present in silanes. The central Si atom is then the site of a
bimolecular nucleophilic substitution (SN2) process. First, a water molecule (a nucleophile)
attacks the core Si atom (an electrophile) from the back, resulting in a penta-coordinate
trigonal bi-pyramidal transition state. The nucleophile and Si core then form a new bond,
and the leaving group (alcohol) and Si center experience a bond cleavage.

2.2. Classification of Silanes

Silanes are basically classified as functional and non-functional silanes based on
the presence of active functional groups, as shown in Figure 4. As already detailed,
organofunctional silanes will have functional groups such as amino, mercapto and vinyl
groups, along with three alkoxy groups. Two separate reactive functional groups are present
in organofunctional silanes, which can react and pair with a variety of inorganic and organic
compounds. Organofunctional silanes thus serve as adhesion promoters to increase the
union of disparate elements. The surface hydroxyl groups of inorganic substrates are
reacted with the hydrolyzable functional groups. Organofunctional silanes can react with
different functional groups of various compounds [45]. Types of organofunctional silanes
and their applications are listed in Table 2.

Figure 4. Classification of silanes as functional and non-functional silanes. Adapted from [45].

Table 2. Types of silane and their applications.

Type of Silane Applications

Alkoxy/chloro silanes Blocking agent, surface modification and coatings, coupling agent

Amino silanes Coupling agent, adhesion promoter, glass fiber reinforcement,
cross-linker, pigment dispersion

Phenyl silanes Coupling agent, industrial coatings, surfactants, hybrid materials

Mercapto silanes Fillers, composites, coupling agents, adhesion promoters

Vinyl silanes Coupling agent, adhesion promoters, crosslinkers
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On the other hand, non-functional silanes will contain only reactive alkoxy (-OR)
functional groups. These groups are hydrolyzed to silanol groups and react with the
surface hydroxyl groups of inorganic substrates. A bis-functional silane is also known
as a crosslinking or dipodal silane and has two Si atoms with three hydrolyzable alkoxy
groups on each [46]. Some examples of functional and non-functional silanes were given to
understand the classification based on functional groups present in Figure 5 [47].

Figure 5. Structural examples for functional and non-functional silanes. Reproduced from [47].

2.3. Factors Affecting Silane Hydrolysis

The molecular structure of the silane, its concentration, pH, temperature, humidity
and solvent system are some of the important factors that affect the rate of silane hydrolysis.
With increasing alkoxy group size, the hydrolysis rate decreases in the order of pentoxy >
butoxy > propoxy > ethoxy > methoxy. pH has a significant impact on silane hydrolysis.
The rate of silane hydrolysis is rapid in acidic and alkaline media, although it is at its lowest
for alkoxysilanes at neutral pH [48].

The hydrolysis reaction rate rises as the temperature rises, following the Arrhenius
law. The type of co-solvent in the solvent combination also affects the hydrolysis rate.
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The hydrophilicity of the solvent affects the rate of hydrolysis. The hydrolysis rate of
α-silanes and γ-silanes reduces when the hydrophilicity of methanol, ethanol and propan-
1-ol increases. The molecular structure of the terminal silyl group is the cause of the slow
crosslinking kinetics of conventional silane-terminated polymers.

The moisture-induced crosslinking reaction occurs much more slowly with
γ-alkoxysilanes than it does with the extremely reactive α-alkoxysilanes. The electron
donor is joined to the Si atom in α-silanes by a methylene group. The alkoxy groups are
activated in this arrangement, greatly accelerating the crosslinking reaction. Figure 6 illus-
trates the distinction between α and γ-silanes. Organofunctional alkoxysilanes contain at
least one alkoxy group as one of the four groups linked to the Si atom (–OR). Bi-functional
(two alkoxy group) and tri-functional (three alkoxy group) silanes are distinguished based
on the number of alkoxy groups. Alkoxy groups have the capacity to hydrolyze. A siloxane
network is created during the reaction with water. In addition to the alkoxy groups, there
is a functional organic group on the Si atom (R) through which a silane can also bind to
an organic molecule. The length of the hydrocarbon chain (spacer) in the reactive organic
group is a crucial structural component of organofunctional alkoxysilanes. The length of
the hydrocarbon chain has a major influence on how firmly the alkoxy groups are bound to
the Si atom and, thus, on the speed of crosslinking in the presence of moisture [45].

Figure 6. Difference between α-alkoxy silanes and γ-alkoxy silanes configuration. Adapted from [45].

3. Hyperbranched Polymers

HBPs are a well-known family of polymeric materials and are regarded as highly
desirable specialized products. It is confirmed that they create an opportunity for the
creation of new products, but they also pose a challenge because of their intricate branching
structure. It is shown that the structure of HBPs with all distinct structural units may
be thoroughly elucidated, allowing one to assess the degree of branching, confirm side
reactions, and take into account the kinetics and mechanism of the reaction. The features
of HBPs, such as glass transition temperature, solubility and miscibility, melt viscosity, as
well as surface qualities, are considerably determined by the alteration of the end groups
and define the majority of conceivable outcomes [49].

The theoretical aspect of branched polymer synthesis was first proposed by Flory in
1952, followed by many successful synthetic strategies to produce HBPs. The synthesis
of HBPs can be divided into three main strategies: (a) step-growth polycondensation of
ABx and A2+B3 monomers, (b) self-condensing vinyl polymerization of AB monomers and
(c) ring-opening polymerization of latent ABx monomers. Utilizing these polymerization
strategies, a wide variety of hyperbranched architectures have been synthesized success-
fully, including polyesters, polyamides, polycarbonates and polyurethanes. HBPs have
been utilized in applications in various fields ranging from additives, crosslinkers, coatings
and sensors.

HBPs have attracted significant interdisciplinary research over the past decade. In
an ongoing effort to demonstrate the full potential of HBPs, new synthetic techniques are
being used to create ever-complex hyperbranched structures. There are a very large number
of uses for HBPs that have been researched. Some of these have already been commercially
successful. HBPs may have significant cost-saving potential when used in separation
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procedures such as extractive distillation, solvent extraction, absorption, membranes or
preparative chromatography [50].

Three-dimensional macromolecules known as HBPs have many branches. They have
distinctive structures and characteristics, including many functional groups, intramolec-
ular cavities, low viscosity and great solubility thanks to their globular and dendritic
architectures. HBPs can be easily produced via one-pot polymerization. The significant
advancement in synthetic techniques ranging from click polymerization to the recently
reported multi-component reactions has resulted in a variety of HBPs with desirable func-
tional groups. Due to their adaptable architectures and distinctive features, HBPs have
found extensive use in numerous fields, including coatings, adhesives, modifiers, biomate-
rials, supramolecular chemistry, hybrid materials and composites, light-emitting materials,
nanoscience and technology and supramolecular chemistry. In recent years, HBPs have
garnered increasing amounts of interest supported by the utilization of varying monomers
to create HBPs and improved synthesis processes. The requirements for reaction conditions
and monomer structure vary between different synthesis techniques, and therefore, the
final characteristics of HBPs also vary [51–53].

3.1. Synthetic Strategies of HBPs

HBPs were mainly synthesized by two methodologies, viz. single monomer method-
ology (SMM) and double monomer methodology (DMM) [54], as shown in Figure 7.

 

Figure 7. Schematic illustration of various synthetic strategies used to prepare HBPs. Reprinted with
permission from [18] Copyright 2023, American Chemical Society, Washington, DC, USA.

Step-growth polymerization, condensation polymerization, ring-opening polymeriza-
tion and free radical polymerization have become the most popular methods for synthesiz-
ing HBPs. Because of the widespread use of HBPs, researchers have also attempted to create
them using certain unique synthesis techniques, including click-chemistry, cross-coupling
reaction, dipole cycloaddition reaction and coupling monomer approach [55–57].

3.1.1. Step-Growth Polymerization

This methodology involves the polymerization of ABx (x ≥ 2) monomers via one-step
polycondensation. The primary advantage of this approach is that normal step-growth
polymerization characteristics are obeyed. However, the main drawbacks include gelation,
which often occurs during polymerization. A monomer with the functionality of three or
more can form HBPs and can reach a gel point forming a crosslinked network structure.
The step-growth polymerization reaction can be simply quenched prior to reaching the
gel point. Another drawback is that the ABx monomers employed have to be synthesized
prior to polymerization, and this is a distinct disadvantage for commercial applications.
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However, the step-growth polycondensation process offers a diverse synthesis of HBPs
using a variety of available monomers, which provides the potential for the preparation of
a wide spectrum of functionalities.

3.1.2. Condensation Polymerization

The process of repeated condensation reactions between monomers with two or more
active groups to create polymers while releasing water and other small molecules is known
as condensation polymerization. The majority of polycondensation processes are reversible
and progressive, and as the reaction time increases, the molecular weight gradually rises.
However, the rate of monomer conversion is essentially independent of time. A popular
technique for creating HBPs is polycondensation of ABn-type monomers. By using this
technique, numerous researchers have produced polyphenylene, polyether, polyester and
polyamide with considerable success. Initially, AB2-type monomers, such as ethanolamine,
ethylene glycol amine and aminobenzene, were utilized as monomers. Increasing numbers
of monomers are employed as this technique is widely used. Propylene glycol, trimethylol
propane and other AB3 and AB4-type monomers are often used [58].

The following are the essential parameters for this reaction of ABn-type monomers:
(1) no additional side reactions will occur between the monomer components A and B
during the polycondensation reaction, and (2) the activity of each group in part B is the
same, and intramolecular cyclization does not take place in this group. A synthesis method
of combining Bm- with ABn-type monomers to create ABn + Bm-type monomers was
proposed in order to better regulate the molecular weight of the polymer and the geometric
configuration of the molecular structure. By varying the ratios of Bm and ABn, the approach
can adjust the molecular weight of the target polymer. An example is shown in Figure 8,
in which Tris(hydroxymethyl)aminomethane and isophorone diisocyanate were used in
the condensation polymerization by Hi et al. to create a hydroxyl-terminated HBP [59].
On the other hand, instead of polycondensation, self-condensing vinyl polymerization can
also take place through initiation and propagation as shown in Figure 9 [60]. This process
involves the use of monomers that have a vinyl group and one initiating moiety to generate
HBPs; the activated species may be a radical, cation or even a carbanion.

3.1.3. Ring Opening Polymerization

The process of turning cyclic compound monomers into linear polymers using ring-
opening addition is known as ring-opening polymerization. In the polymerization of
glycidol, anionic polymerization of glycidol proceeds as an intramolecular reaction in-
volving growing (alcoholate anions) and dormant species (-OH groups) to form an HBP
(Figure 10).

The reaction procedure is straightforward, and just one step is needed to create HBP
from the epoxy monomer. This reaction is gentle to perform, produces fewer byproducts
than polycondensation, and makes it simple to produce high molecular weight polymers.
The fact that this reaction’s raw materials must contain epoxy-based monomer limits the
availability of the reactive monomer is a major drawback. There are limited sources of
monomers since the monomers needed for ring-opening polymerization require a unique
ring structure. However, after terminal modification, the produced polymer is amphiphilic
because of the unique structure of the monomer. As a result, its scope of applicability has
also been increased [61–63].

3.1.4. Free Radical Polymerization

The majority of monomers used in free radical polymerization are alkenes with un-
saturated double bonds. The double bond in the monomer is broken during the process,
and the addition reaction is repeated numerous times between the molecules, connecting
numerous monomers to form the macromolecule. Fréchet et al. were the first to report on
the free radical polymerization of HBPs. The utilized monomers typically have a reactive
group that can start vinyl polymerization as well as a vinyl group. The reactive group may
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be cationic, anionic or free radical. Reactive groups can start vinyl group development
during the reaction and move to form new active sites during the chain growth phase to
keep starting vinyl polymerization [64].

 

Figure 8. Schematic illustration of condensation polymerization. Reprinted with permission [59]
from Elsevier.

 

Figure 9. Self-condensing vinyl polymerization. Reprinted with permission [60] from Elsevier.
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Figure 10. Schematic representation of ring-opening polymerization mechanism. Reproduced with
permission [63]. Copyright 2023 John Wiley and Sons.

In contradiction with linear polymers, the monomer used for this approach must have
numerous vinyl groups in order to produce HBPs. Nevertheless, this approach frequently
results in gel throughout the reaction phase, which has a relatively low monomer-to-
polymerization conversion rate. Moreover, the equipment cannot be used to gauge the
D.B. in a polymer. It is also challenging to generate polymers with fixed molecular weights
since the molecular weight dispersion of synthetic polymers is large [65,66]. Nowadays,
the synthesis of HBPs is frequently carried out using condensation polymerization, ring-
opening polymerization and free-radical polymerization. Despite the fact that many
academics have explored several novel techniques for the synthesis of HBPs; their use is
still restricted by the uniqueness of the reaction conditions and monomer structure.

3.1.5. Cross-Coupling Reaction

A relatively recent organic coupling process is the Suzuki reaction, also known as
the Suzuki coupling reaction or Suzuki-Miyaura reaction. A zero-valent Palladium (Pd)
complex is used to catalyze the reaction, which entails the cross-coupling of aryl or alkenyl
boric acid (borate ester) with chlorine, bromine, iodinated aromatics, or olefins. The
Sonogashira coupling reaction, which uses a Pd catalyst to create a C-C bond between a
terminal alkyne and an aryl or vinyl halide, is another common cross-coupling reaction [67].

3.1.6. Huisgen Reaction

The Huisgen reaction, also called the 1,3-dipolar cycloaddition reaction, is an alkene,
alkyne, or derivative of an alkene or an alkyne cycloaddition reaction. The end product is
a heterocyclic molecule with five members [65]. Ye et al. used azide-alkyne to create an
HBP with a poly (-caprolactone) (PCL) chain and a polystyrene (PS) chain based on click
chemistry through Huisgen cycloaddition reaction [68].

3.1.7. Coupling Monomer Method

Gao and Yan employed the coupling monomer approach to have the two monomers
produce ABn-type intermediates in the reaction system (Figure 11). After additional
polymerization, they were able to produce HBPs. Currently, this technique has been
used to successfully manufacture polyamide, polyethoxylsilane, polyamide and polyester-
amide [69].

3.2. Degree of Branching in HBPs

The structural properties of HBPs having a highly branched 3D structure with a
dendritic-like architecture, place them between conventional linear polymers and den-
drimers (Figure 12). The D.B. in these polymers is one of the crucial factors to consider
while describing them. A linear polymer’s D.B. is 0, a dendrimer’s is 1, and HBPs fall
between these two with a D.B. of 0.4 to 0.6. The features of the HBPs, such as low molecular
entanglement, low melting/solution viscosity, high solubility, host-guest contact capability,
and self-assembly behavior, would thus be greatly influenced by the D.B. value. Impor-
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tantly, each of these characteristics is tunable through modifying branches, end-groups and
D.B. [70–73].

Figure 11. Schematic representation of ring-opening polymerization mechanism. Reproduced with
permission [69] from Elsevier.

 

Figure 12. (a) Degree of branching in HBPs. (b) Schematic representation of HBP. Reprinted with
permission [60] from Elsevier.

The D.B.% in systems involving the direct condensation process between bi-functional
A2 monomers, such as diacids, and tri-functional B3 monomers, such as glycerol, in the
presence of lipase and chemical catalysts to generate HBPs, has been thoroughly researched.
To find prospective applications, it is important to comprehend the connection between
D.B.% and the physical and chemical characteristics of HBPs. The proportion of linear (L),
terminal (T), and dendritic (D) units in the matrix of the polymer determines the degree of
branching, which is a structural property [74–76].

The constituents are dendritic units, fully incorporated with an ABx monomer, terminal
units having two unreacted B groups and linear units retaining one unreacted B group. The
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linear segments are generally described as defects. Fréchet et al. defined the term ‘degree
of branching (D.B.)’ as

D.B. = (D + T)/(D + L + T) (2)

where, D, T and L are the number of dendritic, terminal and linear units, respectively. D.B.
is one of the important characteristics that indicate the branching structure of HBPs [77].
Frey and colleagues reported a modified definition of D.B. based on the growth directions as

D.B. = 2D/(2D + L) = (D + T − N)/(D + L + T − N) (3)

Where, N is the number of molecules. The two equations give almost the same D.B.
for HBPs with high MWs, as ‘N’ in Frey’s equation can be negligible in such cases [71]. In
general, it is pointed out that D.B. is determined by statistics and only reaches 50% for the
polymers derived from the AB2monomer, assuming the equal reactivity of the B functional
group towards the A functional group. It should also be noted that HBPs possess many
isomers even if D.B. is equal to 100%.

3.3. Role of Silanes in HBPs

Silanes play an important role in the synthesis and modification of HBPs. They act as
crosslinking agents, coupling agents or end-capping agents to improve the mechanical and
thermal properties, solubility, stability and compatibility of HBPs with various substrates.
Additionally, functional silanes can introduce specific functionalities into the HBP structure,
leading to new applications in various fields such as biomedical engineering, electronics
and energy storage. In the synthesis of HBPs, silanes serve as multi-functional building
blocks to control the branching structure, molecular weight and functionalities of the
resulting polymers. The choice of silanes and their ratios can significantly impact the
resulting HBP properties, making it a crucial factor in the synthesis of HBPs. Here are some
specific ways silanes contribute:

Cross-linking agents: Silanes with reactive functional groups (e.g., epoxy, amine, or
hydroxyl) can act as cross-linking agents to promote the branching structure and enhance
the mechanical properties of HBPs.

Coupling agents: Silanes with reactive functional groups (e.g., isocyanate or epoxy)
can act as coupling agents to increase the molecular weight of HBPs and improve their
solubility in various solvents.

End-capping agents: Silanes with reactive functional groups (e.g., isocyanate or epoxy)
can act as end-capping agents to terminate the growing polymer chains and improve the
stability of HBPs.

Functionalizing agents: Silanes with specific functional groups (e.g., carboxylic acid,
amine, or epoxy) can introduce specific functionalities into the HBP structure, leading
to new applications in various fields, such as biomedical engineering, electronics and
energy storage.

3.4. HBPs Containing Si Atom

Zhang et al. successfully prepared a series of novel hyperbranched polycarbosilox-
anes by the Piers–Rubinsztajn (P–R) reactions of methyl-, or phenyl-triethoxylsilane and
three Si–H containing aromatic monomers, including 1,4-bis(dimethylsilyl) benzene,4,40-
bis(dimethylsilyl)-1,10-biphenyl and 1,10-bis(dimethylsilyl)ferrocene using B(C6F5)3 as
catalyst for 0.5 h at room temperature. Their structures were fully characterized by FTIR,
1H-, 13C- and 29Si-NMR. The molecular weights were determined by gel permeation chro-
matography. The D.B. of these polymers was 0.69–0.89, which was calculated based on the
quantitative 29Si-NMR spectroscopy [78].

