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Preface to ”Multifunctional Hybrid Materials Based

on Polymers: Design and Performance”

Hybrids and composite materials offer a synergic combination of polymer and inorganic

features. Over the past few decades, hybrid materials based on polymers have gained a lot of

attention, not only for their interesting structural characterization, but also for their promising

functional applications. Thus, investigations into multifunctional polymeric hybrid materials

establish an essential task for polymer science. Tremendous progress in the design and preparation

of new hybrid materials based on polymers has created a large number of solutions to the current

challenges in many applications such asadsorption, separation, gas storage, catalysis, sensing,

electronic devices, etc. In particular, the hybridization of these materials can bring about exceptional

superior multifunctions, and thus presents the promise of application in the fields of chemical and

biological sensing, heterogeneous catalysis, energy transformation and storage, and atmosphere and

human health.

Moreover, polymer hybrid materials can be created via blending of functional polymers with

other nanostructured compounds, with the latter displaying size-dependent physical and chemical

features. This has become a considerable area for research and technological development due to the

significant properties and multifunctionalities emanated from polymers’nanocomposite/nanohybrid

structure. Therefore, scientists are attempting to incorporate different types of nanostructured

compounds to adjust structures and enhance the properties of conventional polymers, which will

have a tremendous impact in the field of polymer science. Nevertheless, the design and development

of multifunctional hybrid nanomaterials also remain challenging, and their introduction into realistic

applications is not yet acceptable. Therefore, it is highly advantageous to implement a progress

on state-of-the-art nanomanufacturing and scale-up nanotechnology so as to design and synthesize

progressive multifunctional hybrid nanomaterials with improved efficiency.

In this book, we introduce an elegant selection of first-rate reviews and original research articles

that demonstrate the significance of developing multifunctional hybrid material based on polymers

(including nanomaterials) for different applications. Deep understanding and appropriate theoretical

calculations for analyzing the behaviors of these materials (involved in the formulations) at their

interface have also been achieved through fundamental investigations.

The main aim of the book is to inspire and to guide scientists in this field. For the industrial

establishments, the book also presents easy-to-achieve approaches that have been developed so far

and could create a platform for industrial material production.

The Editors express their appreciation to all contributors from different parts of the world that

have cooperated in the preparation of this book. In this context, this international book gives the

active reader different perspectives on the subject and encourages him/her to read the entire book.

M. Ali Aboudzadeh, Shaghayegh Hamzehlou

Editors

ix
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Abstract: Lung cancer is among the most prevalent and leading causes of death worldwide. The

major reason for high mortality is the late diagnosis of the disease, and in most cases, lung cancer

is diagnosed at fourth stage in which the cancer has metastasized to almost all vital organs. The

other reason for higher mortality is the uptake of the chemotherapeutic agents by the healthy

cells, which in turn increases the chances of cytotoxicity to the healthy body cells. The complex

pathophysiology of lung cancer provides various pathways to target the cancerous cells. In this regard,

upregulated onco-receptors on the cell surface of tumor including epidermal growth factor receptor

(EGFR), integrins, transferrin receptor (TFR), folate receptor (FR), cluster of differentiation 44 (CD44)

receptor, etc. could be exploited for the inhibition of pathways and tumor-specific drug targeting.

Further, cancer borne immunological targets like T-lymphocytes, myeloid-derived suppressor cells

(MDSCs), tumor-associated macrophages (TAMs), and dendritic cells could serve as a target site

to modulate tumor activity through targeting various surface-expressed receptors or interfering

with immune cell-specific pathways. Hence, novel approaches are required for both the diagnosis

and treatment of lung cancers. In this context, several researchers have employed various targeted

delivery approaches to overcome the problems allied with the conventional diagnosis of and therapy

methods used against lung cancer. Nanoparticles are cell nonspecific in biological systems, and may

cause unwanted deleterious effects in the body. Therefore, nanodrug delivery systems (NDDSs) need

further advancement to overcome the problem of toxicity in the treatment of lung cancer. Moreover,

the route of nanomedicines’ delivery to lungs plays a vital role in localizing the drug concentration to

target the lung cancer. Surface-modified nanoparticles and hybrid nanoparticles have a wide range

of applications in the field of theranostics. This cross-disciplinary review summarizes the current

knowledge of the pathways implicated in the different classes of lung cancer with an emphasis on the

clinical implications of the increasing number of actionable molecular targets. Furthermore, it focuses

specifically on the significance and emerging role of surface functionalized and hybrid nanomaterials

as drug delivery systems through citing recent examples targeted at lung cancer treatment.
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Keywords: lung cancer; nanoparticles; toxicity; surface modification; hybrid nanocarriers

1. Introduction

Lung cancer is one of the most prevalent diseases and the leading causes of death
worldwide [1]. It is more common in males than in females and based on an estimation,
this type of cancer caused 154,050 deaths in 2018 [2]. One of the most common causes of
this devastating disease is chronic tobacco usage. The major reason for its high mortality is
the late diagnosis of the disease, and in most cases, lung cancer is diagnosed at the fourth
stage when the cancer has already metastasized to the nearby organs [3]. Among lung
cancer patients, 85% exhibit nonsmall cell lung cancer (NSCLC) while the rest (15%) of the
patients have small cell lung cancer (SCLC). The survival of the patients suffering from lung
cancer mainly depends upon the early diagnosis and efficient surgical removal of the tumor
tissues. Among the different treatments, chemotherapy is the most recommended therapy
to treat lung cancer. However, the major limitation of conventional chemotherapy is
related to the presence of inefficient drugs at the target site, which ultimately compromises
the therapeutic efficacy [4]. To reduce this problem, repeated administration of systemic
chemotherapy at higher concentrations is required, which is allied with dose-related
systemic toxicities. Moreover, in conventional therapies the uptake of the cytotoxic agents
by the healthy cells can increase the chances of cytotoxicity in these normal cells. Hence,
novel approaches are required for both the diagnosis and treatment of lung cancers [5].