Liu et al. synthesized many hyperbranched tetrahedral polymers by facile Suzuki
coupling polycondensation reactions between tetrabromoarylmethane silane and 9,9-
dihexylfluorene-2,7-diboronic acid at low concentrations. These polymers were soluble
in common organic solvents such as THF and DMF and exhibited excellent thermal sta-
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bility. The polymers exhibited strong blue fluorescence under excitation by UV light in
the solution and the solid state. The polymers were less prone to self-aggregation in the
solid state due to their hyperbranched structures, and no excimer-like long wavelength
emissions were observed in their solution and film PL spectra [79].

Hartmann-Thompson et al. attempted to produce a series of novel hyperbranched
hydrogen-bond acidic polymers were prepared by functionalizing hyperbranched polycar-
bosiloxanes or polycarbosilanes with phenol or hexafluoro-2-propanol groups. Starting
polymer, sensor polymer and reagent structures were confirmed by IR, 1H-, 13C- and
29Si-NMR, SEC or GCMS as appropriate [80].

A controllable approach to synthesize UV curable hyperbranched polysiloxysilanes
from A2 (1,1,3,3-tetramethyldisiloxane) and CB2 type monomers (methyl(vinyl)silanediylbis
(oxy)bis(ethane-2,1-diyl) diacrylate and methyl(vinyl) silanediylbis(oxy)bis(ethane-2,1-
diyl)bis(2-methylacrylate)) was developed by Metroke et al. Polymerization was monitored
using FTIR, where a two-step poly-addition mode was observed. The vinyl silane group
preferentially reacted with hydride silane, resulting in the formation of AB2 type interme-
diates containing one hydride silane and two acrylate (or methacrylate) groups, and at the
same time, there may be a low quantity of B4 type intermediates. The intermediates further
polymerized to form HBPs, and their kinetics was also studied [81].

Chen et al. successfully developed a novel hyperbranched poly(phosphamide) con-
taining abundant silanes as terminal groups (HBPPA-Si) synthesized by the A2 + B3 poly-
merization reaction, which can be used as a charring and blowing agent simultaneously.
HBPPA-Si exhibited good performance of char formation and high thermal stability. The
char residue at 800 ◦C was 44 wt. -% under a nitrogen atmosphere [67].

Zhu et al. successfully prepared a novel hyperbranched organosilicon polymer via
step-growth thiolene click reaction using mercaptopropyl methyl diallyl silane (AB2) and
mercaptopropyltriallylsilane (AB3) as hyperbranched monomers. The structures of the
prepared polymers were characterized by FTIR and NMR spectroscopy. The D.B. of the
polymers was determined using quantitative 29Si-NMR spectroscopy, and the D.B. of the
polymers from AB2 and AB3 was 0.60 and 0.22, respectively [82].

Xue et al. prepared three hyperbranched polysiloxanes with methacrylate (HSiM),
epoxy (HSiG) and methacrylate/epoxy groups (HSiMG) through the hydrolysis of γ-
glycidoxypropyltrimethoxysilane (γ-GPS), γ-methacryloxypropyltrimethoxysilane (γ-MPS)
and their binary blends. The results indicated that methacrylate groups could accelerate
the condensation reaction, thus producing more branching sites with a branching degree
of 0.67 for HSiMG. In addition, the effects of terminal groups on the microstructural and
thermal properties of the post-cured hyperbranched polysiloxanes were evaluated [83].
Silane HBPs were also used as core material, toughening agent, optical emission inducer,
surface coating agent, coupling agent and surface modifier as shown in Table 3 [84–89].

Table 3. Silane HBPs and their properties and applications.

S. No Type of Silane-HBP Properties Applications Ref.

1. Ferrocene linked Si-HBP Precursors in ceramics
construction,

High technology
applications [78]

2. Hyperbranched tetrahedral
polymers

Electro-luminescence
emitters

Photoluminescence Light
emitting diode [79]

3. Polycarbosiloxanes polymers Surface acoustic wave
generator Sensor applications [80]

4. polysiloxysilanes Photo-initiators Photo-initiating process [66]

5. Poly phosphamide silanes Composites for charring and
blowing Flame retardants [81]

6. Organosilicon polymers Crosslinkers Heavy metal absorption [82]
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Table 3. Cont.

S. No Type of Silane-HBP Properties Applications Ref.

7. Hyperbranched polysiloxanes Microstructures with more
branching sites Structural designing [83]

8. Silane-modified alkyd polymer Core material for
polyurethane coating Eco-friendly coatings [84]

9. Hyperbranched Poly
(diethynyl benzene Silane) Optical properties Optical emission [85]

10. Silane functionalized graphene
oxide-HBP Stabilizer Toughening agent [86]

11. Amine terminated HBPI-silica
hybrid Coupling agent Surface modification [87]

12. Hyperbranched Polysiloxane Surface wettability and UV
resistance High-performance fibers [88]

13.
Hyperbranched

polyurethane-urea-imide/
o- silica hybrids

Surface modifier Hybrid coatings [89,90]

4. Silane Polymers Applications

4.1. Silanes in Surface Coatings

Commercially, silanes and organically modified silanes are utilized in indoor appli-
cations to reduce water vapor condensation and microbial contamination as well as to
preserve the built environment from deterioration. Ciriminna et al. highlighted the impor-
tance of silane coatings in various fields. Monomeric silane molecules can pass through
1nm pores and chemically bond with building materials through the OH groups at the
material’s outer surface before polymerizing within the pores to effectively block water
from entering the building envelope (Figure 13). Silane-based paints, particularly those in
the form of silicates and organically modified silica, are successfully used to protect the built
environment, including modern and historic buildings as well as marine structures, due to
their exceptional versatility, long lifespan and unique ability to maintain the aesthetics of
the treated surfaces. Silane paints coat the internal porosity of a substrate with hydrophobic
layers using liquid monomeric alkylsilanes [91].

Figure 13. Bonding of silanes with building surface through hydrolysis. Reproduced with permis-
sion [91].
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Organosilica-based nanosols often cling to substrate surfaces via the formation of
siloxane linkages with hydroxyl groups at the substrate surface. The surfaces of materials
such as glass, fiberglass, polycarbonate, wood, cotton, stone, concrete, marble, iron and
aluminum (where numerous OH groups are present due to partial metal oxidation) are
consequently coated easily and then require only simple curing at room temperature.
Hence, anti-corrosion and water-resistant sol-gel organically modified silica coatings are
well suited to be applied to the surface of the majority of building surfaces.

4.2. Silanes in Corrosion Resistance

Silanes are used in corrosion resistance of metals based on their ability to form essential
silanol groups (-SiOH) through hydrolysis followed by condensation, which allows bonding
with the surface functional groups (MeOH) of metals and silanol groups as well as among
silanol groups themselves, as shown in Figure 14. Following the condensation (i.e., curing
or drying process) of -SiOH and MeOH groups with release of water, a siloxane network
(Si-O-Si) is developed as a result of the reaction between silanols and metallo-siloxane
linkages (Me-O-Si) [92].

Figure 14. Schematic bonding mechanism between silanes and metal surface: (a) before condensation,
and (b) after condensation [92].

If a carbon atom serves as one of the Si atom’s substituents, the as-formed Si-O-Si
network becomes extremely hydrophobic. The creation of the siloxane network, or Si-O-Si,
is essential for corrosion protection due to its hydrophobic properties. The method of
bonding between silane molecules and the metal’s surface hydroxide layer is depicted
schematically [93,94].

4.3. Silanes as Additives

The hydrophobic properties of silane allowed the silane additives to significantly
increase the mortar’s imperviousness and resistance to freeze-thaw. Due to the silane’s
bridging property, its mortar’s crack resistance was increased. The inherent benefits of
siloxane, such as carbonation and chemical resistance, improved the mortar’s resistance
to carbonation. With mortars containing 1% silanes, the silanes tightly enclose the mortar
particles. The network of silane polymers becomes denser as the silane dosage is increased
further. These results contribute to the explanation of the increase in mortar durability
following the addition of silane. Silanes have a networking effect that ties mortar particles
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together, improving the mortar’s resistance to cracking, carbonation corrosion and freeze-
thaw behavior [95].

4.4. Silane Polymers as CrossLinking Agents

Silane polymers can be used as crosslinking agents in various industries, including
construction, coatings, adhesives and rubber [96]. In construction, silane polymers can be
used as a crosslinking agent to improve the strength, durability and resistance to freeze-
thaw cycles of concrete and cement. When added to the concrete or cement mix, silane
polymers can crosslink with the cement hydrate and aggregate particles, strengthening the
bonds between them and increasing the compressive strength of the concrete. In coatings,
silane polymers can be used as a crosslinking agent to improve the durability and resistance
of the coating to weathering, UV radiation and chemical attack. They can also be used to
improve the adhesion of the coating to the substrate. In adhesives, silane polymers can be
utilized as a crosslinking agent to improve the strength and durability of the adhesive bond.
They can also be used to improve the resistance of the adhesive to temperature, humidity
and chemical attack. In rubber, silane polymers can be used as a vulcanizing agent to
improve the strength and durability of the rubber. They can also be used to improve the
resistance of the rubber to heat and ozone, as well as its flexibility. In general, crosslinking
of silane polymers can improve the mechanical and thermal properties of the materials,
making them more durable and resistant to environmental factors [97].

4.5. Silane Polymers in Sensor Applications

Chen et al. developed a unique technique that involves the easy, one-step targeted
immobilization of an enzyme without the use of complicated purification procedures. For
this purpose, the silane emulsion self-assembly process is carried out using horseradish
peroxidase as a template, 3-aminopropyltriethoxysilane (APTES) is used as a functional
monomer, and tetraethyl orthosilicate (TEOS) is used as the crosslinking agent to form a
unique molecularly imprinted polymer. Visual sensors for the detection of glucose and
sarcosine were created using the immobilized horseradish peroxidase. This study proved
that horseradish peroxidase may be easily immobilized from a horseradish crude extract
using molecularly imprinted polymers created using the silane emulsion self-assembly
approach without the need for any purification steps and shows great potential applications
for the visual detection of glucose and sarcosine [98].

Trovato et al. produced a halochromic sensing molecule using Alizarin Red S with
trimethoxy-[3-(oxiran-2-ylmethoxy) propyl] silane (GPTMS) as shown in Figure 15 to en-
capsulate polyester fabrics. The outcome was a pH-responsive color change in the polyester
fabrics treated with the optically transparent organic-inorganic halochromic coatings in con-
trast to plain ARS treated polyester fabrics, which totally leach the halochromic molecules
after the first washing cycle. The polyester fabrics coated with silane functionalized Alizarin
Red showed a considerable dynamic reactivity to pH variations even after many washing
cycles. The cross-linkage between the alkoxysilane network and the surface functional
groups of polyester textiles is further supported by coating adhesion studies carried out by
gravimetric and spectrophotometric calculations [99].

Herlem et al. modified gold surfaces with APTES and an electrolyte based on THF
solvent to make thin films. These films were identified using X-ray photoelectrons and
IR-ATR spectroscopies. By using scanning tunneling microscopy, the film shape was
examined, and ellipsometry measurements were used to track the film’s growth. The
results obtained indicate that the chemical composition of the electrodeposited films in
liquid APTES and liquid THF is the same. This amino-terminated coated film has major
significance for sensing applications, which was used as the functionalized component of a
surface plasmon resonance biosensor to monitor lactalbumin graft [100].

Kros et al. prepared various hybrid silane materials and their potential applications
in the biomedical field. The creation of biocompatible coatings is based on sol-gel sili-
cates, which can be utilized as a protective covering for implantable glucose sensors. The
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characteristics of the resulting sol-gel composites were modified when silica was blended
with various organic polymers. Their uses on biosensors and their biocompatibility invivo
and in vitro were examined. An amphiphilic block copolymer is made up of segments of
hydrophobic poly (methylphenylsilane) and blocks of hydrophilic poly (ethylene oxide).
This polymer creates vesicles in an aqueous media that contain a fluorescent dye, which can
be utilized in drug delivery systems [101]. The versatility and unique properties of silane
polymers make them a promising material for use in a variety of sensors, including those
for medical, environmental, and industrial applications. Silane polymer-based sensors are
used in the medical field for various applications, such as continuous monitoring of glucose
levels in diabetics, Heart rate and body temperature monitoring, detecting the presence
of specific biomolecules (e.g., proteins), drug delivery systems and tissue engineering for
regenerative medicine.

Figure 15. Schematic representation of GPTMS-ARS pad cure process on PL fibers. Reproduced
from [99].

5. Conclusions

Organosilicon polymers are a class of highly important inorganic-organic compounds
with high molecular weights. In other words, Si-containing HBPs are compounds of high
technological importance. Many potential applications exist for this class of compounds due
to its multi-functional properties, such as surface coatings, corrosion resistance, coupling
agents, additives, crosslinkers and sensors. This article reviews the important synthetic
methods of silane-based HBPs and the basic properties of silanes that have been developed
over the past decade. As each and every individual polymer have different parameters, it
is clear that selecting the appropriate silane is essential when developing high-performance
HBPs. The fact that materials containing Si may be produced on an industrial scale makes
this point especially important. In addition, silane-based HBPs can be employed in various
fields, especially as sensors and biosensors for the detection of both single molecules and a
large group of substances. Si-HBPs serve as an ideal matrix for anchoring biological material
since they not only successfully attach to its structure but also enhance the performance
characteristics of bio-recognition components. Due to its favorable mechanical, thermal
and conductive characteristics, frameworks on silane-HBPs are grabbing the focus of
scientific teams more and more as they can be used well in a wide range of applications in
multiple fields.
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Abstract: Polymers of higher olefin, obtained by Ziegler-type polymerization, have been used in
some critical fields, e.g., as the membrane for extracorporeal membrane oxygenation (ECMO), which
plays an important role in the treatment of patients with severe COVID-19. The polymer obtained by
a single-site catalyst, e.g., metallocene catalysts, demonstrated a higher performance. The homo- and
co-polymerization of allyltrimethylisilane (ATMS) and 4-methyl-1-pentene (4M1P) were conducted
using syndiospecific (cat 1) and isospecific (cat 2) metallocene catalysts. Cat 1 showed low conversions
and provided a polymer with a higher molecular weight, while cat 2 behaved oppositely. 13C-NMR
spectra certified the stereotacticity of the resultant polymer, and the resonance of the carbon atom of
CH2 (αα’) between the two tertiary carbon atoms of the ATMS and 4M1P units were observed. This
could be the evidence of the formation of a true copolymer. The crystallization of the polymer was
explored using a differential scanning calorimeter (DSC) and wide angle X-ray diffraction (WAXD).
All homopolymers and some of the copolymers showed high melting temperatures and low melting
enthalpies. The WAXD patterns of the syndiotactic polymer and isotactic homopolymer or the ATMS-
rich copolymer were consistent with the reported literature, but the isotactic 4M1P-rich copolymer
provided the crystal form I, which is unusual for a 4M1P polymer without any pretreatment.

Keywords: metallocene; copolymerization; allyltrimethylisilane; 4-methyl-1-pentene; crystallization

1. Introduction

Polyolefins are the most productive synthetic material in the world, including mainly
polymers or copolymers of ethylene, propylene, and a small amount of 1-butene [1–3].
Among the coordination polymerization products made from olefins higher than butene,
only poly(4-methyl-1-pentene) (PMP) has achieved industrialization [4]. This excludes
synthetic oil, which is made from long chain α-olefins [5]. PMP demonstrates excellent
optical transparency, electrical insulation properties, a high melting point, low surface
tension, and a high permeability towards gases and general inertness and can therefore
be used as an optical material [6], gas separation membrane [7–9], microelectronics and
microsystems material [10], hydrogen storage material [11], blood contact material for
medical apparatus [12], and so on. Isotactic PMP has a melting point of ~240 ◦C and a
glass transition temperature of ~35 ◦C. However, there is usually a part of the polymer
that does not crystallize. For common polymers, the mixture of crystalline and non-
crystalline regions will result in anisotropy due to different densities. However, PMP has
the lowest density of existing polyolefin materials, and the density of the crystalline and
non-crystalline regions is very close (~0.830 g/cm3). As a result, light refracts very little
when passing through the interface between the crystalline and non-crystalline regions of
the PMP, resulting in excellent transparency. A hollow fiber membrane made of PMP can
be used as gas separation membrane because of its good gas permeability and selectivity.
For example, in ECMO, which is used to treat severe COVID-19 patients, the hollow fibers
of the oxygenator are made of PMP [12]. As a result, the (co)polymerization of 4-methyl-
1-pentene (4M1P) has been extensively studied [13–16]. The isospecific polymerization
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of 4M1P can be carried out through the coordination polymerization of Cr-, V-, Ti-, and
Zr-based catalysts, of which the titanium catalyst is the most commonly used [13]. Among
these, the supported, titanium-based Ziegler–Natta catalyst is the most commonly used
catalyst and is also used in industrial production. It can produce the homopolymer of
4M1P and the copolymer of 4M1P and other α-olefins, and both are isotactic. However, the
products of these catalysts are limited to this. It is powerless against the polymers with
stereotacticity aside from isotacticity or copolymers containing other comonomers aside
from α-olefins. From this point of view, single-site catalysts are more attractive [14–17].
They can not only produce polymers with more types of stereotactic structure, such as
syndiotactic PMP [14,15,17], but can also incorporate more composed and structured
comonomers into the polymer, such as a monomer containing an oxygen atom [16]. Using a
metallocene catalyst combined with a methylaluminoxane (MAO) cocatalyst, we previously
studied the isospecific copolymerization of 4M1P with α,ω-alkenols [16] and found that
the long-chain comonomer (9-decen-1-ol) can significantly decrease the melting point of
the copolymer, while the short-chain comonomer (4-penten-1-ol) has no such great effect.
A possible reason for this is that the interference of the long-chain monomer on 4M1P
unit crystallization is much stronger than that of the short-chain monomer. It was also
found that the melting point of the copolymer increased slightly with the insertion of
a small amount of short-chain α,ω-alkenols. We think that the hydrogen bond by the
hydroxyl group could possibly help in increasing the melting point. On the other hand,
the similar chain length of the short-chain α,ω-alkenol enables it to be included in the
crystallizable segment of 4M1P units. However, there are a limited number of studies on
higher olefins except for 4M1P [17–19]. For example, we used a syndiospecific metallocene
to copolymerize allylcyclopentane with a variety of α-olefins [17]. Interestingly, we found
that the melting point of the copolymer is closely related to the structure of the comonomer.
All comonomers depressed the melting point of the copolymer. However, if the “shape” of
the comonomer is similar to allylcyclopentane, such as allylcyclohexane or 4M1P, the effect
is small. If the “shape” of the comonomer is very different from that of the allylcyclopentane,
such as 1-decene, a copolymer with a much lower melting point will be obtained. The
possible reason for this is that monomer units with similar structures can form a mixed
crystal. This phenomenon can be called the “monomer similarity, crystal compatibility”
of crystallization.

Allyltrimethylisilane (ATMS) is a type of monomer that can be used for coordina-
tion polymerization and is sometimes used as comonomer for ethylene or propylene
copolymerization [20,21]. There are few studies on the homopolymerization of ATMS [22–25],
which can obtain polymers with high melting point, and the study of the copolymerization
of ATMS with other higher olefins is rare [25,26].

As the best raw materials to date, the hollow fibers of PMP for ECMO oxygenators
need to be treated with heparin to achieve an anticoagulant effect. However, PMP resin
is strongly hydrophobic because it is only composed of carbon and hydrogen. This may
lead to a low loading amount of heparin, and the heparin will be quickly lost in use.
Therefore, modifying the coating of the PMP hollow fiber can improve its wettability and
compatibility, which is helpful in improving the loading and firmness of heparin. Such
a coating often uses silicon-containing substances [12]. Therefore, we hope to obtain the
raw PMP resin for the coating-free or less coating fiber through the copolymerization of
4M1P and a silicon-containing monomer. The resin may be directly used in the hollow
fiber of the oxygenator. Thus, we will have an interest in exploring the copolymerization
of 4M1P with ATMS. At the same time, the structure and some basic properties of the
copolymer, such as its crystallization behavior, are characterized and discussed. Due to
the precise stereocontrollability of the polymerization of higher olefins and the excellent
copolymerization ability of the metallocene catalyst [27–29], we herein report the homo-
and copolymerization of ATMS and 4M1P with the use of isospecific (rac-EBIZrCl2) and
syndiospecific (Ph2C(Cp)(Flu)ZrCl2) metallocene catalysts (see Scheme 1). The polymeriza-
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tion behavior was strongly affected by the catalysts used. The chemical composition and
crystallization are further discussed.

 
Scheme 1. Copolymerization of ATMS with 4M1P.

2. Materials and Methods

All experiments were carried out under a nitrogen atmosphere in a Vacuum Atmo-
sphere drybox or by using standard Schlenk techniques, unless otherwise specified. All
chemicals used were of reagent grade and were purified through standard purification
procedures. Toluene was distilled in the presence of sodium and benzophenone under a
nitrogen atmosphere and was distilled and stored in a Schlenk tube in the drybox over
molecular sieves. The metallocene catalysts, rac-ethylenebis(1-indenyl)zirconium dichlo-
ride (rac-EBIZrCl2) and diphenylmethylidene (cyclopentadienyl)(9-fluorenyl)zirconium
dichloride (Ph2C(Cp)(Flu)ZrCl2), were purchased from Strem. The MAO solution in toluene
(10 wt%) was purchased from Grace, and ATMS and 4M1P were obtained from TCI and
were used as received. Other chemicals were also used as received.

Polymerization was conducted in toluene in a 250 mL glass reactor with an oil bath.
The glass reactor was vacuumized and charged with a nitrogen atmosphere. Toluene and
monomer(s) were introduced. The reaction mixture was heated to 50 ◦C, and the MAO
solution and the catalyst solution in toluene were then injected to begin the polymerization.
The mixture was stirred magnetically for a predetermined time. Subsequently, the mixture
was poured into ethanol (~300 mL) containing concentrated hydrochloric acid (~10 mL).
The resultant polymer was gathered on a filter paper by filtration and washed thoroughly
with ethanol. It was then dried in vacuo at 60 ◦C for 24 h.

The molecular weight and molecular weight distribution (polydispersity index (pdi))
were determined using gel permeation chromatography (GPC) on a Waters Alliance
GPCV2000 at 150 ◦C with 1, 2, 4-trichlorobenzene as the eluent.

The melting point of the polymer was determined on TAQ 100. Approximately 2 mg
of the polymer sample was heated from room temperature to 300 ◦C with a heating rate
of 10 ◦C per minute under a nitrogen atmosphere. After maintaining the temperature
for 1 min, the sample was cooled down to room temperature, and the temperature was
maintained for 1 min again. Then the sample was heated to 300 ◦C at a heating rate of
10 ◦C per minute, and the data were recorded.

Solution 13C NMR experiments were performed on a Bruker AVANCEIII-400 MHz
spectrometer with a 10 mm PASEX 13C-1H/D Z-GRD probe. Sample solutions were
prepared with approximately 200 mg of the polymer material dissolved in 2.5 mL of d4-o-
dichrolobenzene (ODCB-d4) in a 10 mm NMR tube at 130 ◦C. All 13C NMR experiments
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were carried out at 125 ◦C, with a 20 Hz spinning rate, a 90◦ pulse angle, continuous Waltz-
16 decoupling, a 120 ppm spectral width, a 5 s acquisition time, and a 10 s relaxation delay.

A wide-angle X-ray diffraction (WAXD) experiment was carried out on a Bruker D8
DISCOVER 2D X-ray diffractometer. The X-ray was generated using IμS micro Focus X-ray
source incorporating a 50 W sealed-tube X-ray generator with a Cu target. The wavelength
was 0.1542 nm. The power of the generator used for measurement was 45 kV and 0.9 mA.
The X-ray intensities were recorded on a VÅNTEC-500 2D detector system with a pixel size
of 136 μm × 136 μm. The distance from the sample to the detector was 198 mm. The spot
size of the beam was 0.5 mm. The exposure time was 2 min. Polymer powder was used as
generated without other treatment.

3. Results and Discussion

A syndiospecific metallocene catalyst, diphenylmethylidene (cyclopentadienyl) (9-
fluorenyl)zirconium dichloride (Ph2C(Cp)(Flu)ZrCl2) (cat 1), and an isospecific metallocene
catalyst, rac-ethylenebis(1-indenyl)zirconium dichloride (rac-EBIZrCl2) (cat 2), were used
for the homo- and copolymerization of ATMS and 4M1P, and the results are summarized
in Table 1. Tm and ΔHm are the melting temperature and melting enthalpy of the polymers,
respectively. Mw and PDI are the weight-average molecular weight and polymer dispersity
index, respectively.

Table 1. Homo- and copolymerization and microstructural characterization of ATMS and 4M1P by
using metallocene catalysts a.

Run
ATMS
(mmol)

4M1P
(mmol)

Polymer
(g)

Conv
(wt%)

Tm
b

(◦C)
ΔHm

b

(J/g)

Mw
c

(k)
pdi c ATMS Incorp. d

(mol%)

1 0 19.7 0.56 34 149 8.3 26.5 1.90 0
2 3.8 15.8 0.28 15 – e – e 25.4 1.85 – f

3 7.6 11.8 0.30 15 – e – e 37.3 1.78 – f

4 11.3 7.9 0.41 19 – e – e 28.8 1.80 89.0
5 15.1 3.9 0.55 23 236 2.7 34.6 1.84 – f

6 18.9 0 0.77 30 246 6.8 46.3 1.83 100
7 0 19.7 1.62 98 208 45.1 8.5 1.94 0
8 3.8 15.8 1.56 85 159 25.2 4.7 1.69 – f

9 7.6 11.8 1.15 53 – e – e 5.0 1.71 66.0
10 11.3 7.9 0.96 48 251 1.7 6.2 1.85 81.5
11 15.1 3.9 0.71 30 273 16.5 7.5 1.69 – f

12 18.9 0 0.69 27 281 19.4 6.1 1.75 100
a catalyst 5.0 μmol, runs 1–6 cat 1, Ph2C(Cp)(Flu)ZrCl2; runs 7–12, cat 2, rac-EBIZrCl2; MAO 10.0 mmol
(Al/Zr = 2000), 60 min, 50 ◦C, in toluene, total toluene volume 20 mL. b determined by DSC; some are bi-
modal. c determined by GPC. d determined by 13C-NMR. e no melting point could be detected. f NMR experiment
could not be carried out due to the bad solving condition.

For both cats 1 and 2, the homopolymerization of 4M1P showed a higher conver-
sion than that of ATMS. For the homopolymerization of 4M1P by cat 2 in particular, the
monomer almost reached a quantitative conversion, within a polymerization time of 1 h.
The introduction of ATMS into the monomer composition strongly impacted the overall
conversion. From the data in Table 1 and the trend in Figure 1, it can be seen that the con-
version of 4M1P reached 98% using cat 2, while ATMS only reached 27%. The depressing
effect of ATMS on polymerization was also reflected in the copolymerization. With the
increase in the proportion of ATMS in the monomer feeding, the conversion decreased
monotonously. The conversion of polymerization using cat 1 showed an unusual trend.
Although conversions of both monomers were not high (run 1: 34 wt%; run 6: 30 wt%),
they were still higher than that of all copolymerization. All conversion formed a U-shaped
trend as the monomer proportion changed.
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Figure 1. Influence of monomer feedings on weight conversion.

All polymerizations provided the polymer with a narrow pdi (<2.0), indicating the
single-site nature of the catalysts. The polymers produced by cat 1 had a higher molecular
weight than the polymers produced by cat 2. For ethylene copolymerization, cat 2 always
demonstrated a higher activity than cat 1 but provided the polymer with a lower molecular
weight [30]. Here, the polymerization of 4M1P and ATMS showed the same behaviors
as the ethylene polymerization, implying the intrinsic behaviors of these two catalysts,
regardless of which monomer was involved. The catalytic activity and the molecular weight
of the resultant polymer are closely related to the structure of the catalysts. Therefore, the
observed differences are due to the difference in the structure of the catalysts. As shown in
Table 2, the two catalysts are different in some structural parameters [31,32].

Table 2. Some structural parameters of cats 1 and 2.

Ph2(Cp)(Flu)ZrCl2 [31] (cat 1) rac-EBIZrCl2 [32] (cat 2)

Bond length
(Å)

Zr-Cl 2.424(2) Zr-Cl 2.3884(5)
Zr-C(1) 2.417(8) Zr-C(1) 2.438(2)
Zr-C(2) 2.513(6) Zr-C(2) 2.443(2)
Zr-C(3) 2.680(6) Zr-C(3) 2.531(2)
Zr-C(27) 2.452(8) Zr-(C3a) 2.624(2)
Zr-C(28) 2.450(6) Zr-(C7a) 2.553(2)
Zr-C(29) 2.523(6)

Bond angles
(◦)

Flu-Zr-Cp 118.2 Ind-Zr-Ind 125.3(1)
Cl-Zr-Cl 95.6 Cl-Zr-Cl′ 99.09(3)

C1-C14-C27 99.6 C(1)-C(8)-C(8′)-C(1′) 45.6(3)
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From the bond length data, we know that the zirconium atom of cat 2 is equidis-
tant from the two indenyl ligands, while the zirconium atom of cat 1 is farther from the
cyclopentadienyl ligand and closer to the flourenyl ligand. This may indicate that the
flourenyl ligand provided the active site of cat 1 with greater steric hindrance, and thus
suppressed not only the overall activity but also the chain transfer reaction. As a result,
cat 1 provided a low conversion and resulted in a polymer with a high molecular weight.
On the other hand, the metal atom of cat 2 is equidistant from the two ligands and has a
medium steric hindrance between the cyclopentadienyl and flourenyl ligand of cat 1. This
steric hindrance may cause greater resistance to the approach of a larger molecule (e.g.,
ATMS) to the active sites but less resistance to small molecules (e.g., 4M1P) or chain transfer
agents (such as trimethylaluminum in the MAO solution). Thus, the use of cat 2 resulted in
a higher activity, especially in the polymerization of 4M1P and the polymer with a lower
molecular weight. Although the cyclopentadienyl ligand side of cat 1 is also conducive
to the proximity of trimethylaluminum, the overall probability is less than that of cat 2
due to the steric hindrance from the flourenyl ligand. In general, from the perspective of
bond length, due to steric hindrance, cat 2 has a higher activity but a lower activity for
the polymerization of a larger monomer and the stronger chain transfer reaction, which
resulted in the lower molecular weight of the polymer, while the opposite is true for cat 1.

According to the bond angle data, the large bond angle of ligand1-Zr-Ligand2 may
make the ligand close to the position of the monomer coordination and chain propagation.
This may hinder the larger molecule (e.g., ATMS) from approaching the active site but has
little effect on the smaller molecules (e.g., 4M1P or trimethylaluminum). Thus, a larger
Ind-Zr-Ind bond angle could explain why the polymer produced by cat 2 demonstrates a
low molecular weight and a low ATMS incorporation. In addition, the larger bond angle of
the bridge will make the active site more exposed, which is more favorable for the approach
of the larger monomers. In this sense, cat 2 is more beneficial for the approach of ATMS
and is prone to forming a copolymer with a higher ATMS incorporation.

Figure 2 showed the 13C-NMR spectra of poly(4M1P) and poly(ATMS) by cat 1 and 2,
respectively [17,22–25,33]. The detailed attribution is summarized in Table 3.

 
Figure 2. 13C-NMR spectra of the isotactic or syndiotactic homopolymer of 4M1P (A) and ATMS (B).

Table 3. Chemical shifts of isotactic or syndiotactic homopolymers of 4M1P and ATMS.

Polymer
Chemical Shift of Carbon (ppm)

e c d b a

iso-PMP 44.84 41.38 30.19 24.68 22.33
syndio-PMP 44.75 41.80 30.36 24.67 22.25
iso-PATMS 45.47 28.48 22,72 – -0.89

syndio-PATMS 45.70 28.25 22,78 – -1.07
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Figure 3 compares the 13C-NMR spectra of the homo- and copolymers. All the res-
onance of the two homopolymers appeared in the spectra of the copolymer, and a new
peak appeared at 43.49 ppm (asterisk). The new peak could be attributed to the αα’ carbon
atom produced by the connection of two monomers, indicating the formation of a “true
copolymer” rather than a blend of two homopolymers.

Figure 3. 13C-NMR spectra comparison of homo- and copolymer.

As the methyl carbon atoms connected with silicon atom show a very low chemical
shift (−1.0 to −0.8 ppm) in the 13C-NMR spectrum, the incorporation of ATMS into the
copolymer can be easily estimated. In addition to the resonances seen here, other resonances
were provided by the carbon atoms of 4-methyl-1-pentene and three other carbon atoms
of ATMS. The integral intensity of the NMR spectrum has the following relationship with
ATMS incorporation (x). {

ISi = 3xa
Iother = 3xa + 6(1 − x)a

where ISi is the integral intensity of the carbon atoms of three methyl groups connected
with silicon atom, and Iother is the integral intensity of the other atoms.

After transformation, the incorporation of ATMS into the copolymer can be calculated
by the following formula.

x =
2ISi

Iother + ISi

According to this method, the incorporation of ATMS is calculated and listed in Table 1.
Although the NMR determination of some samples was not carried out successfully due
to the problem of solubility, the available data still show some trends. For the three
copolymers (runs 4, 9, and 10) with NMR results, the incorporation of ATMS into the
polymer was higher than the ratios in the feed (incorporation vs. ratio in feed: run 4,
89.0 vs. 58.8%; run 9, 66.0 vs. 39.2%; run 10, 81.5 vs. 58.8%). This means that under the
mixed monomer conditions of ATMS and 4M1P, it is easier for the former to participate in
polymerization than the latter. The homopolymerization activity of ATMS was significantly
lower than that of 4M1P. Additionally, the introduction of ATMS significantly decreased the
activity during copolymerization. Considering these two observations, it can be inferred
that ATMS has a higher coordination probability but a slower insertion rate than 4M1P.
For the two polymerizations with the same feed ratio but different catalysts, the ATMS
incorporation of the obtained polymers were different (runs 4 vs. 10). The copolymer
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(run 4) with a higher ATMS incorporation was obtained from the syndiospecific catalyst.
For any copolymerization, if the bulkier monomer is regarded as the comonomer, it is
reasonable to believe that cat 1 is a better catalyst than cat 2 if only the copolymerization is
considered [30].

The melting point of all homopolymers was detected by DSC. The melting point of the
isotactic polymer was higher than that of syndiotactic polymer, and the melting point of
the ATMS polymer was higher than that of the 4M1P polymer. This is generally consistent
with the literature [22,33]. However, the melting point obtained in the earlier research was
higher than the melting point in this study, which may be related to the specific catalysts.
Although the polymer showed a high melting point, its melting enthalpy was not high,
and it was also lower than the reported value in the previous literature [22].

As can be seen in Figure 4A, the syndiotactic PMP showed a melting temperature of
149 ◦C, while a melting temperature of 246 ◦C for the syndiotactic P(ATMS) was observed.
It is notable that there was an exothermic peak around 104 ◦C during the second heating
process of PMP (sample 1). This could be attributed to the cold crystallization in the heating
process, resulting from an incomplete crystallization while cooling, which was observed for
either the polyolefin [34] or non-olefin polymer [35]. No melting point could be detected
for samples 2, 3 and 4, even though the sample 4 incorporated an 89 mol% ATMS unit. The
isotactic polymers exhibited a higher melting temperature, but their melting enthalpies
were lower than their syndiotactic analogies (Figure 4B). This may be due to the great steric
hindrance caused by the chain end of the branch, which makes the crystallization of the
isotactic polymer loose, resulting in the low melting enthalpy. This may also be the reason
why the isotactic PMP density is very low (~0.830 g/cm3). Until now, the density of PMP
is the lowest among commercial polyolefin materials. The syndiotactic polymer tends to
form a relatively dense crystal due to the staggered distribution of the branch. Thus, its
melting enthalpy is obviously higher than that of the isotactic polymer.

  
Figure 4. DSC melting curves for syndiotactic (A) and isotactic (B) polymers (main peak is marked
with an asterisk).

The Wide-angle X-ray diffraction (WAXD) patterns of some selected, as-polymerized
samples are shown in Figure 5, in order to explore more structural detail of the polymer.

In Figure 5A, the WAXD patterns of the syndiotactic homopolymer of 4M1P (run 1)
or ATMS (run 6) were in accordance with the Bragg distance of reflection reported in the
literature [22,36], while the crystal structure of the copolymer (run 5) was similar to the syn-
diotactic ATMS homopolymer (run 6). This may be due to the exclusion of a small amount
of the 4M1P unit from the crystal of the syndiotactic homopolymer of ATMS. Similar
observations have been reported in crystallization research on other polyolefins [37–39].
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Figure 5. Wide-angle X-ray diffraction patterns of as-polymerized samples ((A) syndiotactic;
(B) isotactic).