Due to numerous limitations associated with these conventional methods, several re-
searchers have exploited nanotechnology-based approaches for the efficient diagnosis and
delivery of therapeutic agents [6]. Among various nanoparticle-mediated drug delivery sys-
tems, the most frequently used ones for lung cancer treatment include polymeric nanopar-
ticles [7,8], liposomes [9,10], bionanoparticles [11,12] and metallic nanoparticles [13,14].
These nanoparticles have been very effective due to their small size, large surface area,
high biocompatibility and reduced renal clearance. Although the use of nanoparticles
has shown several advantages [15], their site-specific delivery is still a problem for which
passive and active-targeting approaches are necessary [16,17].

The passive targeting approach utilizes the exploitation of the enhanced permeabil-
ity and retention (EPR) effect. In many disease conditions, including lung cancers, the
endothelial lining of the blood vessels exhibits higher permeability than in normal condi-
tions [17,18]. The presence of this leaky vasculature allows the higher permeation of the
nanoparticles into the target site [19]. Moreover, the lack of a normal lymphatic drainage
system in the tumor site contributes to higher levels of retention of the nanoparticles. How-
ever, this idiosyncratic property cannot be applied to low molecular weight drugs which
have a small residence time and rapid excretion from the tumorous cells. Low molecular
weight drugs can be encapsulated in unionized drug carriers to improve their pharma-
cokinetics (elongated systematic circulation), increasing tumor selectivity and lowering
side effects. This phenomenon of tumor-targeting is called “passive” and depends upon
the properties of the carrier molecule (its molecular weight and residence time) and the
tumor anatomy (vascularity, porosity, etc.), but does not have any ligands for specific cells’
binding sites. The EPR effect provides a 20–30% higher concentration of the drug targeted
delivery of the tumorous site compared to normal body tissues [20,21].

EPR effect is extremely dependent on the intrinsic pathways of tumor cells’ growth
and it is controlled specifically by the rate of angiogenesis and lymphangiogenesis, the
rate of perivascular tumor development, stromal thickness response and the intratumor
pressure. All these elements, along with the physicochemical properties of nanoparticles,
can influence the efficiency of the drug’s targeted delivery [22]. However, the extrusion
properties of the newly formed tumor’s blood vessels have an impact on the nanomedicine
impregnation; it causes an increase in the interstitial pressure, which may hinder the
retention of the drug carriers in the tumor tissues. Furthermore, due to the imbalance
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between the pro- and antiangiogenetic signaling in different points of the tumorous tissues,
the blood vessels are deviant with enlarged, curvy and saccular pathways, unorganized
interconnection processes and branching. This miscellaneous blood circulation causes an
irregular growth of the tumor cells and those cells surrounding the blood vessel grow
rapidly compared to those that are far away, because of low oxygen and nutrition supply.
This explains why the outer sites of large tumorous tissues have less blood supply (i.e.,
1–2 cm in diameter in mice) and why is most often difficult for nanomedicines to reach
the cores of tumor cells. Although the interstitial pressure is high in the inner portion of
the tumor, the extrusion rate is unexpectedly small. This pattern was observed in some
different types of murine and human tumor cells. The increased interstitial pressure does
not only hinder the drug supply to the core tumorous tissues but also retards the growth
of new blood vessels. This causes a higher blood supply to flow towards the tumor cells’
periphery, indicating that there is the possibility of modifying the EPR effect chemically
or mechanically to improve the growth of the blood vessels for the retention of the drug-
loaded nanocarriers. It is worth mentioning here that some types of EPR enhancers like
bradykinin (kinin), nitric acid, peroxynitrite, prostaglandins, etc. may cause hypertension
that could enhance tumor extrusion [23].

To further improve the targeted delivery of the imaging modalities and therapeutic
agents against lung cancer, many researchers have also exploited the receptor-mediated
delivery of theranostics [24]. Several receptors are overexpressed in lung cancer, like oxy-
tocin, vasopressin, chemokine, epidermal growth factor, bradykinins, bombsein, folate and
tyrosine receptors. The majority of the lung cancer receptors are categorized as G-protein
coupled receptors. These receptors have a potential role in the formation, progression
and metastasis of lung cancer and are involved in angiogenesis process during tumor
development and also during the progression of the cancer to the nearby organs [25].
The overexpression of several kinds of receptors in lung cancer has been exploited by
researchers for the site-specific delivery of theranostics. As compared with the passive
targeted approach, a higher amount of the drug can be made to reach the target site through
active targeted delivery of the imaging modalities and therapeutic agents.