In Figure 5B, the WAXD patterns of the isotactic ATMS homopolymer and copolymers
(runs 9, 10, and 12) were similar and demonstrated the typical crystal structure of an
isotactic ATMS homopolymer [22].The WAXD of run 7 exhibited form II of isotactic PMP. It
is slightly surprising that the WAXD of run 8 showed form I of isotactic PMP [40,41]. To our
best knowledge, form I of isotactic PMP can only be obtained from melts or some specific
solutions [13]. We previously showed that the 4M1P polymer with a high incorporation
of α,ω-alkenol was detected as crystal form I [16]. In the present work, we found that the
incorporation of ATMS can play the same role; however, the mechanism remains unclear.

4. Conclusions

In this work, we have shown the homo- and copolymerization of 4M1P and ATMS by
using two metallocene catalysts with different stereospecificities. Homopolymers of each
monomer and their copolymer with syndiotacticity and isotacticity were obtained. The
13C-NMR test proved the difference between the polymers with different stereotacticities
and demonstrated their efficient copolymerization. The activity depended on both the
monomer type and the catalyst used. Both 4M1P and the isospecific catalyst, rac-EBIZrCl2,
are prone to achieving the high activity, while ATMS and the syndiospecific catalyst,
Ph2C(Cp)(Flu)ZrCl2, behave oppositely. On the other hand, the molecular weight of
polymers obtained using syndiospecific catalysts, whether homopolymers or copolymers,
is much higher than the molecular weight obtained by isospecific catalysts. However, cat 1,
with the asymmetric steric hindrance, showed better selectivity to larger monomer ATMS,
thus obtaining the copolymer with the higher incorporation of ATMS. These performances
are closely related to the molecular structure of the catalysts. The chemical environment
caused by the steric and electronic effects of the ligands may play a decisive role. This
may inspire researchers to precisely design the ligand with suitable steric and electronic
effects so as to optimize the specific catalytic behavior or maximize the overall performance,
for example, of a specific catalyst for a specific product. In this way, polyolefin products
meeting the end-use requirements can be obtained.

The DSC provided the results of a high melting temperature and low enthalpy for all
polymers. The syndiotactic homopolymers demonstrated melting points of 149 and 246 ◦C,
while the isotactic homopolymers demonstrated higher melting points of 208 and 281 ◦C
for 4M1P and ATMS, respectively. The melting points of their copolymers were between
those of the homopolymers. Additionally, WAXD exhibited predictable patterns for the
homopolymers, while isotactic poly(4M1P-co-ATMS) provided an unusual crystallization
form. We would be interested to explore this mechanism in the future in more detail.
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Abstract: Thin sheets of ultra-high molecular weight polyethylene (UHMWPE), both in pristine form
and containing carbon nanotubes (CNTs) or Fe2O3 nanoparticles (NPs) at different concentrations,
were prepared. The CNT and Fe2O3 NP weight percentages used ranged from 0.01% to 1%. The
presence of CNTs and Fe2O3 NPs in UHMWPE was confirmed by transmission and scanning
electron microscopy and by energy dispersive X-ray spectroscopy analysis (EDS). The effects of the
embedded nanostructures on the UHMWPE samples were studied using attenuated total reflectance
Fourier transform infrared (ATR-FTIR) spectroscopy and UV–Vis absorption spectroscopy. The
ATR-FTIR spectra show the characteristic features of the UHMWPE, CNTs, and Fe2O3. Concerning
the optical properties, regardless of the type of embedded nanostructures, an increase in the optical
absorption was observed. The allowed direct optical energy gap value was determined from the
optical absorption spectra: in both cases, it decreases with increasing CNT or Fe2O3 NP concentrations.
The obtained results will be presented and discussed.

Keywords: ATR-FTIR; carbon nanotubes; energy gap; Fe2O3 nanoparticles; UHMWPE; UV–Vis

1. Introduction

Ultra-high molecular weight polyethylene (UHMWPE) is a biocompatible polymer
which, thanks to its interesting properties, can be employed as a high-performance material
in several fields, such as biomedicine [1], engineering [2], microelectronics [3], chemistry,
and physics [4–7]. In fact, it has good chemical and physical stability, mechanical resistance,
a low friction coefficient, low wear volume, high crystallinity, high ultimate tensile strength,
high biocompatibility [8], and high thermal conductivity [9]. Polymers such as UHMWPE
have applications in microelectronics, e.g., as insulators in many electronics components,
and in biomedicine, e.g., to realize organ-on-chip microsystems, where cells growing over
polymeric membranes are used in simulations of biological barriers and transport pro-
cesses [10], or as prostheses, e.g., as the femoral head and its acetabular cup [11]. With
UHMWPE, it is also possible to create fixed and mobile joints for bones, substrates for
cell cultures [12], thin foils to reduce wear during surface friction [13], materials resistant
to water and saline solutions [14], lightweight high-strength biocompatible and water
equivalent materials useful for radiotherapy research [15], or, by incorporating high hydro-
gen and deuterium content, it can be used to prepare peculiar samples useful for nuclear
research [16]. Such applications can be improved by enhancing the properties of UHMWPE,
for example by increasing its chemical and physical stability, its mechanical resistance, its
wear resistance, and its biocompatibility. This because the properties of UHMWPE, such as
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its wetting ability, its electrical and thermal conductivities, and its optical properties, can be
modified and controlled using a low percentage of nanoparticles embedded in the polymer,
as is reported in the literature [17–21].

However, oxidative degradation due to the generation of free radicals may occur if
UHMWPEs are irradiated with ionizing radiation [22]. This problem can be overcome by
employing innovative methodologies using bulk and surface modification techniques that
can enhance some of the properties of UHMWPE [23]. Moreover, UHMWPE modifications
can be produced by innovative treatments using ion implantation techniques and ion,
electron, X-ray and laser beam irradiations, which, by inducing hydrogen degassing, enable
the realization, in a controlled manner, of electrically conductive tracks in the insulating
polymer [24–27].

Because of their size, shape, and concentration, carbon nanotubes (CNTs) represent a
promising choice for modifying UHMWPE in a controlled manner. Due to their exceptional
properties, such as their high elastic modulus and tensile strength [28], it is possible to
improve the mechanical polymer behavior and thus produce UHMWPE nanocomposites
with better mechanical properties. Adding a small amount (~0.2 wt.%) of single-wall
carbon nanotubes (SWCNTs) to UHMWPE is enough to increase its hardness and elastic
modulus by ~66% and ~58%, respectively [29], and to significantly modify its optical and
electrical properties [30,31]. However, the effective utilization of CNTs in combination with
UHMWPE to produce nanocomposites is strongly dependent on their uniform dispersion
in the matrix, which preserves their structural integrity. A high concentration of CNTs
makes UHMWPE dark and highly absorbent to visible light, UV, and IR radiations [32].

UHMWPE wear durability and resistance are also impressively improved by various
other types of fillers [33], such as nanoparticles (NPs) of gold, titanium, silicon, silver,
and iron oxide (Fe2O3) with diameters in the order of 10–100 nm, even at concentrations
lower than 1% in weight. In particular, gold, titanium, silicon, and silver NPs have been
embedded in the polymer to change its electrical and thermal conductivities, optical
absorbance, mechanical resistance, and elasticity [34–36]. With respect to iron oxide (Fe2O3)
nanoparticles, they can be incorporated into the UHMWPE matrix to modify its color,
transparency, surface, and bulk properties, enhancing its absorption of UV–Vis and IR
radiations [37]. However, it is possible to effectively tailor the properties of the final
UHMWPE nanocomposite by controlling the in-depth profile, the concentration, size, and
shape of the NPs embedded in the polymer.

In this work, we have studied the modifications of 50% crystalline UHMWPE pro-
duced by adding CNTs and Fe2O3 nanoparticles. For this purpose, we have used ATR-FTIR
spectroscopy to investigate how the UHMWPE chemical bonds change. Moreover, em-
ploying UV–Vis spectroscopy, we have investigated the optical absorption coefficient of
the thin sheets of UHMWPE as a function of the type and concentration of the embedded
nanostructures. Scanning and transmission electron microscopies and energy dispersive
X-ray spectroscopy analysis have allowed us to verify the presence of the embedded
nanostructures.

2. Materials and Methods

UHMWPE resin Ticona-GUR 1020 (ρ = 0.93 g/cm3, Mw ≈ 3 × 106 g/mol) was em-
ployed as a polymer. The matrix was filled with the powder of multi-walled carbon
nanotubes (from Sigma Aldrich, Darmstadt, DE, Europe [38]), having diameters of 6–13 nm
and lengths of 2.5–20 μm, or with iron oxide nanoparticles (from Sigma Aldrich, Darmstad,
DE, Europe), having sizes in the order of ~50 nm [39], both with a purity level of 99.999%.
Nanocomposites were made by mixing the UHMWPE with different weight percentages
(from 0.01% to 1%) of the CNTs (named, for simplicity, as “UHMWPE & CNT”), employing
99.8% pure ethanol (from Fluka Chemical Corporation, Ronkonkoma, NY, USA) as a dis-
persing means. More details about the preparation can be found in [23,31]. The UHMWPE
& Fe2O3 nanocomposites were also prepared by mixing the UHMWPE with different
weight percentages of Fe2O3 NPs ranging from 0.01 to 1 weight %, with final density values
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within the (0.935–1.018) g/cm3 range. Both of the mixtures were kept in an ultrasound
bath at room temperature (25 ◦C/2 h). The solvent was then separated under stirring in a
heated plate and molded in a hot press at 200 ◦C for 20 min (at a pressure of about 20 MPa),
obtaining sheets of about 50 mm × 50 mm in surface and 100 μm in thickness by releasing
Teflon substrates. The pristine UHMWPE sheets had a semitransparent appearance, the
UHMWPE & CNT sheets were black, while the UHMWPE & Fe2O3 sheets were red, as is
shown in Figure 1, in which a set of photos of some of the prepared UHMWPE samples
with different CNT (a) and Fe2O3 NP (b) concentrations is shown. The thicknesses of the
prepared samples were measured using a micrometer. Their structural properties were
evaluated using a Fourier transform infrared (FTIR) spectrometer (Jasco Mod. 4600, Jasco-
Europe, Lecco, IT, Europe) equipped with an ATR (attenuated total reflectance) accessory
in the (400–4000) cm−1 wavenumber range. Their optical properties were also investigated
using a double-beam UV–Vis–nIR spectrophotometer (Jasco Mod. V-750, Jasco-Europe,
Lecco, IT, Europe) in the (300–900) nm wavelength range. The obtained characterizations
were compared with those of the pure UHMWPE.

 

Figure 1. Photos of some of the prepared UHMWPE samples: pristine and (a) with different CNT
concentrations and (b) with different Fe2O3 NP concentrations.

The surface morphology, size, shape, and dispersion level of the nanostructures
embedded in the UHMWPE were microscopically investigated. A scanning electron
microscope (SEM, Abingdon, Oxfordshire, UK) by Oxford instruments equipped with a
TVIPS camera, operating in the secondary-electron mode at an acceleration voltage of 5 kV
on areas of 25 μm × 25 μm, was employed. To obtain a clearer image of the structures
embedded in the UHMWPE matrix, further transmission electron microscopy (TEM) and
scanning TEM-coupled energy dispersive X-ray spectroscopy (STEM-EDS) analyses were
carried out. Specifically, TEM micrographs of the samples were obtained using a Jeol
JEM-2200FS (Jeol, Akishima, Japan) field emission electron microscope equipped with an
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in-column energy filter. To enhance the image contrast and assist in the localization of
elements of interest in the sample, the three windows method at a 250 eV, 270 eV, 294 eV
energy shift and a 20 eV energy slit was adopted [40]. For the STEM-EDS analysis, a small
volume of the active material suspended in ethanol was drop-cast onto a lacey carbon Cu
grid. The Cu signal obtained in the EDS spectra due to the X-rays emitted by the Cu grid
hit by backscattered electrons was not reported.

3. Results and Discussion

3.1. ATR-FTIR Spectroscopy

The attenuated total reflectance (ATR) accessory coupled to the FTIR spectrometer
(Jasco-Europe, Lecco, IT, Europe), under normal atmospheric conditions, without vacuum,
facilitated the evaluation of the UHMWPE IR transmittance vs. the wavenumber, as
is shown in the spectrum of Figure 2, which is characterized by two sharp absorption
peaks at about 2908 cm−1 and 2846 cm−1 due, respectively, to the C–H asymmetric and
symmetric stretching vibrations in the –CH2– group. The spectrum also displays two
smaller absorption peaks at 1454 cm−1 and 718 cm−1. The peak at 1454 cm−1 can be
attributed, in agreement with the literature [41], to the C–H deformation vibrations in
–(CH2)n–, while the peak at 718 cm−1 is due to the C–C rocking vibrations in –(CH2)n–.
Figure 2 also shows that a weak broad band appears between 3600 cm−1 and 3250 cm−1;
this structure can be attributed to the O–H stretching vibrations.

Figure 2. Pristine UHMWPE ATR–FTIR spectrum.

Figure 3 shows the ATR-FTIR spectra comparison between the pristine UHMWPE
and the UHMWPE containing CNTs at weight concentrations of 0.01%, 0.1%, and 1.0%.
Small differences in the spectra exist due to the different concentrations of embedded
CNTs, but the characteristic vibrational peaks of the UHMWPE remain fairly constant. At
higher wavenumbers, it is possible to observe that the transmittance increases with the
CNT concentration (see up arrow). For instance, at 3500 cm−1, the transmittance is 85%,
90%, 91%, and 92.5% for CNT concentrations of 0%, 0.01%, 0.1%, and 1%, respectively.
Moreover, a detailed analysis of the main characteristic peaks of the UHMWPE shows
that the transmittance peak-to-background ratio increases with the CNT concentration. In
fact, the plot of the main peak-to-background at 2913 cm−1 vs. the CNT concentration
increases, as is shown in Figure 4a. Thus, the embedded CNTs do not substantially modify
the main UHMWPE vibrational peaks and make the polymer more transparent in the IR
region. The band between 3600 cm−1 and 3250 cm−1, attributed to the O–H vibrations,
decreases in intensity with the CNT concentration, indicating a higher transmittance in the
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polymer containing the nanotubes, according to the plot shown in Figure 4b, relative to the
transmittance values at 3380 cm−1.

Figure 3. ATR–FTIR spectra comparison between the pristine UHMWPE and its composites with
CNTs at different weight concentrations. The up arrow indicates the transmittance increment at high
wavenumbers as CNTs concentration increases.

Figure 4. (a) Transmittance peak at 2913 cm–1 and (b) transmittance at 3380 cm–1 vs.
CNT concentration.

Due to the low concentration of the employed CNTs, the FTIR spectrum does not
show typical vibrational structures because there are carbon nanotubes in the region of
the investigated wavenumbers. The characteristic CNT vibrational peaks reported in
the literature around 3302 cm−1, 2941 cm−1, and 1654 cm−1 [42], are indistinguishable
from the background in our spectra. Thus, the transmission peaks caused by the C–H
stretching vibrations in the CH2 group remain in their wavenumber positions, but their
peak-to-background intensity increases with the concentration of CNTs embedded in the
UHMWPE. Moreover, even if we do not reveal any of the CNTs’ characteristic IR features,
probably due to their diameters being too large or their concentrations being too low, as
indicated in the literature [43,44], we observe a decrease in IR absorption in the polymer
nanocomposites at these wave numbers as the CNT concentration increases.

Figure 5 shows the ATR-FTIR spectra comparison between the pristine UHMWPE and
the UHMWPE containing Fe2O3 at weight concentrations of 0.01%, 0.1%, and 1.0%. Besides
the characteristic peaks of the UHMWPE, one can observe below 700 cm−1 (in the so-called
fingerprint region) some features around 600 cm−1 that can be attributed, in agreement
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with the literature [45], to the Fe–O stretching mode. These features become more and
more pronounced as the Fe2O3 nanoparticle concentration increases (down arrow on the
right). The IR transmission is strongly reduced with the presence of embedded Fe2O3
nanoparticles. The band associated with the O–H vibration around 3430 cm−1 increases in
intensity with the concentration of embedded NPs (down arrow on the left).

Figure 5. ATR–FTIR spectra comparison between the pristine UHMWPE and its composites with
Fe2O3 nanoparticles at different weight concentrations. The down arrows indicate the O-H (on the
left) and Fe-O (on the right) bands intensity increment as Fe2O3 NPs concentration increases.

As with the CNTs, a quantization can be performed by evaluating the transmittance
decrease in the peaks at about 3430 cm−1 and 600 cm−1 due to the O–H and Fe–O stretching
vibrations, respectively, as a function of the Fe2O3 nanoparticle concentration. Figure 6a
shows the transmittance value of the large band at about 3430 cm−1 as a function of the
Fe2O3 weight concentration, indicating a significant transmission decrease with the Fe2O3
NP concentration. Figure 6b shows the decrease in the transmittance at the large peak
located at about 610 cm−1 with the Fe2O3 NP weight concentration. Both plots indicate
that the IR absorption increases with the presence of the Fe2O3 NPs in the UHMWPE.

Figure 6. Transmittance decreasing in the UHMWPE as a function of the Fe2O3 NP concentration at
about (a) 3430 cm–1 and (b) 610 cm–1.
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3.2. UV–Vis Spectroscopy

Figure 7 shows the UV–Vis absorption spectra of the UHMWPE with embedded CNTs
at different weight concentrations. Unlike the IR radiation, the absorption in the near UV
and visible regions increases with the CNT concentration, a finding which is in agreement
with the literature, and with the color change in the samples, which become more and more
black and absorbent [46]. The absorbance increment depends on the CNT concentration
and light wavelength. A comparison of the absorbance at 400 nm and 700 nm vs. CNT
concentration is presented in Figure 8.

Figure 7. UV–Vis absorbance spectra vs. wavelength of the UHMWPE with embedded CNTs at
different weight concentrations.

Figure 8. Absorbance in UHMWPE vs. CNT concentration at 400 nm and 700 nm wavelengths.

Because the optical absorption analysis gives information about the band structure of
a given material, it is possible to calculate the UHMWPE optical energy gap (Eg) from its
optical absorption spectra using the following Mott and Davis relation [47]:

α hν = B(hν − Eg)n, (1)
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where α and hν are the absorption coefficient and incident photon energy, respectively, B
is a constant, Eg is the value of the optical energy gap between the valence band and the
conduction band, and the exponent n is an empirical index that characterizes the involved
transition type. In fact, the n exponent takes the value of 1/2, 2, 3/2, and 3 for allowed
direct, allowed indirect, forbidden direct, and forbidden indirect transitions, respectively.