Active targeting is compulsory for the proper distribution of drugs, genes and thera-
nostics to the action site so the therapeutic effect on normal body tissue can be avoided. By
using active targeting, a sufficient amount of drug is placed at the tumor site increasing the
drug efficiency by many folds. Thus, active targeting nanosystems are more efficient than
passive targeting ones. Active targeting is possible exclusively when the nanocarriers are
enriched with ligands that are specific for the overexpressed receptors in lung cancers [26].
This phenomenon enhances the binding capacity of the drug and imaging modalities to the
tumor tissues and thus increases the drug entrapment capacity at the tumor site. Hundreds
of ligands and antibodies have been discovered against the abovementioned receptors
and are exploited for targeted delivery of the drug cargoes to the target site. A strong
ligand/receptor binding affinity serves as role model to promote active binding technol-
ogy. This can improve the targeted delivery of theranostics and therapeutic agents on the
one hand and overcome the problems allied with conventional approaches on the other
hand [26]. The visual illustration of various nanotechnology-based theranostic delivery
approaches are shown in Figure 1.
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Figure 1. Schematic presentation of various methods for delivery of therapeutic agents against lung cancer including (A  

  ‐         ‐         ‐    Figure 1. Schematic presentation of various methods for delivery of therapeutic agents against lung cancer including (A)
polymeric nanoparticle-based approach, (B) metallic nanoparticle-based approach and (C) bioparticle-based approach.

This review first summarizes the current knowledge of the pathways implicated in
the different types of lung cancer with an emphasis on the clinical implications of the
increasing number of actionable molecular targets. The utilization of different targeting
approaches to combat the toxicity of the chemotherapeutic agents is discussed here. The
mechanism through which this targeted delivery is attained is also described. In this
context, this review could attract the interest of medical scientists who are involved in
biological systems. The second specific focus of this review is on the role of the surface-
modified and hybrid nanomaterials as drug delivery systems in combating lung cancer.
This spotlight was achieved through citing most the recent and representative examples
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targeted at lung cancer treatment. From this perspective, it could be highly interesting for
material scientists.

The fields of biology and material science are traditionally rather separated, as much as
they naturally rely on the very same basic principles. Through the novel cross-disciplinary
focus of this review, we attempt to overcome this gap and create a more synergetic perspec-
tive on both areas, which will be highly beneficial for the scientific community given the
plethora of discussions and discoveries that can be envisaged.

2. Pathways for Targeting Lung Cancer

Lung cancer is histologically classified into NSCLC and SCLC. The complex interplay
between pathological changes and oncogenic mutations alters the signaling of multiple
pathways and the expression of chemokines and various receptors. In turn, a modified
tumor microenvironment facilitates the growth, proliferation, angiogenesis, metastasis and
survival of the cancer cells. Traditional treatment strategies for the lung cancer include
chemotherapy, radiotherapy and surgical excision. However, conventional chemothera-
peutic agents have compromised therapeutic efficacy owing to pharmacokinetic issues, sol-
ubility problems and nonspecific action in normal cells with resultant toxicities. Moreover,
high drug doses, tumor-associated alteration of pathways and subsequent treatment with
multiple therapies will contribute to the occurrence of tumor resistance against chemother-
apeutic agents [27] Therefore, the focus is now laid on the suppression of upregulated
pathways including EGFR, RAS-RAF-MEK-ERK/MAPK, JAK-STAT, PI3K/AKT/mTOR
through newly designed, specifically targeted small molecule inhibitors and antibodies
(Figure 2). For instance, specific EGFR inhibitor (erlotinib) and PI3K/AKT/mTOR inhibitor
(everolimius) replaced the first-line chemotherapy [28]. The most common genetic mu-
tations in the lung cancer, along with their mode of aberration and the associated small
molecule inhibitors to target specific pathways, are mentioned in Table 1. Nevertheless, the
small-molecule-mediated targeted therapy is relatively successful and increases survival
rates but is prone to therapeutic failure because of cancer relapse, and increased drug
resistances due to targeting site mutations [29].

Hence, developing a highly targeted drug delivery system for specific action into the
tumorous cells at an optimal dose is of great necessity. Broadly, lung cancer can be targeted
through either passive or active targeting mechanisms or both. Passive drug delivery
follows a certain principle to be deposited into the lung tissues under the EPR effect. EPR is
attributed to leaky vasculature and deteriorative epithelial integrity that allows residence
and accumulation of small sized particles into the lung tumorous tissue [30], which act
either as a carrier to deliver the drug or act directly as a therapeutic moiety. In passive
targeting, particle size is the main determinant for distribution and deposition in the lungs.
For instance, large particles around >5 µm have fewer chances to concentrate and are
mostly exhaled out of the lungs. Particles in the range of 1–5 µm are phagocytosed by the
alveolar macrophages and particles with size <1 µm could be deposited in the alveolar
cells with minimal clearance by the immune cells [31].

To achieve improved tumor-specific targeting and to avoid possible threats with
dislocation and clearance of passively targeted delivery carriers, active targeting of overly
expressed onco-receptors with specific ligands brings better outcomes [30]. The inhibition
of overexpressed receptor functions through specifically targeting moieties modulates
the expression of cancer projectors and improves drug action in the tumor-specific lung
tissues. Various overexpressed receptors in the tumor microenvironment include EGFR,
TFR, FR and CD44 receptor [32]. Tumor receptors and tumor-associated immune cells have
a role in cancer growth, proliferation, metastasis and angiogenesis. Therefore, receptor-
mediated targeting and immune cell targeting alter the onco-proteins’ expression and
inhibit oncogenic pathways to stop cancer growth and progression.
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Figure 2. Oncogenic signaling pathways and drugs targeting abnormal signaling of EGFR, VEGFR, PI3/AKT/mTOR,
RAS/BRAF/MAK, JAK/STAT pathways. Reproduced from the reference [27].

Table 1. Most common mutations in lung cancers and their relevant mechanisms.

Oncogene Aberration Activation Mechanism
Type of Lung

Tumor
Targeted Drug

Inhibitors
References

EGFR
Gatekeeper or oncogene

mutation/
Amplification

Ligand binding →

Activation of tyrosine
kinase →

phosphorylation of
EGFR

NSCLC, ADC
Erlotinib, Gefitinib,

Cetuximab,
[33–35]

EML/ALK Fusion

Fusion of amino
terminal of EML4 to

intracellular kinase →

ALK tyrosine kinase
receptor rearrangement

leads to activation

NSCLC, ADC
Lorlatinib,
ensartinib,

crizotinib, alectinib
[34,36,37]

BRAF
Mutation/fusion/kinase

duplication

Autophosphorylation of
kinase loop and MEK

protein binding
NSCLC, ADC

Dabrafenib,
Vemurafenib

[34,38]

PI3K Modified/Activated

PIP2 and PIP3
phosphorylation →

placement of serine
threonine kinase AKT

into membrane → PI3K
phosphorylation

NSCLC, SCLC
LY294002,

wortmannin
[39–41]
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Table 1. Cont.

Oncogene Aberration Activation Mechanism
Type of Lung

Tumor
Targeted Drug

Inhibitors
References

mTOR Activated

PIP2 and PIP3
phosphorylation →

placement of serine
threonine kinase AKT

into membrane →

mTOR phosphorylation

NSCLC, SCLC
Ridaforolimus,

Rapamycin,
sirolimus

[39,40]

RAS Mutation

Conversion of GDP to
GTP to activate
G-protein (RAS)

receptor

NSCLS, ADC
Tipifarinib,
Lonafarinib,

salirasib, sorafenib
[34,42]

p53 Mutation/Deletion
Inactivating of missense

gene mutations
ADC, SCLC

Advexin
(adenoviral vector)

[33,43,44]

MEK Activated RAS activation NSCLS, ADC
Selumetinib,

sorafenib,
trametinib

[45,46]

c-KIT Overexpression

Regulatory and
functional c-KIT

mutations → activation
of protein kinase

SCLC
Imatinib, STI-571

(Gleevec)
[47,48]

VEGF Overexpression
HIF-1 or EGR-1

upregulation → VEGF
expression

SCLC, NSCLS Bevacizumab [33,49,50]

ROS1 Rearrangement Autophosphorylation NSCLS Crizotinib [51,52]

Epidermal growth factor receptor (EGFR); small cell lung cancer (SCLC); nonsmall cell lung cancer (NSCLC); adenocarcinoma (ADC);
phosphatidylinositide-3 kinase (PI3K); hypoxia-inducible factor-1 (HIF-1); early growth response-1 (EGR-1); guanine diphosphate (GDP);
guanine triphosphate (GTP); vascular endothelial growth factor (VEGF); echinoderm microtubule associated proteinlike-4 (EML4);
phosphatidylinositol 4,5-bisphosphate (PIP2); phosphatidylinositol 3,4,5-bisphosphate (PIP3).

3. Onco-receptor Targets in Lung Tumors and Vasculature

3.1. Epidermal Growth Factor Receptor (EGFR)

The EGFR is a cell surface peptide receptor from the ErbB family of tyrosine kinase. It
consists of the extracellular region with two homologous ligand-binding domains and two
cysteine-rich domains, a single slanging transmembrane domain and an intracellular region
comprising juxtamembrane, a tyrosine kinase domain and a regulatory region [53]. EGFR
regulates growth, differentiation and migration of the alveolar and bronchial epithelial
cells under normal conditions, while overfunctioning in cancer facilitates the proliferation,
metastasis, and invasion of lung cancer cells [54]. EGFR is among the highly expressed
onco-receptors in 85% of NSCLC, with negligible involvement in SCLC [55]. Various
monoclonal antibodies (panitumumab, cetuximab) and tyrosine kinase inhibitors (erlotinib,
gefitinib, lapatinib) are used to target EGFR to treat lung cancer [55]. Furthermore, anti-
sense oligonucleotides, affibodies, peptides, and nanobodies worked to inhibit EGFR [56].
Recently, it has been observed that ligand anchored nanocarriers specifically bind to ex-
tracellular domains of EGFR to release the drugs intracellularly for the tumor-specific
inhibition of the signaling pathway. Under this approach, biotinylated-EGF ligand-bound
gelatin nanocarriers have delivered increased concentrations of cisplatin to the lung cancer
cells and significantly reduced tumor volume via inhalation route [57]. Similarly, DNA
aptamer conjugated chitosan-liposome complexes have delivered erlotinib specifically to
the lung cancer cells via EGFR [58]. Additionally, monoclonal antibody linked polymeric
nanoparticles have shown promising results against acquired EGFR-kinase resistance in
cancer cell lines and could be designed to suppress EGFR resistant pathways in the lung
tumor [59]. Ligand-bound nanocarriers favor site-specific tyrosine kinase inhibitors or
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monoclonal antibodies’ delivery to the lung cancer cells, reduce off-site toxicities and
endosomal clearance, and improve therapeutic efficacy with sustained drug release rate.