For the determination of the direct optical Eg, (αE)2 has been plotted as a function of
photon energy E. The plots for the pristine UHMWPE sample and for those containing
CNTs at different concentrations are shown in Figure 9a–d respectively. The α coefficient
has been calculated in terms of the Beer–Lambert law as follows:

α [cm−1] = 2.303 A/d

where d is the thickness of the sample and A is its optical absorbance.

Figure 9. (αE)2 vs. photon energy E for (a) the pristine UHMWPE and (b–d) the UHMWPE containing
CNTs at different concentrations.

The value of the optical energy gap Eg has been calculated taking into account the
linear portion of the fundamental absorption edge of the UV–Vis spectra plotted in Figure 9,
extrapolating it and finally determining the intersection of the extrapolated line with the
photon energy axis. The obtained optical energy gap Eg values are indicated in Figure 9.

As is shown in Figure 9a, the pristine UHMWPE exhibits an optical band gap of about
3.30 eV, which is in agreement with the literature [48], while the UHMWPEs containing
CNTs at different concentrations have optical energy gaps that decrease with the increasing
CNT concentrations, ranging from 3.19 eV for 0.01% to 2.85 eV for 1%. The four plots of
Figure 9 indicate the R2 coefficient values relative to the best fit of the linear portion of the
(αE)2 vs. E curve used for the optical energy gap evaluation.

Figure 10 depicts the deduced decreasing trend of the optical energy gap Eg vs. the
CNT concentration in the UHMWPE. It decreases from 3.30 eV (for the pristine sample) to
about 2.85 eV (for the sample containing 1 wt% CNTs). This decrease in the optical energy
gap values may be attributed to the presence of new electronic levels due to the embedded
nanostructures within the energy band gap. In fact, it is well known that carbon atoms,
carbon aggregates, and carbon clusters are supposed to be rich with charge carriers that
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enhance electrical conductivity and, consequently, also influence the optical properties
of such materials [49]. The decrease in the optical energy gap implies an increase in the
electrical conductivity of the UHMWPE polymer containing the CNTs.

Figure 10. Energy gap vs. CNT concentration in UHMWPE.

Figure 11 shows the UV–Vis optical absorption spectra of the UHMWPE with embed-
ded Fe2O3 NPs at different concentrations. In this case, the optical absorbance increases
with the Fe2O3 NP concentration. As with the UHMWPE reinforced with CNTs, the di-
rect optical energy gap Eg value for the UHMWPE containing Fe2O3 NPs at different
concentrations has been deduced from the (αE)2 vs. E curves (Figure 12).

Figure 11. UV–Vis absorption spectra of the UHMWPE with embedded Fe2O3 NPs at different
concentrations.
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Figure 12. UV–Vis absorption spectra of the UHMWPE with embedded Fe2O3 NPs at different
concentrations from 0 (a) up to 1.0 (b–d).

Even the UHMWPE containing Fe2O3 NPs at different concentrations has an optical
energy gap that decreases with increasing Fe2O3 NP concentrations ranging from 3.25 eV
for 0.01% to 2.70 eV for 1.0%. The weak broadband absorption that already appears at a
concentration of 0.1% in the region between 2.0 eV and 2.5 eV (indicated with an arrow in
Figure 12c,d) can be assigned, according to the literature [50], to quasi-spherical and/or
polyhedral-shaped Fe2O3 nanoparticles with an average diameter of 75 nm, and could arise
from the Laporte forbidden d–d transitions of Fe3+ cation in the octahedral coordination
site [50]. The four plots of Figure 12 indicate the R2 coefficient values relative to the best fit
of the linear portion of the (αE)2 vs. E curve used for the optical energy gap evaluation.

The morphological examination of the CNT and Fe2O3 structures embedded in the
UHMWPE polymeric matrix was performed using SEM. Images of the UHMWPE/CNT
and UHMWPE/Fe2O3 nanocomposites with magnifications of 11.1 kX and with a view
field of 25 μm are shown in Figure 13a,b, respectively. In both cases, the images reveal
small aggregates of nanoparticles on their surfaces whose average size is about 100 nm
or less.

In the TEM micrograph (Figure 14a), several CNTs tangled in the UHMWPE poly-
meric matrix have been indicated by red arrows, and a more evident big agglomerate of
CNTs with a diameter of about 80 nm has been marked with a dashed red circle. The
appearance of the tangled CNTs suggests their sub-optimal dispersion. Typically, a state of
complete dispersion is achieved by optimizing the dispersion protocol, especially during
the breakdown step, which is necessary to avoid the entangling of CNTs.

In Figure 14b, a TEM micrograph of the UHMWPE/Fe2O3 nanocomposite indicates
the presence of Fe2O3 aggregates with sizes up to about 200 nm. To identify the presence of
Fe and O in the nanocomposite, elemental maps of X-ray characteristic fluorescence from
Fe (6.4 keV) and O (525 eV) Kα lines were collected, as is shown in the (c) insert.

Differential scanning calorimetry (DSC) analysis of the pristine UHMWPE and the poly-
mer containing 1 wt% CNTs and Fe2O3 NPs are in progress. The preliminary results confirm
the data in the literature, i.e., that the UHMWPE melting temperature of about 138 ◦C increases
to 139 ◦C and 140 ◦C with the inclusion of CNTs and Fe2O3 NPs, respectively [23,51,52],
indicating a slightly higher thermal stability in the obtained nanocomposites.

161



Polymers 2023, 15, 1169

 

Figure 13. SEM images of the UHMWPE surface (a) with CNTs and (b) with Fe2O3 NPs embedded.

Figure 14. Images of (a) the tangled CNT and (b) Fe2O3 agglomerates in the UHMWPE polymer
matrix obtained using TEM. In (c), the STEM-EDS maps for the Fe2O3/UHMWPE nanocomposite
reveal the presence of Fe and O.

4. Challenges and Future Outlook

UHMWPEs modified by nanoparticles and nanostructures represent an important
challenge for the realization of innovative polymeric materials with peculiar physical
and chemical properties. UHMWPE is a biocompatible material with excellent insulating
properties and chemical stability. It represents one of the lightest and most resistant
materials on the market, with a high Young’s modulus under different stresses, high
wear resistance, and low permeability. It has high resistance to acids, alcohols, bases,
esters, petrol, fats, and oils. UHMWPE is used in many fields, from biomedicine to
microelectronics, and from engineering to chemistry.

The synthesis of nanocomposite materials using nanoparticles embedded into UHMWPE
can enhance some of its properties and obtain not only more mechanically resistant, harder,
and stronger polymers, but also polymers that absorb more light and ionizing radiations.
The embedding of nanostructures in UHMWPE can improve the welding and the wetting
properties of UHMWPE with other substances, modify its permeability, and modify the
amount of carbon, oxygen, hydrogen, and other elements in its composition. Specifically, the
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UHMWPE+CNTs nanocomposite has been employed to improve the welding process with
other polymers, while the UHMWPE+Fe2O3 nanocomposite has been employed to enhance
glass transition temperature, as has been reported in previous investigations.

In the future, it will be possible to modify only some parts of the polymer, realizing
conductive tracks, printing electrical resistance and capacitance in the UHMWPE substrates.
It will also be possible to embed microelectronic devices in UHMWPE and to make more
efficient biomedical prostheses with greater durability and reliability, meeting the demand
for prostheses to replace bone joints subjected to high pressure loading.

5. Conclusions

In this paper, we have studied the effects of reinforcing UHMWPE with CNTs and
Fe2O3 NPs on its structural and optical properties using ATR-FTIR and UV–vis spectro-
scopies. The morphological examinations of the CNTs and Fe2O3 structures embedded
in the UHMWPE using SEM revealed, in both cases, small aggregates of nanoparticles
with average sizes of about 100 nm or less. The presence of the embedded nanostructures
was also revealed through the ATR-FTIR spectra at the highest used concentration, and no
significant vibrational change in the UHMWPE structure was observed. In the IR region, a
decrease in the absorption was measured as the CNT concentration grew, while an increase
in the absorption was measured using the Fe2O3 NPs. For both embedded nanostruc-
tures, the allowed direct optical energy gap value Eg of the corresponding UHMWPE
nanocomposite was calculated from the relative optical absorption spectrum.

Our study shows that, at the employed concentrations of CNTs or of Fe2O3 NPs, and at
temperatures during the nanocomposite preparation not higher than 200 ◦C, the embedded
nanostructures do not significantly change the UHMWPE structure. Their main effect
consists in introducing new electronic levels within the UHMWPE energy bandgap. This
presence affects the UHMWPE’s optical properties, reducing its optical energy gap as the
CNT or of Fe2O3 NP concentration increases.

The employment of UHMWPE as a composite polymer represents an open challenge
due to the different problems that are to be overcome in its use. The dispersion of nanopar-
ticle fillers represents a difficult challenge due to its high viscosity. By increasing the
nanoparticle concentration, the surface/volume ratio can be increased, and the surface
properties of the nanoparticles become a major factor in influencing its interfacial properties
and its mechanical, optical, and electrical behavior. The results presented above can be used
to employ the obtained UHMWPE nanocomposites in applications in which it is necessary
to increase optical absorbance and electrical conductivity. In contrast, the possibility of
varying the IR absorption by embedding CNTs or Fe2O3 NPs may be useful in modifying
the IR laser absorption in thin UHMWPE foils to control the laser melting effect and their
welding to different interfaces. Finally, the reduction of the energy gap can be used to
increase the electrical conductivity of the UHMWPE or to generate electron traps in the
polymer band gap, thus modifying its insulator-like band structure.
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Abstract: In this study, novel flexible micro-scale humidity sensors were directly fabricated in
graphene oxide (GO) and polyimide (PI) using ion beam writing without any further modifications,
and then successfully tested in an atmospheric chamber. Two low fluences (3.75 × 1014 cm−2 and
5.625 × 1014 cm−2) of carbon ions with an energy of 5 MeV were used, and structural changes in the
irradiated materials were expected. The shape and structure of prepared micro-sensors were studied
using scanning electron microscopy (SEM). The structural and compositional changes in the irradiated
area were characterized using micro-Raman spectroscopy, X-ray photoelectron spectroscopy (XPS),
Rutherford back-scattering spectroscopy (RBS), energy-dispersive X-ray spectroscopy (EDS), and
elastic recoil detection analysis (ERDA) spectroscopy. The sensing performance was tested at a
relative humidity (RH) ranging from 5% to 60%, where the electrical conductivity of PI varied by
three orders of magnitude, and the electrical capacitance of GO varied in the order of pico-farads.
In addition, the PI sensor has proven long-term sensing stability in air. We demonstrated a novel
method of ion micro-beam writing to prepare flexible micro-sensors that function over a wide range
of humidity and have good sensitivity and great potential for widespread applications.

Keywords: graphene oxide; polymers; carbon ion micro-beam writing; humidity sensors

1. Introduction

Humidity is an important environmental characteristic that affects physical, chemical,
and biological processes; therefore, the control of humidity, which causes material corrosion,
is essential for almost all human health, activities, and comfort [1]. To achieve this, we
must rigorously monitor and control humidity using a method with a high sensitivity,
broad detection range, quick response, and short recovery time [2]. Humidity sensors,
which are based on changes in physical or chemical properties caused by absorbed water
molecules, can be non-hydrophilic or hydrophilic [1]. The most common types of humidity
sensors are based on chemo-resistive interactions due to their simplicity, fast response, high
sensitivity, and low cost [3]. The working principle of the chemo-resistive sensors is based
on changes in electrical conductivity caused by the absorption of water molecules on the
sensor surface sites. Interactions between the adsorbed water molecules and the oxygen
ions modulate charge carrier concentration and subsequently alter electrical conductivity
(or resistivity) [4,5]. Recently, various humidity sensors based on various sensing materials,
such as metal oxides, silicon, ceramics, semiconductors, carbon, and transition metal
dichalcogenides, have been developed and tested [2,6]. For example, most ceramics are not
very sensitive to humidity levels below 20% [5]. Semiconductors are promising due to their
high precision, but they only function well in high temperatures [5]. Another common
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type of moisture-sensing material is organic materials, such as polymers or, more recently,
graphene or graphene oxide [5].

Organic solids, such as graphene oxide (GO) or polymers, are excellent candidates for
the fabrication of chemo-resistive sensors, due to their detection ability at room tempera-
ture, excellent sensitivity, mechanical stability, short reaction time, low cost, commercial
availability, easy processing, and flexibility [1,5,7,8]. The water molecules absorbed by
hydrophobic polymers, such as polyimide, poly(methyl methacrylate), or polyethylene–
terephthalate, change their relative permittivity [9]. On the other hand, the water molecules
in hydrophilic materials, such as graphene oxide, are trapped and bonded on their struc-
ture and increase the dielectric constant and the capacitance [2,10]. Moreover, GO and
porous polymers have extremely large specific surface areas, allowing for the significant
absorption of the water molecules, and thus an excellent sensing performance. Due to their
extremely large specific surface area of GO and porous polymers, almost all of their atoms
are located on their surfaces, and thus able to interact with water molecules [11]. For in-
stance, polyimide (PI) sensoric properties have been studied at a relative humidity between
0% and 85% due to the low hysteresis of PI, bi-directional water transport (absorption
and evaporation), good linearity, and high sensitivity to humidity [12–14]. Additionally,
poly(methyl methacrylate) has a high sensitivity to humidity, mechanical stability, and
processability [15–17]. Humidity sensors based on GO drops or spray deposited on some
conductive structures (carbon or metallic) were successfully tested at relative humidity
(RH) and ranged from 15 to 95%. The sensitivity of some GO sensors was found to be more
than 10 times higher than that of the best conventional sensors [2,9].

Although there are several methods, such as inkjet printing, laser writing, or metal
sputtering, for the fabrication of in-plane organic humidity micro-sensors, ion-beam writing
has not yet been used [18–20]. Ion-beam lithography is an efficient technique for the
very local and precise modification of chemical and functional properties (patterning),
which in the case of organic compounds, provides the possibility of choosing the resulting
properties (degree of reduction, modification of sp2/sp3 ratio of carbon hybridization,
sensory/catalytic properties, and dielectric properties). In addition, ion irradiation has
several advantages, such as the absence of chemical agents, the absence of unwanted
oxides formation, less formation of residual impurities, and relatively simple and cost-
effective mass production [21,22]. Conducting polymers are important in the field of
flexible sensing technologies, and a number of studies on the ion irradiation of polymers
reported an increase in electrical conductivity caused by polymer carbonization [23]. When
the fluence of ions during irradiation exceeds 1013 cm−2, the threshold for the overlapping
of individual ion tracks is overcome, and the π-bonded carbon clusters increase in number,
aggregate, and create a network of conjugated carbon bonds [23,24]. Thus, in the range
above 5 × 1013 cm−2, the nucleation and growth of nano-sized carbon-enriched clusters
are expected until a quasi-continuous carbon-embedded layer is formed [23]. The origin of
the electrical conductivity of irradiated polymers is then considered to be the hopping or
tunneling of electrons between the conductive carbon islands [25].

In this study, we focus on carbon ion beam writing for the maskless fabrication of micro-
meter electrode systems to insulate organic matrices for use in humidity sensors. Graphene
oxide (GO), polyethylene–terephthalate (PET), polyimide (PI), and poly(methyl methacry-
late) (PMMA) foils were irradiated using a focused 5 MeV C3+ ion micro-scale beam to
induce the carbonization/deoxygenation/dehydrogenation and locally increase electrical
conductivity. The ion fluences of 3.75 × 1014 cm−2 (1800 nC/mm2) and 5.625 × 1014 cm−2

(2700 nC/mm2) were used, for which a significant increase in electrical conductivity was
previously reported for GO, PI, and PMMA [26–28]. The irradiated part of the dielectrics
is the electrode, and the non-irradiated part is the sensing area. The following topics are
addressed: (i) the usefulness of a carbon ion beam with a specific electronic-to-nuclear
stopping ratio for maskless microstructuring of the chosen materials; (ii) the structural mod-
ification differences among PMMA, PI, PET, and GO during carbon ion-beam irradiation;
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(iii) the obtainable quality of microstructures and their morphologies; (iv) electrical responses
of created structures to different surrounding humidity levels and humidity sensing.

2. Materials and Methods

GO was prepared using a permanganate oxidation method (modified Hummers’
method) and subsequently separated using a centrifuge, as described in [29]. A GO
film was filtrated on a polycarbonate membrane (Nucleopore, 0.45 μm pore size) and
dried at 50 ◦C. The density of the as-prepared GO film (1.35 g·cm−2) was determined
by weighing the accurately cut portion of the GO film. The 50 μm-thick foils of PMMA
(density (ρ) = 1.19 g·cm−3, glass transition temperature (Tg) = 105 ◦C, melting tempera-
ture (Tm) = 160 ◦C, surface resistance (σe) = 1014 Ohm/sq), PI—Kapton (ρ = 1.19 g·cm−3,
Tg = 260 ◦C, Tm = 340 ◦C, σe = 1016 Ohm/sq), and PET—Mylar (ρ = 1.3 g·cm−3, Tg = 95 ◦C,
Tm = 260 ◦C, σe = 1014 Ohm/sq) were supplied by Goodfellow, Ltd., Huntingdon, UK [30,31].

Ion-beam lithography was performed in an Oxford Microbeams micro-beam chamber
utilizing 5 MeV C3+ with a 250 pA current. The carbon beam spot on the foil surface
was focused to 4 × 15 μm2. The ion fluences were 3.75 × 1014 cm−2 (1800 nC/mm2) and
5.625 × 1014 cm−2 (2700 nC/mm2). The microscopic structure was prepared as an image
of 900 × 900 pixels2 (pixel size of 1 μm2, see Figure 1). The line width was 10 μm, and the
inter-line spacing was 20 μm. The overlapping line segments were 500 μm in length (see
Figure 1). The total width of the produced micropattern was 880 μm. The same foils were
irradiated throughout their area under the same irradiation conditions (5 MeV C3+ ions,
ion fluences 3.75 × 1014 cm−2 and 5.625 × 1014 cm−2) as reference samples provided for
the investigation by using RBS, ERDA, and XPS analyses, where appropriately broader
modified sample area is required. The current of ions during irradiation was maintained
at 10–15 nA·cm−2, significantly less than the current of ions used in microbeam writing
(250 pA.60 μm−2–4.2 × 102 μA·cm−2). The higher current could not be reached during
broad beam irradiation using a Tandetron accelerator.

Figure 1. (a) A schematic illustration of the maskless production of a micro-structure via ion-beam
writing. (b) A schematic illustration of the sensory microstructure prepared by carbon ion-beam
writing on the surfaces of GO, PET, PI, and PMMA.