3.2. Transferrin Receptor (TFR)

Transferrin (TF) is a nonheme glycoprotein (~180 kDa), mainly responsible for iron
(ferric ions) transport in the body [60]. Therefore, TFR (CD71) is expressed by the normal
epithelial and immune cells. In tumors, the overexpression of TFR facilitates fast iron
transport to accomplish the nutritional demand of the cancer cells. The expression of TFR
in cancer cells is 10-fold higher than the expression in normal cells [54]. Overexpressed TFR
can be targeted by the ligands including TF, ferritin and anti-TFR antibody, thus improving
the tumor targeting efficiency of the carrier system. TFR is highly upregulated in lung
cancer; about 88% of NSCLC cases have elevated TFR-1 levels [61]. In one study, the
blocking of TFR through the anti-TFR antibody significantly retarded the cell proliferation
of the lung adenocarcinoma cell lines [62]. Furthermore, TF conjugated doxorubicin (DOX)
liposomes increased cellular internalization in A549 lung cancer cells compared to alveolar
type I (ATI) and alveolar type II (ATII) cells [63]. Similarly, antibodies and peptides targeted
TFR and inhibited tumor growth or induced apoptosis of the tumor cells [64].

3.3. α. vβ3 Integrin Receptor

Integrins belong to the transmembrane heterodimeric glycoproteins family, consisting
of the 18 α and 8 β subunits [65]. Integrins are expressed in multiple forms in many
tumor-associated cell types. In lung cancer, the integrins αv, α5, β1, β3 and β5 have
been demonstrated to develop the survival and metastasis of cancer cells [66]. The role
of integrins encompasses cell–matrix adhesion, the maintenance of cellular morphology,
differentiation and proliferation [54]. About 82% of NSCLC cases have higher integrin
expression, while only 13% of SCLC expressed integrins [67]. The widespread functions of
integrins in lung cancer suggest that their inhibition could be beneficial in tumor targeting
and therapy. It was demonstrated that the inhibition of the αvβ3 and αvβ5 integrins with
targeted ligands can block the endothelial cell angiogenesis and tumor metastasis [66]. In
this context, arginylglycylaspartic acid (RGD) peptide has the potential to target αvβ3
integrin, thus facilitating drug delivery to the lung cancer. In one study, RGD anchored
poly(lactide-co-glycolide) (PLGA)-chitosan nanocarriers successfully delivered paclitaxel
(PTX) specifically to lung cancer, while normal human bronchial epithelial cells with poor
integrin expression had negligible cytotoxic effects of PTX [68]. Furthermore, cyclic peptide
anchored formulation elevated the localized drug concentration and suppressed the tumor
cells in the subcutaneous and orthotopic A549 xenograft mice models as compared to the
free drug controls [69].

3.4. Folate Receptors (FRs)

FRs are from a family of glycoproteins (35–40 kDa) having a strong binding affinity
for folic acid (FA). FRs are differentiated into four isoforms including FRα, FRβ, FRγ
and FRδ [70]. Normal human cells have a very low content of FRs, whereas FRs are
overexpressed in a variety of tumor cells—the first two isoforms (FRα, FRβ) are the most
common [70,71]. In NSCLC, FRα is overly expressed especially in adenocarcinoma [54].
Therefore, FA or FR monoclonal antibodies could serve as a ligand to target lung can-
cer. Folate can be conjugated to chemotherapeutic agents, microparticles, nanocarriers,
lipidic systems and oligonucleotides to directly target FR-positive tumor cells. Folate-PEG-
modified cytochrome c nanomicelles have demonstrated selective targeting and internal-
ization by FR expressed on the HeLa cells compared to FR negative cell lines [72]. Similarly,
DOX and small interfering RNA (siRNA) were loaded into folate-biotin conjugated starch
nanoparticles for codelivery into human lung cancer cells (A549). Folate-mediated code-
livery has shown enhanced cytotoxicity and reduced proliferation of the A549 cells. The
cytotoxicity was competitively inhibited in the presence of free folate; further, the expres-
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sion of insulinlike growth factor 1 receptor (IGF1R) proteins was decreased through the
treatment [73].

3.5. Cluster of Differentiation 44 (CD44)

CD44 is a cell-surface based glycoprotein receptor with a specific affinity for hyaluronic
acid (HA). The binding of HA to the receptor regulates cell adhesion and the differentia-
tion and migration of the normal cells [74]. In tumors, CD44 has the important functions
of cell adhesion, growth, proliferation, metastasis and induction of the cancer cell resis-
tance [74,75]. CD44 is highly upregulated in squamous cell metaplasia and NSCLC [76]
and is involved in metastasis of NSCLC to the lymph node [77]. HA, as an anionic gly-
cosaminoglycan and a polymeric ligand, can be anchored to the surface of the particles
or itself is able to self-assemble to target the lung cancer [78,79]. For instance, HA an-
chored polyethyleneimine-PEG nanoparticles specifically delivered siRNA to lung cancer
cells [78]. Furthermore, enzyme hyaluronidase-1 expressed heavily in the malignant tumors
degraded HA, thus facilitating drug release from HA in the target cancer cells [80].

3.6. Other Onco-Receptors

Several other receptors are heavily expressed in the lung tumor microenvironment
including luteinizing hormone-releasing hormone (LHRH) receptors [81], chemotactic
chemokines receptor 4 (CXCR4) [82], fibroblast growth factor receptor [83], tyrosine
kinase AXL receptor [84], vascular endothelial growth factor receptor (VEGFR) [85],
death receptor/TNF-related apoptosis-inducing ligand-receptor (DR4/TRAIL-R1) [86],
β2-adrenergic receptors (β2-AR) [87] and lectin receptors [88]. Targeting these receptors
through specific ligands can inhibit lung cancer survival, growth and metastasis.

4. Extracellular Nanovesicles in Targeting Lung Cancer

The concept of applying nanoparticles for lung cancer targeting shares a lot of simi-
larities with the function of extracellular vesicles (EVs). In this regard, we briefly review
these particles in this section. EVs are cell-derived, membrane-bound particles known to
mediate intercellular signaling and are sensitive in organ-specific metastasis. Depending
on the biogenesis pathways or their subcellular origin and size, EVs are also referred to
as apoptotic bodies, microvesicles or exosomes [89–91]. EVs confined from distinct body
fluids transport immune response-related and immune-modulatory molecules. These
molecules include proteins, lipids, and nucleic acids. Recent studies considered EVs as one
of the main components in the tumor microenvironment. In the tumor microenvironment,
the EVs are able to transport the biomolecules to the less malignant cells. As the result,
the less malignant cells receiving the EVs may continue to show increased metastatic and
migratory behavior [92].

Integrin receptors are enriched in small EVs and are major players in mediating EV
functions. For example, αvβ3 integrin is upregulated during cancer progression and
is known to account for the migration of cancer cells. These nanovesicles’ signaling is
capable of modifying the tumor cell’s structure, characteristics and functionality, such
as overcoming drug resistance [93,94]. In their study, Hoshino et al. demonstrated that
the tumor-derived lung-tropic EVs carry integrins α6β1 and α6β4, which are favorably
taken up by lung fibroblasts and surfactant protein C-positive epithelial cells. The authors
demonstrated that the incorporation of EVs by lung resident cells enhanced the expression
of the proinflammatory gene S100 and promoted the lung metastasis [95].

From the therapeutic perspective, EVs are novel drug delivery systems and have more
biosafety and biocompatibility characteristics than other synthetic surface functionalized
or hybrid nanoparticles. In this context, EVs can be divided into unmodified and modified
EVs [96]. Similar to nonfunctionalized nanoparticles, unmodified EVs have shown less
efficacy in various performed studies. Therefore, scientists are now developing modi-
fied EVs through the introduction of therapeutic molecules into EVs or modifying the
surface components of EVs to enhance their efficacies in terms of tissue targeting and
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site specificity [97]. For example, Nakase et al. modified EVs with octaarginine peptide,
which resulted in enhanced cellular EV uptake via the active induction of macropinocytosis
without cytotoxicity. Additionally, the increased accumulation of EVs at the targeting
site showed greater therapeutic effect [98]. Recent studies on EV-mediated lung cancer
targeting at a specific site highlighted that there are many limitations involved in the modi-
fication of these nanovesicles, as the strategies adopted for modification may damage the
EV membrane and consequently compromise the therapeutic efficacy of the EVs [99–103].
To overcome these limitations, surface modification of the synthetic nanoparticles has
demonstrated more promising results. For instance in a recent report, α3β1 integrins were
targeted in NSCLC through cyclic peptide linked polymersome containing docetaxel. The
results demonstrated better cellular uptake of cyclic peptide anchored formulation by A549
human lung cancer cells than by free docetaxel (DTX) and nontargeted polymersome.

5. Immunological Targets in Lung Cancer

Since the tumor is associated with pathophysiological, cellular and biochemical alter-
ations, several immune cells like T-lymphocytes, macrophages, natural killer cells, B cells,
MDSCs and dendritic cells infiltrate the lung tumor microenvironment. Hence, TAMs,
MDSCs and regulator T-cells can be targeted through different ligands and strategies to
modulate the tumor activity and reduce tumor progression [104].

5.1. Tumor-Associated Macrophages (TAMs)

Traditionally, activated macrophages of different phenotypes have commonly been
categorized as M1 and M2 macrophages. M1 macrophages are activated through the classi-
cal pathway and are involved in proinflammatory response, while M2 macrophages are
alternatively activated and associated with anti-inflammatory action. At first, macrophages
polarize to M1 to assist the host immune response against an antigen, then they attain M2
phenotype to repair the damaged tissues. Macrophages linked with tumors are known
as TAMs and are classified into two phenotypes—M1 and M2 (M1 type TAMs suppress
cancer progression, while M2 type TAMs promote it). TAMs are characterized by increased
M2/M1 ratio and play a crucial role in tumor progression, metastasis, matrix remodeling,
angiogenesis and tumor resistance [105,106]. TAMs produce cytokines, growth factors
like epithelial growth factor, matrix metalloproteinase-9, angiopoietin, etc. to assist tumor
development. Therefore, TAM targeting can bring benefits to treat lung cancer. TAMs
can be targeted through different ways including the repolarization of M2 into M1 cells,
the prevention of macrophage recruitment into the tumor or the direct termination of
M2 cells [104]. Moreover, several receptors such as C-type lectin, CD44, FRs have been
expressed on the surface of TAMs, which can be specifically targeted for tumor eradi-
cation [107–109]. C-type lectin receptors are Ca2+ dependent carbohydrate recognition
proteins and have multiple types including mannose receptor, macrophage galactose-type
lectin-C and dectin receptor. Hence, different carbohydrate moieties are used to target
C-type lectin receptors like mannose, glucose, D-galactose, N-acetyl-D-glucosamine (NAG)
and maltose [110]. Recently, various mannose receptor targeting strategies involving man-
nose anchored liposomes, solid lipid nanoparticles, polymeric nanocarriers, niosomes,
dendrimers and quantum dots have been fabricated to modulate macrophage function
in the tumor [110]. In this quest, biotin and mannose conjugated lipid-coated calcium
zoledronate nanocarriers have shown higher internalization in both TAMs and cancer cells,
restraining tumor growth, progression and angiogenesis [111].