The compositional changes in the connection to carbon ion irradiation were studied
using Rutherford backscattering spectrometry (RBS) and Elastic recoil detection analysis
(ERDA). The RBS/ERDA spectra were measured using a He beam of energy at 2.0 MeV.
An Ultra-Ortec PIPS detector registered the back-scattered ions in Cornell geometry with
a scattering angle of 170◦. The input angle of the initial ERDA beam was 75◦, and the
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scattering angle was 30◦. The recoiled particles were registered by a Canberra PIPS detector
equipped with a 12 μm Mylar foil. The current of the He ions used in the RBS and ERDA
analyses was ~5 nA. Several RBS spectra were measured at random locations in the beam
to reduce the effect of sample degradation. The resulting spectrum is a sum of incremental
spectra. The concentration of the elements was analyzed using SIMNRA software [32].

Raman spectroscopy was measured using an inVia Raman microscope (Renishaw,
Wotton-under-Edge, England). The spectrometer operates using a backscattering geometry
with a CCD detector and a 50 mW Nd-YAG 532 nm laser with a 50× magnification objective.
The calibration of Raman spectrometer was performed with a silicon sample that provided
a peak position at 520 cm−1. To minimize damage to the sample, no more than 5% of the
overall laser power was used. For the measurement, the samples were cast on a silicon
wafer from a suspension of isopropanol (1 mg·mL−1).

Scanning electron microscopy (SEM) images of the GO, PMMA, PI, and PET micro-
structures were obtained using a field emission electron source (TescanLyra dual beam micro-
scope, 10 kV). The sample was adhered to a carbon conductive strip for SEM measurement.

The X-ray photoelectron spectroscopy (XPS) was performed using the ESCAProbeP
from Omicron Nanotechnology Ltd. (London, England), with exposed area dimensions of
2 × 3 mm2 that were analyzed. The X-ray source was monochromatized to 1486.7 eV, and
each measurement was performed with a step of 0.05 eV. CasaXPS, ver. 2.3.24 software was
used for spectral evaluations.

To examine the effect of humidity on the electrical properties of prepared structures
directly associated with the ability to sense humidity, the modified foils were placed in an en-
vironmental chamber in which relative humidity (% RH) was controlled (RH range 5–60%)
by mixing dry and wet air and monitored using a BME 280 pressure/humidity/temperature
sensor (Bosch Sensortec, Reutlingen, Germany). The change in electrical capacitance with
varying humidity levels was determined by the measurement of the frequency dependence
of the high-pass filter output voltage with a constant current of 0.5 mA, see Figure 2. The
resistance of the used resistor was 1 MΩ. The current waveforms (sinus) with a frequency
range of 20–100 kHz were generated using a Keithley 6221 source, and AC voltage was
recorded using an Owon PDS 7102T oscilloscope (Owontech, Zhangzhou, China) (see
Figure 2). The resulting values were compared with those of ceramic commercial capacitors.
The change in the electric resistance of prepared structures with variable humidity was
measured using a standard 2-point measurement of sheet resistivity utilizing the Keithley
6317B Electrometer (Tektronix, Solon, OH, USA).

Figure 2. An equivalent scheme (high-pass filter) as was used to measure the change in the capacitance
of the prepared micro-structures with varying humidity.
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3. Results

3.1. Elemental Composition by RBS and ERDA

The element composition of non-modified and irradiated samples was determined
using ion-beam spectroscopic methods (RBS and ERDA) with 2 MeV He ions. The available
information depth of RBS with a He ion beam energy of 2 MeV in polymers and GO is
approximately 1 μm, and it is approximately 0.5 μm for ERDA. The RBS and ERDA spectra
from pristine and irradiated samples are shown in Figure 3. The atomic concentrations
of C, H, and O and their ratios are presented in Table 1. The PI and GO samples show
only minor compositional changes, i.e., slight hydrogen and oxygen depletion and a
mild carbon concentration increase. After irradiation with a carbonion fluence of about
5.625 × 1014 cm−2, the C/O and C/H ratios in GO growth change from 3.6 to 4.4 and
from 7.6 to 8.9, respectively. Additionally, only low GO carbonization occurs, and carbon
concentration in GO increases by about 3 at. %. The C/O and C/H ratios increase from
4.4 to 6.8 and from 2.2 to 2.7, respectively, in PI. The irradiation with 5 MeV carbon
ions with predominant electronic stopping leads to the weak bond scission in GO and PI
and the release of low-mass gaseous fragments, followed by GO and PI reduction and
carbonization [33]. A higher ion fluence does not have a more significant effect on GO
and PI elemental composition compared to the lower fluence. The carbon irradiation of
PET and PMMA polymers has the opposite effect on oxygen concentration compared to
PI and GO. While in GO and PI, the oxygen concentration decreases, in PET and PMMA,
the amount of oxygen after carbonion implantation increases. The hydrogen concentration
in PET and PMMA decreases more significantly than in PI and GO. The H concentration
decreases after implantation using carbonion fluence of 5.625 × 1014 cm−2 in PET from
36.3 to 25.4 at. % and in PMMA from 43 to 18 at. %. The increase in O concentration in
PET and PMMA after ion irradiation may be caused by the post-irradiation oxidation of
the damaged layer. Oxygen from the surrounding atmosphere is diffused into the open
structures of polymers and captured in the defects [24]. Additionally, the significant release
of hydrogen from PET and PMMA is caused by the cleavage of macromolecular chains and
the formation of free radicals during irradiation, predominantly in the electronic stopping
mode [34].

Table 1. The GO, PET, PI, and PMMA elemental composition before and after irradiation with carbon
ions determined using RBS and ERDA.

C (at. %) O (at. %) H (at. %) N (at. %) C/O C/H

PET pristine 57.7 ± 1.9 6.0 ± 0.4 36.3 ± 2.3 9.6 1.6

PET 3.750 × 1014 cm−2 67.4 ± 2.2 6.4 ± 0.4 26.2 ± 1.7 10.5 2.6

PET 5.625 × 1014 cm−2 65.2 ± 2.1 9.5 ± 0.5 25.4 ± 1.6 6.9 2.6

PI pristine 56.4 ± 1.8 12.8 ± 0.7 25.6 ± 1.7 5.2 ± 0.3 4.4 2.2

PI 3.750 × 1014 cm−2 61.7 ± 2.0 9.5 ± 0.6 23.6 ± 1.6 5.2 ± 0.3 6.5 2.6

PI 5.625 × 1014 cm−2 62.4 ± 2.0 9.2 ± 0.5 23.0 ± 1.5 5.4 ± 0.3 6.8 2.7

PMMA pristine 54.2 ± 1.8 2.7 ± 0.3 43.0 ± 2.8 20.0 1.3

PMMA 3.750 × 1014 cm−2 62.6 ± 2.0 8.3 ± 0.8 29.0 ± 1.9 7.5 2.2

PMMA 5.625 × 1014 cm−2 74.2 ± 2.4 7.6 ± 0.7 18.0 ± 1.2 9.8 4.1

GO pristine 68.0 ± 2.5 19.0 ± 1.0 9.0 ± 0.7 3.0 ± 0.2 3.6 7.6

GO 3.750 × 1014 cm−2 70.0 ± 2.6 18.0 ± 0.9 8.0 ± 0.6 4.0 ± 0.4 3.9 8.8

GO 5.625 × 1014 cm−2 71.0 ± 2.6 16.0 ± 0.8 8.0 ± 0.6 3.0 ± 0.2 4.4 8.9
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Figure 3. The RBS experimental spectra (points) and SIMNRA simulated spectrum (line) for GO (a),
PET (b), PI (c), and PMMA (d) and the experimental ERDA (points) and SIMNRA simulated (line)
spectra for GO (e), PET (f), PI (g), and PMMA (h), all pristine and irradiated by 5.0 MeV carbon ions
with fluences of 3.75 × 1014 cm−2 and 5.625 × 1014 cm−2.

3.2. Surface Morphology by SEM

The changes in PET, GO, PI, and PMMA morphology caused by carbon ion irradiation,
acquired by SEM, are shown in Figure 4. PI is known for its radiation and thermal durability
caused by a high aromaticity, as cited above. Therefore, the PI surface is maintained after
carbon irradiation to its nearly featureless morphology (see Figure 4c). Additionally,
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PET is an aromatic polymer, but its structure is simpler than that of PI; PET has one
rigid benzene ring, and the radiation and thermal resistance of PET is not as high as
PI [35]. The interface between irradiated and non-irradiated components on the PET
surface (Figure 4b) is more significant compared to PI, and small grains are visible on the
PET surface. The PET structure is susceptible to modifications by chain scission, which
leads to chain shortening, a lower molecular weight, the escape of released oxygen and
hydrogen-based molecules, and the formation of micro-cracks and small grains on the PET
surface [36,37]. The geometry and dimensions of irradiated and non-irradiated parts on
the surface of PET and PI confirm this assumption and the interface between irradiated
and pristine parts is straight and without structural deviations. On the contrary, the
PMMA after irradiation exhibits significant morphological alteration to destruction and
raggedness (Figure 4d). These significant changes in the PMMA surface are associated with
its low thermal stability and can be interpreted as the basis for ion-induced heating and
melting by a high ion-current (~420 μA·cm−2 in our case), which causes local heating in the
vicinity of the ion impact [38–40]. Moreover, the high fluence of MeV carbon ions, above
3.4 × 1012 cm−2, leads to the removal of pendant side chains in PMMA, and the creation
of short chains with interrupted bonds and cross-linking. The shrinkage of the irradiated
PMMA structure leads to surface cracking and swelling [41,42]. The GO surface (Figure 4a)
typically consists of ~10–20 μm GO flakes and creates a platelet structure. The shape of the
edges of the irradiated GO parts is not as sharp as in the case of PI and PET. The interface
between unaffected and exposed GO is rippled and copies the shape of individual GO
flakes. This may be due to the heat reduction in non-irradiated components adjacent to
their irradiated counterparts.

 

Figure 4. The SEM images of the structures prepared using ion-beam writing on surfaces of GO (a),
PET (b), PI (c), and PMMA (d). These samples were irradiated with a fluence 5.625 × 1014 cm−2.
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3.3. Elemental Composition by EDS

Energy-dispersive spectroscopy (EDS), simultaneously measured with SEM provides a
qualitative insight into differences in the elemental composition of irradiated and nonirradi-
ated parts (see Figure 5). An EDS analysis performed with 10 keV electrons confirms similar
changes in the elemental composition foils as those in RBS. Oxygen release is observed in
GO and PI after ion irradiation and is more pronounced with the increase in ion fluence
(Figure 5a–c,h–j). The completely opposite state is then observed in PET and PMMA sam-
ples (Figure 5e–g,k–m). The oxygen concentration increase after ion irradiation is caused by
O diffusion into the samples from the ambient atmosphere. The EDS data clearly confirm a
reduction in PI and GO induced by carbon irradiation. The nominal difference in O and C
concentrations between RBS and EDS is associated with different principles. EDS probes
a few microns from the sample surface and causes integral information. On the contrary,
RBS has a depth resolution in the range of several nanometers and is more sensitive to the
detection of changes in the irradiated layer. The trace amounts of sulfur in GO originate
from GO film synthesis (see Figure 5a–c).

Figure 5. The EDS spectra of unaffected and irradiated foils of GO (a–c), PET (e–g), PI (h–j), and PMMA
(k–m). The fluence 1800 nC/mm2 equals 3.75 × 1014 cm−2 and 2700 nC/mm2 equals 5.625 × 1014

cm−2.
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3.4. Structure Analysis by Raman Spectroscopy

Raman spectroscopy provides a detailed analysis of structural changes caused by
carbon beam irradiation (see Figure 6). The pristine PI Raman spectrum is overwhelmed
by a high fluorescence background due to the strong optical absorption and excitation of
π-electrons in the phenyl rings (Figure 6c) [43]. The PI fluorescence background decreases
after carbon ion irradiation, and two peaks at 1360 and 1580 cm−1 appear, whose intensity
increases with increasing ion fluence. These two peaks correspond to the D and G broad
bands of the disordered graphitic structure. The G band is connected to the E2g Brillouin
zone-center phonon density of states in the sp2-bonded graphite-like carbon; the D band is
caused by defects in the momentum conversation and is ascribed to the point defects and
effects on the edges [43,44]. The phenyl rings most likely break, and hydrogen release and
disordered graphene-like sp2 structure growth are caused in the PI structure, leading to an
increase in PI conductivity.

 

Figure 6. The Raman spectra of pristine and irradiated GO (a), PET (b), PI (c), and PMMA (d). The
fluence 1800 nC/mm2 equals 3.75 × 1014 cm−2 and 2700 nC/mm2 equals 5.625 × 1014 cm−2.

The Raman spectra of non-irradiated PET and PMMA show several peaks originating
from PET and PMMA monomer structures (see Figure 6b,d). The pristine PMMA significant
modes originate from C-C-C symmetric stretching (814 cm−1), C-C stretching (987 cm−1),
C-H2 bending (1455 cm−1), C=C stretching vibration (1590 cm−1), C=O stretching (1730 cm−1),
and C-H symmetric stretching (2800–3100 cm−1) [45]. The Raman spectrum of pristine
PET comprises modes resulting from C-C-C in-plane and out-of-plane vibrations (632 and
704 cm−1), C-C breathing (857 cm−1), CH2 wag (1381 cm−1), benzene rings (1613 cm−1),
and C=O vibration (1727 cm−1) [46]. After ion implantation, the D and G peaks grew in the
PET and PMMA spectra, replacing all other spectral features of the pristine polymers and
indicating the amorphization and partial carbonization of the irradiated structure, which
contributes to the change in electrical properties.

The most prominent peaks are the D and G peaks in all Raman spectra of GO
(Figure 6a). The G mode in Raman spectra of graphene-based samples manifests the
motion of the in-plane bond stretching of sp2 carbon pairs, and the intensity of this signal
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represents the degree of the GO lattice arrangement [47]. The D mode is not present in
pristine graphene due to crystal symmetries, and this D signal represents defects induced
in GO and the effects of the structure of GO edges [48]. The next broad mode, connected
to the vibration of non-benzene five-membered carbon rings, is around 1460 cm−1 [45].
The D-peak intensity decrease and 1460 cm−1 peak increase after carbon irradiation are
more pronounced with increased ion fluence. The decrease in the D peak represents the
reduction in the epoxide and hydroxyl parts of GO and the decline in multipeaks between
2400 and 3200 cm−2 is shown in the growth of sp2 domains [49,50], which was also reflected
by XPS, RBS, and EDS. The peak at around 1460 cm−1 growth is caused by the formation
of non-six-carbon rings [51]. It is evident that carbon irradiation leads to a reduction in
GO and an increase in irregular graphene-like structure, which will increase the electrical
conductivity of irradiated samples.

3.5. Surface Chemistry by XPS

X-ray photoelectron spectroscopy (XPS) describes the changes in surface chemistry,
which at first, directly interacts with the environment surrounding the analyzed sample
and significantly influences the final electric and sensory properties. The deconvolution
of high-resolution C1s peak for non-modified samples as well as for samples irradiated
with the highest ion fluence (5.625 × 1014 cm−2) are presented in Figure 7. The C1s peak
of XPS spectra of pristine GO consists of four bonding states (Figure 7a): -COOH (289.16),
-C-C (284.71 eV), -C-OH (285.9 eV), and -C=O (287.35 eV) [52]. The -C-C, -C-OH, and -C=O
carbon hybridization states are very intense in the pristine GO and indicate the presence of
oxygen functional groups (carbonyl, epoxy, hydroxyl) and a considerable degree of sample
oxidation [27,43,53,54]. After ion irradiation (Figure 7e), the -C=O and -C-OH peak intensity
in GO significantly decreases, which corresponds to the previously mentioned removal
of oxygen-containing groups supplemented with the creation of new carbon groups. The
deoxygenation of the GO surface layer enhances the sample’s electric properties and leads
to a higher conductivity. Moreover, the increase in carboxyl COOH groups that mainly
bind at the edges of the GO structure, indicates the rupturing of the GO structure and an
increase in defects [55].

The deconvolution of the C1s region of the pristine PI XPS spectra (Figure 7c) displays
five carbon hybridization: -C-C carbons from the aromatic rings of oxydianiline PI part
(284.56 eV) and -C-C in benzene rings of pyromellitic dianhydride structure of PI (285.19 eV),
single -C-OH and -C-N bonds (286.06 eV), -COOH at 288.51 eV, and finally C=O carbons
double bonded in the imide ring (287.13 eV) [56,57]. Only three signals were left in the
C1s PI spectra after ion irradiation (Figure 7g). The -C-OH and -C=O peaks completely
disappeared, and this effect was accompanied by the -C-C and -COOH intensity growth.
The decreasing abundance of oxygen-containing bonds and increase in carbon-to-carbon
bonds clearly show a deoxidation of the PI surface, which is in good agreement with the
previous analysis of RBS and EDS. The increase in -C-C and -COOH intensities, which is
similar to the case of GO, reports rupturing of the benzene rings in the PI structure and can
lead to an increase in electrical conductivity.

The C1s signal of untreated PMMA can also be fitted by five overlapping components
(Figure 7d): a signal with the highest intensity corresponds to the C-C/C-H bonds in methyl
and methylene groups (284.53 eV), a beta carbon peak at 285.20 eV is the response from
the -C-C- bonds in C-C=O [58], a -C-OH peak at 286.13 eV is attributed to carbons in the
PMMA main chain and to the methyl group that is single-bonded to oxygen. The peaks at
287.28 and 288.88 eV are assigned to the carboxyl/ester groups (-C=O and -COOH) [59,60].
The intensity of carbon bonded to oxygen signals increases at the expense of C-C signals
after ion irradiation (Figure 7h), which is probably associated with the breaking of the C-C
bonds and the scission of the PMMA main chain [61]. This leads to the active creation
of free bonds on the PMMA surface that is subsequently occupied by oxygen from the
ambient atmosphere (also confirmed by the RBS and EDS above) [24].
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Figure 7. The deconvoluted C1s peaks from high-resolution XPS spectra of pristine and irradiated GO
(a,e), PET (b,f), PI (c,g), PMMA (d,h). The irradiation was performed with fluence 5.625 × 1014 cm−2.