5.2. Myeloid-Derived Suppressor Cells (MDSCs)

MDSCs are the heterogeneous immature population of cells, comprised of myeloid
progenitor cells, immature macrophages, immature dendritic cells and immature granulo-
cytes [112]. MDSCs release immunosuppressive cytokines to retard immune system action
against the tumor and thereby facilitating the tumor progression [113]. Thus, MDSCs are
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the major target cells in cancer immunotherapy. Several strategies have been designed to
suppress MDSCs function in lung cancer including:

(a) Differentiation of MDSCs into mature myeloid cells [113];
(b) Suppression of MDSCs amplification through inhibition of stem cell function [114],

VEGF [115] or STAT3 pathway [116];
(c) Direct elimination of MDSCs by antibodies or chemotherapeutic drugs like gemc-

itabine [117];
(d) Attenuating MDSCs functioning [118];
(e) Inhibition of the immune checkpoint to restore the antitumor immune response [119].

Nowadays, nanocarriers employing different options to target MDSCs, promote MD-
SCs maturation and modulate their function to regress tumor progression and angiogene-
sis [120]. Furthermore, MDSCs cell membrane coated iron oxide magnetic nanoparticles
successfully evaded the immune system, actively targeted cancer cells along with magnetic
and photothermal-induced ablation of the cancer cells [121].

5.3. Regulators T-Cells

Infiltrated regulatory T-cells in the tumors have downregulated the activation and
response of cytotoxic T-cells against lung cancer [122,123]. Regulatory T-cells play an
integral role in tumor development; thus, they could be targeted to suppress the tumor.
For instance, glucocorticoid-induced tumor necrosis factor receptor-related protein (GITR)
ligand was linked to PLGA nanoparticles for active targeting of regulator T-cells. The com-
plex nanosystem, together with photothermal and photodynamic therapy, has remarkably
reduced the tumor growth and recurrence [124,125].

6. Delivery Routes of Nanoparticles in Targeting Lung Cancer

The delivery of nanomedicines to the lungs increases the sustained local drug con-
centration to treat lung cancer [32]. Most chemotherapeutics act on normal tissues due
to their nontargeting nature, leading to adverse effects [126]. Therefore, targeted drug
delivery requires a low dose, which results in fewer systemic side effects. Although drugs
can be administered through oral, intravenous or inhalational routes, the research on oral
drug delivery to lungs has not shown promising results, as only a limited amount of the
drug molecules are delivered to the lung tumors [127]. Additionally, the majority of the
anticancer formulations are used as intravenous dosage forms. However, as most of the
chemotherapeutic agents for lung cancer treatment are hydrophobic in nature, high doses
and/or surface modification are needed to improve their systemic bioavailability [128]. On
the other hand, the inhalational route is the most attractive option due to lower side effects
and high biodistribution [129]. A safe and effective mean of lung cancer theranostics are the
chemotherapeutic agents formulated by nanotechnology-based carriers, which are a novel
targeted drug delivery “inhalational nanomedicine” that can be administered through the
inhalational route [130]. In this context, the easiest way of drug delivery is inhalation by
aerosols to target the cancerous tissues of the lung. The differential accumulation of drug
particles or aerosol droplets in different regions of the lungs depends on their sizes. Drugs
can be formulated as solutes or particles in aerosol droplets of appropriate size and used in
drug delivery [131].

Okamoto et al. formulated gene powders with chitosan as a nonviral vector and
mannitol as a dry powder carrier to compare their gene expression and therapeutic ade-
quacy to intravenous or intratracheal gene solutions in mice having pulmonary metastasis
prepared by injecting CT26 cells. In both normal and tumorous tissues, the genes ex-
pressed by intratracheal powder were higher than the one expressed by intravenous or
intratracheal solutions, indicating that therapeutic gene powders are efficient for lung
cancer treatment [132]. In another study, Dames et al. revealed that the targeted delivery
of aerosols to the affected lung tissue might improve therapeutic efficiency and reduce
undesired side effects. The authors showed theoretically that targeted aerosol delivery
with superparamagnetic iron oxide nanoparticles along with a target-directed magnetic
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gradient field can be achieved to treat localized lung disease [133]. Ngwa et al. examine
the potential of nanoparticle drones (smart nanomaterials) in targeting lung cancer. They
compared and assessed inhalation (air) versus the traditional intravenous routes of navi-
gating physiological barriers using such drones. They concluded that the inhalation route
might be more promising for targeting tumor cells with radiosensitizers and cannabinoids
in terms of maximizing the damage to lung tumor cells while minimizing any collateral
damage or side effects [134].

7. Surface Modification of Nanoparticles to Combat Toxicity in Lungs Cancer

One of the challenging factors in the delivery of drugs to the lungs is to understand
the interactions of the nanoparticles with the biological systems. The chemotherapeutic
agents in the form of NDDSs are cell nonspecific, resulting in the undesired attack of
healthy cells (an important factor in the failure of conventional nanotechnology cancer
therapy). This is the reason why still further advancements need to be carried out in the
field of NDDSs. The fast clearance of nanoparticles decreases the efficiency of sustained
drug delivery and their translocation might bring nanoparticles to undesired areas of the
body causing toxicity. Due to the complex nature of nanoparticles, research studies have
led to different views of the nanomaterials’ safety [135,136]. The physical properties of
nanoparticles, such as morphology, geometry, dimensions and surface charge, have been
found to change their therapeutic effect. Rod-shaped particles are more toxic than spherical
particles. Long fibers cause inflammation because they are less likely to be engulfed by
macrophages, thus minimizing their elimination from the system [136]. Nanoparticles
produce pulmonary toxicity by oxidative stress because of the production of reactive
oxygen species within the biological system [137]. It is evident from a research study that
cytotoxicity occurs due to the production of free radicals after exposure to 3.5 to 23.3 µg/mL
cerium oxide (CeO2) nanoparticles. It causes oxidative stress in the cells by reducing
glutathione and α-tocopherol levels and elevating the production of malondialdehyde
and lactate dehydrogenase, which are indicators of lipid peroxidation and cell membrane
damage, respectively [138]. The accumulation of nanoparticles in the tissue due to slow
clearance produces potential free radicals as well as the prevalence of numerous phagocytic
cells in the organs of the reticuloendothelial system (RES) making the lungs the main
targets of oxidative stress [139].