Carbon in the pristine PET is present in three different chemical environments (see
Figure 7c): C-C/H (aliphatic/aromatic carbon atoms, 283.35 and 284.77 eV), C-O (methylene
carbon atoms, 286.51 eV), and -COO- (ester carbon atoms, 288.87 eV) [62]. The peak
corresponding to C=O bonds is not actually observed because it is located and hidden
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between neighboring large peaks (-COO and -C-OH). After C ion irradiation (Figure 7f): the
-C=O peak appears (287.16 eV) along with the current decreasing -COO- and -C-C peaks,
and a comparison of data before and after reveals that aromatic carbon mildly decreases
relative to the methylene and oxidized carbons [63]. Similar to ERDA, the presence of
hydrogen decreases after ion implantation, which is connected to PET chain scission and
the release of hydrogen/oxygen molecules, as cited in the SEM part.

3.6. Sensing Properties of Prepared Microstructures

The humidity sensing performance of prepared structures was evaluated under vari-
ous levels of relative humidity (RH) ranging from 5 to 60% in the atmospheric chamber by
measurement of the electric sheet resistance of PI, PET, PMMA, and GO, as well as electric
capacity changes in GO (see Figure 8). It should be said that the structures prepared in
polymers did not show measurable changes in electrical capacity depending on variable
humidity. The behavior of the GO microstructure is completely different. Figure 8a shows
the almost constant electrical sheet resistivity of GO microstructures depending on the
changing humidity, and it is clear that this GO property is unusable for humidity sensing.
Figure 8e shows the voltage–frequency characteristic of the circuit shown in Figure 2 (the
experimental parts) depending on the relative humidity, with the GO microdevice con-
nected to the circuit as the sensor. One can see that the voltage is a growing function of
the humidity of the environment, and thus the capacity of the GO structure increases with
the RH level. The GO capacity shifts from the level ~7 pF to ~10 pF following a humidity
change from 5 to 60% (see Figure 8f), which implicates the excellent sensoric performance of
the GO microstructure. The sheet resistivity of the PI microstructures prepared with carbon
fluences of 3.75 × 1014 cm−2 and 5.625 × 1014 cm−2 depending on the humidity range
(from 5 to 60% RH) is plotted in Figure 8c. The PI microstructure prepared with a carbon
fluence 3.75 × 1014 cm−2 is affected by a decrease in sheet resistivity from the humidity
value of 40%. On the contrary, the sheet resistivity of the PI microstructure prepared with
a 5.625 × 1014 cm−2 fluence decreases almost linearly from the lowest to the highest hu-
midity by more than three orders of magnitude. The PI microstructure prepared using the
highest ion fluence exhibits an excellent sensoric performance, similar to GO. The electrical
sheet resistance of PI microstructure prepared with the highest C fluence decreases almost
linearly with the increasing relative humidity. Figure 8b,d show the relationship between
the electric sheet resistivity and varying humidity of the micro-structures prepared in PET
and PMMA. The resistivity of all the prepared PMMA and PET microstructures decreases
with humidity growth, but this decrease is not as significant as in the case of PI. Moreover,
the PET and PMMA microstructures have very low sensitivity for low humidity up to 30%.
Therefore, there is no evidence of significant trends demonstrating the applicability of these
components for humidity sensing. To test for the sensing system’s long-term stability, the
same measurements were repeated for structures prepared using the 5.625 × 1014 cm−2

fluence again after 60 days, when the samples were kept in a room atmosphere in ambient
light. It can be seen, in Figure 8b–d, that all the used polymers are quite stable in their be-
havior and the PI sensing properties are preserved even after a longer time. Unfortunately,
in the case of GO, its electrical resistance has significantly decreased and the electrical
capacity of the prepared structure on the GO surface has been lost.

177



Polymers 2023, 15, 1066

 
Figure 8. The electric resistivity and frequency–voltage characteristics of prepared micro-structures
depending on the relative humidity: (a) The sheet resistivity of GO microstructures, (b) the sheet
resistivity of PET microstructures, (c) the sheet resistivity of PI microstructures, (d) the sheet resistivity
of PMMA microstructures, (e) the voltage–frequency characteristic of the structure prepared on the
GO surface with a fluence 5.625 × 1014 cm−2, (f) the voltage–frequency characteristic of the structure
prepared on the GO surface with a fluence of 5.625 × 1014 cm−2 in logarithmic scale and compared
with commercial ceramic capacitors.

4. Discussion

In this study, we used the 5 MeV carbon ion-beam writing for the preparation of
capacitor-like microstructures with dimensions below 1 mm in GO, PI, PET, and PMMA,
and these prepared microstructures were tested for their humidity-sensing properties. In
all cases, the carbon ions lost energy and caused damage via electronic stopping, leading to
the scission of weak bonds, the release of low-mass gaseous fragments, and the creation of
new free bonds. In our cases, the phenyl and benzene rings were breaking, the O and H
were released from irradiated areas, while carbonization increased and new six/non-six
carbon rings were formed. GO and PI have a better radiation resistance compared to PET
and PMMA due to higher aromaticity, and a carbon ion-beam causes less damage in GO
and PI compared to PET and PMMA [64]. In PI and GO, there is a minor decrease in O and
H concentration, while C concentration increases. On the contrary, the carbon irradiation of
PET and PMMA leads to a C and O concentration increase and a very significant decrease
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in H. Most likely, the atmospheric O bound on the newly irradiation formed bonds in
PMMA and PET. The morphology of PI, PET, and GO before and after irradiation is very
similar, whereas the PMMA shows very intensive rupturing of surface morphology after
ion irradiation, which is probably connected to the low thermal stability of PMMA and
ion-induced heating and melting by the high ion-current. The humidity sensing properties
of the prepared microstructure were determined by the change in electrical properties
depending on various air humidity levels. The best humidity sensing performance was
reported in the GO and PI microstructures. In the case of GO, the electric capacity of the
micro-sensor increases with the increase in relative humidity. In the case of PI, the sheet
resistivity of the prepared micro-sensors decreases with increasing relative humidity. The
non-reduced GO in non-irradiated parts is very porous and hydrophilic due to the oxygen
groups on the basal planes and edges of GO plates, and water can be adsorbed within the
GO layers. Additionally, because the individual GO layers are connected by hydrogen
bridges between functional groups and water molecules, the distance between the GO
layers increases and the GO structure swells due to the increasing number of hydrogen
bonds with increasing relative humidity [10]. Moreover, additional water molecules boost
polarization, enhance the dielectric constant, and increase the final electric capacity [2,65].
In the case of PI, the moisture diffuses during adsorption into the polyimide network,
where it can either be chemically bound to the oxygen in the ether linkage or between
the four carbonyl groups or can condense into micro-voids [66]. The first adsorbed layer
of water molecules is stably bonded to the oxides on the polymer surface to form two
hydroxyl groups. Further layers of water molecules then become disorderly bound by weak
van der Waals forces to the first layer, and a Grotthus mechanism occurs to release a proton
from one oxygen atom (in the water molecule) to another [5]. This treatment of water
molecules in the polyimide network then causes conductivity to increase [66]. In addition,
the ion irradiation of GO and PI increases the number of free bonds, which enables better
interaction with water vapor and leads to an increase in the volume of bounded water. On
the other hand, the free bonds that arise in PET and PMMA after carbon irradiation are
occupied by oxygen from the atmosphere after the sample is transferred from a vacuum
and significantly limit the interaction of irradiated PET and PMMA with water molecules,
especially for low values of relative humidity.

5. Conclusions

We reported the fabrication of novel resistive and capacitive types of humidity sensors
based on a capacitor-like microstructure prepared by 5 MeV carbon micro-beam writing in
GO and PI substrates. The prepared structures are a system of 10 μm-wide electrodes with
a mutual mean distance of 20 μm; the total dimension of the structures is 900 × 900 μm2.
Sensoric performance was tested in an atmospheric chamber with a relative humidity (RH)
varying from 5 to 60% and by measuring the change in electrical sheet resistivity and
capacity depending on relative humidity. In general, we demonstrated the great potential
of carbonion micro-lithography for preparing humidity sensors in GO and PI substrates,
which are able to operate over a broad humidity range with very good sensitivity, and have
high potential in the implementation of practical humidity sensors.
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Abstract: Composite materials are materials with anisotropic properties that are created by combining
several different components in a way that allows the best qualities of each component to be used.
In this paper, raw materials were used to obtain composite materials of the type TPU/PP/BaTiO3

powder. The thermogravimetric analysis, dynamic differential calorimetry, and scanning electron
microscopy were carried out. The preliminary tests for making specific filaments for 3D printing with
a diameter of 1.75 mm were carried out on a laboratory extruder. The purpose of the experiment
was to develop the optimal extrusion temperatures and the speed of drawing the filament to make
filaments with rigorously constant dimensions, and the variation in diameter had a maximum of 10%.

Keywords: composite materials; thermoplastic polyurethanes; barium titanate; the thermogravimet-
ric analysis

1. Introduction

In recent years, the field of polymer nanocomposites concerning processing, charac-
terization, and applications has attracted steadily growing interest in the scientific and
industrial communities. This significant interest is due to the remarkable properties of
polymeric nanocomposite materials compared to the current polymers and conventional
macro- or micro-composites [1]. The properties of polymeric nanocomposites (much im-
proved over those conventional materials) refer to elasticity [2–7], mechanical resistance,
thermal resistance [8], low gas permeability [9–14], flammability [15–19], and a high degree
of degradability [20].

On the other hand, we have seen a special interest in the theoretical foundation
and practical applications regarding the preparation methods and properties of these
materials [21–31], which represent unique model systems for studying the structure and
dynamics of polymers in restricted or limited environments [32–38].

Some researchers have tried various techniques for obtaining the composite polymer
matrix. [39–45]. Among these techniques, we mention in situ polymerization and melt-
mixing. It is difficult to achieve a universal technique for obtaining polymer composites
due to the physical and chemical differences between the systems and the various types
of equipment available to researchers. Thus, these different techniques will determine
obtaining different results [46].

The addition of rigid filler particles increases the modulus of elasticity proportional to
the volume percentage of the filler. The effective fracture surface energy is higher in the
composite than in the unfilled polymer. The causes are numerous. The dispersed particles
make the crack propagation path longer, increase the plastic deformation of the matrix,
and part of the energy is absorbed. So the strength of the composite should increase with
increasing filler content. But in reality it doesn’t happen like that because the value of c
and the interactions between the neighboring voids predominate.
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The value of c represents the size of the voids formed when the matrix detaches from
the particles of the filler material due to deformation. Naturally, the larger the particle
size of the filler material, the larger the voids will be. It can be concluded that using
small particle fillers, finely dispersed, is indicated. Another important conclusion is the
anticipation of a considerable statistical dispersion of the strength data for the composite
samples because a single void that has acquired a critical size can initiate the main crack.

Practice has also demonstrated the existence of a large number of factors that lead to
complications, such as the morphology of the matrix in the composite, dispersed particles
as additional crosslinks, the particle structure of the dispersed filler material, porosity, the
agglomeration of dispersed filler particles, molecular restructuring of the matrix, and the
residual stresses in the composite.

The most noticeable effect of the dispersed filler material on the matrix morphology
is expected in the case of semi-crystalline polymers, where the filler largely affects the
crystallization conditions. In certain cases, the experimentally observed strengthening
effect can be explained by variations in the morphology of the matrix.

This problem has been studied most intensively in the case of elastomers, being found
in many publications. It has been established experimentally that a dispersed filler material
has a reinforcing effect only if its particle sizes are very small. Obviously, the filler particles
are adsorbed by the macromolecules and act as additional points of the macromolecular
network. This is realized through a reinforcement of the material. However, it is not
possible to explain this effect only by additional crosslinks.

Most researchers believe that the structured particles of the filler interfere with the
development of cracks during the deformation of the material.

A secondary side effect of the production process of filled systems is the high void
content. Since the presence of voids is due to the initiation of cracks during deformation, it
follows that they reduce the strength of the composite. The void content is high in many
composites due to poor wetting of the filler particles by the polymer. The presence or
release of water on the surface of the particles also favors the formation of voids.

Agglomeration of dispersed filler particles is reflected in the decrease in the mechanical
strength of the composite due to the increase in the particle size of the filler material and
the low strength of the agglomerates themselves.

In general, processing compositions with a high degree of filling with high viscosity
requires high shearing forces and high temperatures. These two factors initiate degradation
processes in the matrix, varying the molecular mass distribution of the matrix during
the formation process. These effects must be considered when studying the properties of
thermoplastic materials with and without filler.

On average, the coefficients of thermal expansion of polymers and mineral fillers
differ by a factor of ten. This fact is responsible for the residual stresses that remain in
the composite after hardening. Concerning dispersed fillers, the stresses are compressive.
Under a tensile force applied, the compressive stresses should manifest an additional
resistance to the detachment of the polymer matrix from the filler material, thus improving
the strength of the composite. But, in real materials, the structural inhomogeneities give
a complex tensional state, which means that at certain points, shear and tensile stresses
are present. They can facilitate the propagation of the crack and cause the reduction of the
material’s strength.

Thermoplastic Polyurethanes (TPU), due to their high abrasion resistance, strength,
chemical resistance, and good fireproof properties, are widely used as insulation for low-
voltage electrical cables and for making various profiles by extrusion. [47].

TPUs are linear copolymers with alternating soft and hard segments. The hard
segment is composed of diisocyanate (diol or diamine) molecules, while the soft segment
consists of a long linear diol chain.

Phase separation occurs in TPU due to the thermodynamic incompatibility of hard
and soft segments. The segments aggregate into micro-domains and result in a structure
consisting of hard glassy or semi-crystalline and soft rubbery domains, which are below
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and above the glass transition temperatures (Tg) at room temperature, respectively. The
hard domains act as physical crosslinks and impart elastomeric properties to the soft phase.
Due to the absence of chemical crosslinking, TPUs can be processed by melting and by
solution [48].

Barium titanate (BaTiO3) is widely used to manufacture embedded film capacitors.
It has relatively low thermal conductivity, very high dielectric constant, and high den-
sity, making it unattractive for the preparation of high thermal conductivity dielectric
composites [49].

Huang X et al. measured the thermal conductivity of the ethylene–vinyl acetate
elastomer with BaTiO3 particles (100 nm). They presented a 300% increase in thermal
conductivity for an addition of 50% BaTiO3 compared to the TPU polymer matrix.

Much research has been carried out to obtain composite materials to improve the
properties of TPUs. In one of these studies, TPU/kenaf-type composites were prepared,
and the composites showed better mechanical properties than natural TPU [50].

In another study, a new elastomeric composite material based on polystyrene butadiene-
styrene (SBS), ester-type polyurethane, and melt-blended polyurethane materials was made.
This material presented thermal, dynamic, and mechanical resistance to a large amount of
TPU [51].

Other research highlighted the obtaining of new TPU/nano clay composite materials
that were characterized after accelerated aging, finding that the TPU/nano clay composite
has better mechanical properties than the natural TPU polymer [52].

Recent studies described obtaining flexible transparent electromagnetic interference
shielding films with silver mesh fabricated using electric-field-driven microscale 3D print-
ing [53].

Black phosphorus and MXene nanosheets were combined by hydrogen bonding and
π- π stacking under ultrasound. Then the as-prepared BP-MXene nanohybrids were coated
via the in situ polymerization of dopamine to improve the fire safety and mechanical
properties of TPU [54]. Also, a new material 4D printing-encapsulated polycaprolactone–
thermoplastic polyurethane with high shape memory performance was obtained by com-
bining the microscopic concept of shape-memory polymers and multimaterial printing of a
thermoplastic elastomer with fused deposition modeling without extra operations, such as
synthesis and blending [55].

Other researchers obtained antibacterial masterbatches by doping nano-Si3N4 ceramic
materials into PP with a twin-screw extruder. They transferred those masterbatches as raw
material into antibacterial meltblown nonwovens during the meltblown process, which
were further finished with superhydrophobicity on one side. The as-prepared nonwovens
have applications in air filtration, including respirators and masks with a high-efficiency
filtration performance and good antibacterial properties [56].

In this paper, composite materials were obtained from TPU/PP/BaTiO3 powder and
characterized by different methods. The PP + TPU filament variant with 35% BaTiO3
turned out to be the easiest deposition process, with no clogging of the nozzle, no problems
with multilayer deposition, and no 3D printing defects. Very good precision structures
were obtained experimentally by adjusting the deposition parameters. Precision mesh
structures were also made at an angle of 90 compared to the initially planned one of 45 and
at deposition densities higher than 50%.

2. Materials and Methods

To obtain composite polymers, the following raw materials were used: polypropylene
TIPPLEN H 318, thermoplastic polyurethane Estane 58,887 TPU, and BaTiO3 powder
maximum 2 microns from Sigma Aldrich.

The experimental models were obtained on the KETSE laboratory extruder. In Figure 1,
the raw materials used to obtain composite materials of the type TPU/PP/BaTiO3 powder
are presented.
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Figure 1. Raw materials used to obtain composite materials: (a) TPU beads; (b) PP beads;
(c) BaTiO3 powder.

To obtain good homogenization, the polymers (TPU and PP) and the BaTiO3 powder
were homogenized by mixing for one hour in a cylindrical mixer with a 1.3 L capacity
TURBULA T2F type with a rubber ring holding device, and the rotation speed was 40 rpm.
In this way, we sought to obtain a uniform distribution of the components of the mixtures
throughout the structure without using specific additives or adhesives for compatibility.
Processing conditions involved a rotation speed (in counter-rotation) of the extruder of
95 rpm and a feed speed from the feed hopper of 450 rpm. The main characteristics of
the machine are a screw diameter of 28 mm, L/D ratio of 18.6 mm, calculated injection
capacity of 58.5 cm3, maximum material pressure of 2200 bar, and real injection capacity
min 500 mm.

The obtained experimental models have the following codes:
M1—120 g powder of BaTiO3 51 g granules of PP and 829 g granules of TPU (12%)
M2—160 g powder of BaTiO3 49 g granules of PP and 791 g granules of TPU (16%)
M3—200 g powder of BaTiO3 47 g granules of PP and 753 g granules of TPU (20%)
M4—240 g powder of BaTiO3 45 g granules of PP and 715 g granules of TPU (24%)
M5—280 g powder of BaTiO3 43 g granules of PP and 677 g granules of TPU (28%)
M6—320 g powder of BaTiO3 41 g granules of PP and 639 g granules of TPU (32%)
The hydrostatic density was determined by a Mettler Toledo Analytical Balance with

these characteristics: maximum capacity 220 g; precision: 0.1 mg; linearity ±0.2 mg; internal
calibration; density kit for solids and liquids; the RS 232 interface.

The working temperature was 23.9 ◦C. The density was determined as the average
value between 3 measurements performed on 3 different samples with the exclusion of
values outside the range and a confidence level of 95%.

The thermogravimetric analysis and dynamic differential calorimetry (TG/DSC)
were carried out with the help of the Simultaneous thermal analyzer TG-DSC type STA
449 F3 (Jupiter, NETZSCH, Germany). This equipment works in the temperature range of
−150 ◦C–1550 ◦C in an inert, oxidizing, reducing, static, or dynamic working atmosphere.
The device is provided with a vacuum system that provides a maximum of 10-2 mbar.
(Operating Instructions-Simultaneous TG-DTA/DSC Apparatus (STA 449F3), Jupiter, Selb,
October 2008, NETZSCH Gerätebau GmbH).

The conditions of the TG/DSC measurements performed on solid samples of compos-
ite polymer materials (10–15 mg) were as follows: temperature range: 25–700 ◦C, heating
speed: 10 K/min, working atmosphere: nitrogen + oxygen, reference substance: alumina.

Before introducing the sample to be analyzed into the device, it is weighed on a digital
balance type Precisa XT 220 A (Switzerland), with digital display, precision class 0.1 mg.

Polymer swelling capacity depends on the amount of liquid that the material can
absorb when immersed in the liquid. To determine the swelling capacity (swelling) in
water and solvent (acetone) for the studied composite materials, the procedure was as
follows [57]:
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- It weighed approx. 0.06 g of composite material and placed in plastic ampoules with
tight caps (tubes for micro-centrifuges with a diameter of 10 mm and a length of
40 mm);

- Two sets of samples were made, one to determine the degree of swelling in water and
the other set to determine the degree of swelling in solvent (acetone);

- The ampoules with composite material, thus made, were filled with deionized wa-
ter and respectively with solvent (acetone) and then were maintained for 72 h at a
temperature of 22 ◦C (atmospheric) and a humidity of 41%.

The following formula was used to determine the degree of swelling:

Q =
X2 − X1

X1
∗ 100 (1)

where:

Q—degree of swelling;
X2,3,4—the mass of the inflated/swollen polymer (after each 72-h cycle);
X1—dry polymer mass.

3. Results and Discussion

From the interpretation of the obtained results, it is found that the melting temper-
atures vary in the range of 163–166 ◦C. The temperatures at the beginning of the first
oxidation process vary between 190–213 ◦C.

In Figures 2–10, the results of the TG/DSC variation curves as a function of tempera-
ture (25–700 ◦C) are presented for all the studied materials.

Figure 2. DSC curves (air, 10 ◦C/min) for PP.

 
Figure 3. TG/DSC curves registered for TPU.
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Figure 4. TG/DSC curves registered for BaTiO3.

 

Figure 5. TG/DSC variation for sample M1.

 
Figure 6. TG/DSC variation for sample M2.
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Figure 7. TG/DSC variation for sample M3.

 

Figure 8. TG/DSC variation for sample M4.

Figure 9. TG/DSC variation for sample M5.
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Figure 10. TG/DSC variation for sample M6.

In Figure 3, the TG/DSC variation curves for the TPU (Thermoplastic Polyurethane)
material studied in the temperature range of 25–700 ◦C are presented. This material
presents two transformation processes:

- Glass transition (phase transition of the second order), when the state of rubber
changes to the glassy-solid state, with the starting temperature of the transformation
at 241.8 ◦C and variation of ΔCp of 4017 J/g K, a process that occurs due to the
presence of amorphous areas in the sample;

- Four chemical oxidation processes with maximum temperatures on the DSC curve at
334.1 ◦C, 375.9 ◦C, 408.5 ◦C, and 523.7 ◦C, respectively, with corresponding oxidation
points on the DTG variation curve, at minimum temperatures of 328.5 ◦C, 366.4 ◦C,
409.8 ◦C, and 528.5 ◦C, respectively, and with partial mass losses of 32.49%, 23.25%,
19.02%, and 24.70%, respectively, the resulting total mass loss being 99.54%.

BaTiO3 is an inorganic compound with a high melting temperature (1625 ◦C), which
does not present phase transformations in the studied temperature range (25–700 ◦C), as
seen in Figure 6.

In Table 1, the values resulting from the transformation processes (melting, glass tran-
sition, oxidation) from the analysis of the TG/DSC variation curves, shown in Figures 2–10,
are presented.

Table 1. The hydrostatic density.

Sample M (mass)

Density
Medium

Value
Standard
Deviation

Ethanol Temperature 21 ◦C

1 2 3

M1 0.121 1.192 1.197 1.217 1.202 0.013
M2 0.131 1.215 1.224 1.210 1.216 0.007
M3 0.141 1.406 1.451 1.424 1.427 0.023
M4 0.211 1.440 1.447 1.429 1.439 0.009
M5 0.189 1.354 1.374 1.374 1.367 0.012
M6 0.191 1.381 1.386 1.374 1.380 0.006

Composite materials M1–M6 are materials based on BaTiO3 powder with the addition
of PP (Polypropylene) granules and TPU granules in a constant ratio (approx. 6.2%). In
these materials, the concentration of BaTiO3 increased from 12% (M1) to 32% (M6), while
the addition of thermoplastic polyurethane (TPU) decreased from 88% (M1) to 68% (M6).
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The composite materials M1 and M2 present a thermal analysis behavior similar to
that of the TPU material, showing both a glass transition process starting around 230 ◦C
and chemical oxidation processes, with the difference that the second process of oxidation
that appears in the TPU material at the maximum DSC temperature of 375.9 ◦C is no longer
present in the composite materials M1 and M2 (Figures 7 and 8).

For composite materials M3–M6, in addition to glass transition processes and chemical
oxidation processes, there is also a first-order phase transformation process—melting, due
to the polypropylene (PP) melting process. The maximum melting temperature is around
164–167 ◦C.

Composite material M4 shows the most oxidation chemical processes (5 processes)
among all composite materials M1–M6, suffering a total mass loss of 81.38%, which means
that this material contains more intermediate products.

Following the TG/DSC analyses performed on materials M1–M6, we can conclude:

- M1 and M2 present a thermal analysis behavior somewhat similar to that of the TPU
material, showing both a glass transition process starting around 230 ◦C and chemical
oxidation processes, with the difference that the second process of oxidation that
occurs in the TPU material at the maximum DSC temperature of 375.9 ◦C is no longer
present in the composite materials M1 and M2;

- M3–M6, in addition to the glass transition and chemical oxidation processes, there
is a first-order phase transformation process—melting using the polypropylene (PP)
melting process. The maximum melting temperature is around 164–167 ◦C;

- M4 presents the most oxidation chemical processes (5 processes) among all composite
materials M1–M6, suffering a total mass loss of 81.38%, which means that this material
contains more intermediate products.

The results of the swelling tests in water for materials M1–M6 are presented in Table 2
and Figure 11.

Table 2. Experimental results for water swelling of materials M1–M6.

Code mo m1 G 72 h m2 G 144 h m3 G 216 h m4 G 288 h m5 G 360 h m6 G 432 h

M1 0.0968 0.0973 0.51 0.0974 0.62 0.0974 0.62 0.0975 0.72 0.0974 0.62 0.0973 0.52
M2 0.0487 0.0492 1.02 0.0493 1.23 0.0494 1.44 0.0493 1.23 0.0493 1.23 0.0492 1.03
M3 0.0353 0.0355 0.56 0.0357 1.13 0.0357 1.13 0.0358 1.42 0.0357 1.13 0.0357 1.13
M4 0.0735 0.0746 1.50 0.0747 1.63 0.0766 4.22 0.0766 4.22 0.0765 4.08 0.0763 3.81
M5 0.0638 0.0672 5.33 0.0723 13.32 0.0736 15.36 0.0738 15.67 0.0735 15.20 0.0733 14.89
M6 0.0493 0.0513 4.05 0.0518 5.07 0.0526 6.69 0.0526 6.69 0.0523 6.09 0.0523 6.09

 

Figure 11. Water swelling of materials M1–M6.
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Experimental data (according to table no. 2) lead to the classification of the composite
materials studied from the point of view of the increase in the degree of swelling in water:

- After 72 h in water the degree of swelling varies as follows: M5 > M6 > M4 > M2 >
M1 > M3; it can be stated that after immersion in water, the most resistant composite
material to the action of water is M3 which shows the lowest degree of swelling;

- After 144 h in water the degree of swelling varies as follows: M5 > M6 > M3 > M4 >
M2 > M1; it can be noted that after immersion in water, the most resistant composite
material to the action of water is M1 which shows the lowest degree of swelling;

- After 216 h in water the degree of swelling varies as follows: M5 > M6 > M4 > M3 >
M2 > M1; it can be stated that after immersion in water, the composite material most
resistant to the action of water is again M1 which shows the lowest degree of swelling;

- After 288 h in water the degree of swelling varies as follows: M5 > M6 > M4 > M3 >
M2 > M1; it can be stated that after immersion in water, the composite material most
resistant to the action of water is again M1 which shows the lowest degree of swelling
even the immersion time was longer. However, a beginning of sample saturation is
detected by the fact that the degree of swelling increases very little;

- After 360 h in water the degree of swelling varies as follows: M5 > M6 > M4 > M2 >
M3 > M1; it can be stated that after immersion in water, the composite material most
resistant to the action of water is again M1 which shows the lowest degree of swelling;

- After 432 h in water the degree of swelling stabilizes. It can be noted that after 432 h
of immersion in water a saturation of the composite materials occurs.

It is found that starting from 360 h of immersion in distilled water the samples no
longer absorb water. Then at 432 h their saturation is observed, and at this moment, the
test stops.

The results of swelling tests in acetone for materials M1–M6 are presented in Table 3
and Figure 12.

Table 3. The swelling tests in acetone for materials M1–M6.

Code mo m1 Δm1 G 72 h m2 Δm2 G 144 h m3 Δm3 G 216 h m4 Δm4 G 288 h

M1 0.0764 0.1055 0.0291 38.0890 0.0982 0.0218 28.53 0.0991 0.0227 29.71 solub 0.00
M2 0.0918 0.1297 0.0379 41.2854 0.1213 0.0295 32.14 0.1322 0.0404 44.01 0.1291 0.0373 40.63
M3 0.0171 0.0188 0.0017 9.9415 0.0188 0.0017 9.94 0.0185 0.0014 8.19 solub 0.00
M4 0.0475 0.0527 0.0052 10.9474 0.0524 0.0049 10.32 0.0531 0.0056 11.79 solub 0.00
M5 0.0432 0.0606 0.0174 40.2778 0.0532 0.0100 23.15 0.0489 0.0057 13.19 solub 0.00
M6 0.0728 0.0974 0.0246 33.7912 solub solub solub 0.00

Figure 12. Swelling in solvent (acetone) for materials M1–M6.

The degree of swelling was determined by measuring the variation in the mass of the
sample. The measurement cycle was 72 h.
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Swelling times in acetone were 72, 144, 216, and 288 h.
From the experimental results (Table 3), the following classification of the studied com-

posite materials can be made according to the swelling degree increase in solvent (acetone):

- After 72 h in acetone the degree of swelling varies as follows: M2 > M5 > M1 > M6 >
M4 > M3. It can be stated that after immersion in acetone, the most resistant composite
material to the action of solvent is M3, which shows the lowest degree of swelling;

- After 144 h in acetone the degree of swelling varies as follows: M2 > M1 > M5 >
M4 > M3. It can be noted that after 144 h of immersion in solvent, the most resistant
composite material to the action of acetone is M3, which shows the lowest degree of
swelling. After 144 h of immersion in acetone, sample M6 disintegrates. At the same
time, it can be said that degradation of the composite material also begins, which can
be explained by the breaking of some bonds in the composite material;

- After 216 h in acetone the degree of swelling varies as follows: M2 > M1 > M5 > M4 >
M3. It can be stated that after 216 h of immersion in solvent, the most resistant composite
material to the action of acetone is again M3, which shows the lowest degree of swelling;

- After 288 h, the samples disintegrate and can no longer be tested.

The structure of the polymer can be seen in SEM pictures. In the case of PP, a melting
process can be seen (Figure 13).

  

(a) (b) 

Figure 13. SEM images for PP at magnifications 1.000× (a) and 10.000× (b).

For the BaTiO3 powder, the micrographs are shown in Figure 14. A large dispersion of
particle sizes is found.

The evidence of the differences in the granulation of the BaTiO3 powder particles is
highlighted in Figure 14. The results of 10 measurements of powder particles are presented,
with the following values: 814,4 nm, 1112 nm, 868.8 nm, 841.3 nm, 780.5 nm, 1482 nm, 513.1 nm,
743.7 nm, 767.5 nm, and 661.3 nm. This nano-powder has an average size of 858.46 nm.

From Figures 15 and 16, the micrographs of TPU/PP/BaTiO3 composite materials
(M1–M6), powder particles of BaTiO3 are observed to be present but not perfectly uniformly
dispersed. They form small conglomerates in the polymer structure due to the irregular
morphology of the BaTiO3 powder that was embedded in the polymer. Analyzing the
TPU/PP/BaTiO3 type experimental models of composite materials, it is found that M6 is
the most homogeneous (respectively, the agglomerations are less).
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Figure 14. SEM images for BaTiO3 powder at magnifications 5.000× (a), 20.000× (b), 50.000× (c);
particle sizes (d) and histogram of BaTiO3 particles (e).
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Figure 15. SEM images for composite material M1 at magnifications 5.000× (a), 20.000× (b), M2 at
magnifications 5.000× (c), 20.000× (d), M3 at magnifications 5.000× (e), 20.000× (f).
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Figure 16. SEM images for composite material M4 at magnifications 5.000× (a), 20.000× (b), M5 at
magnifications 5.000× (c), 20.000× (d), M6 at magnifications 5.000× (e), 20.000× (f).

4. Preliminary Processing of Filaments

In Figure 17, the appearance of the granules obtained after one and two passes through
the extruder is presented. The filament from the TPU/PP/BaTiO3 composite material
resulting from the extrusion operation is very elastic, close to the elasticity of rubber, which
made the granulation operation difficult and discontinuous (Figure 17c), but the filament
itself provided good features to be used for 3D printing applications. The composition of
the material (with up to 35% BaTiO3) makes it a good candidate for achieving 3D-printed
piezoelectric flexible materials for energy harvesting, and the electrical properties are now
under evaluation.
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(a) (b) (c) 

Figure 17. TPU/PP/BaTiO3 composite granules (a) first pass through the extruder, (b) second pass
through the extruder, (c) the filament.

The preliminary tests for making specific filaments for 3D printing with a diameter of
1.75 mm were carried out on a laboratory extruder. The purpose of the experiment was
to develop the optimal extrusion temperatures and the speed of drawing the filament to
make filaments with rigorously constant dimensions, and the variation in diameter should
be a maximum of 10%. The principle of structural models is presented in Figure 18.

 
Figure 18. Principle of structural models.

The images with the data and the optimal products obtained are reproduced below.
For all the recipes tested, the optimal temperatures were around 190 ◦C with a firing speed
of 15 cm/min.

5 types of filaments were made, with the following characteristics:

- 2 work options (injection and extrusion injection)/PP + TPU with 15% BaTiO3;
- 2 work options (injection and extrusion injection)/PP + TPU with 25% BaTiO3;
- 1 working variant (extrusion) PP + TPU with 35% BaTiO3.

The preliminary 3D printing tests with the realization of structural models involved
using a laboratory 3D thermal printer.

The work stages included the following:

- Creation of CAD models on specialized software that are then transferred to the labo-
ratory 3D thermal printer. 2 structural models were designed, one 45 × 30 × 0.5 mm
grid type and one 25 × 25 × 1 mm mesh type (Figure 19).
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Figure 19. CAD structural models.

Preliminary testing of the 3D printing parameters listed in Table 4, with a comparison
between the experimental filaments and the commercial ScotchBlue™ Original Painter’s
Tape-type PLA filaments, and with compatibility testing for successive depositions of the
two filaments, since the base deposition support can be made with the commercial one
(Figure 20).

 

 

Figure 20. Setting the parameters of the laboratory 3D thermal printer.
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Table 4. Setting the parameters of the laboratory 3D thermal printer.

Parametru Grid Mesh

Layer height 0.2 mm 0.2 mm
Angle of deposition 90 45

Deposit density 100% 50%
Print speed 15 mm/s 30 mm/s

Nozzle diameter 0.4 mm 0.4 mm
Base temperature 60 ◦C 60 ◦C

Extrusion temperature 190 ◦C 190 ◦C
turns 2 bucle 2 bucle

MULTIPLIER 1.2 1.2

PP + TPU filament variant with 35% BaTiO3 turned out to be the easiest deposition
process, with no clogging of the nozzle, no problems with multilayer deposition, and no
3D printing defects.

In the end, very good precision structures were obtained experimentally by adjusting
the deposition parameters. Even precision mesh structures were made at an angle of 90
compared to the initially planned one of 45 and at deposition densities higher than 50%
(Figure 21).

 

Figure 21. Structures with two deposition densities.

The filament from the TPU/PP/BaTiO3 composite material resulting from the extru-
sion operation is very elastic, close to the elasticity of rubber, a good feature in 3D printing
applications. Considering the composite receipt, the material can be a good candidate for
achieving 3D-printed piezoelectric flexible materials for energy harvesting.

5. Conclusions

In this paper, obtaining and characterizing composite materials from raw materials of
the type TPU/PP/BaTiO3 powder was presented. The main observations are as follows:

- M1 and M2 present a thermal analysis behavior somewhat similar to that of the TPU
material, showing both a glass transition process starting around 230 ◦C and chemical
oxidation processes, with the difference that the second process of oxidation that
occurs in the TPU material at the maximum DSC temperature of 375.9 ◦C is no longer
present in the composite materials M1 and M2;

- M3–M6; in addition to the glass transition processes and chemical oxidation pro-
cesses, there is also a first-order phase transformation process—melting due to the
polypropylene (PP) melting process. The maximum melting temperature is around
164–167 ◦C;

- M4 presents the most oxidation chemical processes (5 processes) among all composite
materials, M1–M6, suffering a total mass loss of 81.38%, meaning that this material
contains more intermediate products;
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- In the case of water inflation, using the M1 composite material is recommended, which
has the lowest degree of swelling in water;

- in the case of acetone inflation, the composite materials begin to degrade (dissolve)
after immersion for 144 h. Composite M6 disaggregated after immersion for 144 h
in acetone;

- Analyzing the TPU/PP/BaTiO3 type experimental models of composite materials, it
is found that M6 is the most homogeneous (respectively, the agglomerations are less).

The filament from the TPU/PP/BaTiO3 composite material resulting from the ex-
trusion operation is very elastic, close to the elasticity of rubber, a good feature in 3D
printing applications. Taking into account the composite receipt, the material can be a good
candidate for achieving 3D-printed piezoelectric flexible materials for energy harvesting.
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