According to a research study, 15 nm and 46 nm silicon dioxide (SiO2) nanoparticles
significantly reduced cell viability in a dose-dependent and time-dependent manner in
bronchoalveolar carcinoma-derived cells at 10–100 µg/mL dosage. Both types of SiO2
nanoparticles have higher cytotoxicity than the positive control material (Min-U-Sil 5).
The reactive oxygen species (ROS) generated by exposure to 15 nm SiO2 nanoparticles
produces oxidative stress in these cells as reflected by reduced glutathione levels and the
elevated production of malondialdehyde and lactate dehydrogenase, indicative of lipid
peroxidation and membrane damage [140].

Surface functionalized nanoparticles have received tremendous importance as drug
carriers. The physicochemical or biological properties of the nanoparticles can be altered
by modifying their surfaces with different functional groups through covalent or non-
covalent bonding, such as the adsorption of biologically active molecules (i.e., proteins,
surfactants, enzymes, antibodies or nucleic acids) [141]. Nanoparticles functionalized
with biodegradable polymers could be evaluated as the best chemotherapeutic delivery
system. The surface chemistry of these nanoparticles must be carefully controlled as it
is the shell of the nanoparticles that is in contact with body organs and fluids. As an
example, nanoparticles have been coated with hydrophilic polymers or functionalized with
ligands or proteins to enhance their circulation time or to achieve site specific delivery,
respectively [142]. In another example, it was shown that the coating of nanoparticles with
polymers could reduce their toxicity by changing their half-life distribution, disposition,
stimuli reactivity and therapeutic application [30]. The oily nature of the nanocapsule’s core
can accommodate high loadings of lipophilic anticancer drugs [143]. Moreover, magnetic
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nanoparticles functionalized with polymers, monoclonal antibodies, peptides, heparin,
hormones or other biologics are very effective and highly specific for cell biology and cancer
therapeutic applications [144]. Surface modification of the NDDSs allows the targeted
delivery of therapeutic agent such as antibodies and ligands (i.e., TF, FA, lactoferrins, lectins
and mannose derivatives) into the tumors [135]. Additionally, surface PEGylation (the
process by which polyethylene glycol chains are attached to biological molecules) does not
only enhance the colloidal stability of nanoparticles but also increases their accumulation
at the tumor site and decreases opsonization [145]. It was shown that surface-modified
nanoparticles with 1, 2 dipalmitoylphosphatidylcholine (DPPC) are less prone to phago-
cytosis. The presence of phospholipids inhibits the adsorption of opsonic proteins on the
inhaled nanoparticles, allowing them to escape phagocytosis [146]. In one research study,
multiwalled carbon nanotubes (MWCNTs) were functionalized with amine-terminated
poly (amidoamine) (PAMAM) dendrimers modified with fluorescein isothiocyanate (FI)
and FA. This modified system acted as both a drug targeted system and a pH-responsive
system for delivering DOX into cancerous cells [147]. Meenach et al. used an advanced
organic spray-drying method to manufacture inhalable lung surfactant-based carriers
comprising synthetic phospholipids, DPPC and dipalmitoylphosphatidylglycerol (DPPG),
loaded with PTX, for targeted pulmonary delivery as high-performing nanoparticulate
dry powder inhalers [148]. Li et al. suggested that a tumor-targeted PEGylated LPD
formulation (liposome-polycation-DNA complex) enhanced cellular uptake by specific
receptor-mediated pathways. They showed that the targeted drug delivery system caused
a strong gene-silencing mediated by RNAi through delivering siRNA to the tumor cells
after intravenous administration [149,150]. Grabowski et al. described the cytotoxicity and
inflammatory action of nanoparticles made of PLGA through in vitro analysis on A549
human lung epithelial cells. Three different neutral, positively or negatively charged PLGA
nanoparticles (230 nm) were obtained by using different types of stabilizers (polyvinyl
alcohol, chitosan, or Pluronic® F68). For comparison, polystyrene nanoparticles were used
as nonbiodegradable polymeric nanoparticles and titanium dioxide (anatase and rutile)
as inorganic nanoparticles. As the result, the PLGA-based and polystyrene nanoparticles
were less toxic than or equally toxic to titanium dioxide nanoparticles. On the contrary,
the inflammatory response measured by the release of interleukin 6 (IL-6), IL-8, monocyte
chemoattractant protein-1 (MCP-1) and tumor necrosis factor α (TNF-α) cytokines was low
for all nanoparticles [151]. The PLGA-based nanoparticles led to a higher inflammatory
response, which was correlated with a higher uptake of these nanoparticles. The authors
claimed that both the coating of the PLGA nanoparticles and the nature of the core play a
key role in the cell response.

8. Comparison between Surface-Modified Nanoparticles with Other Targeting
Methods in Lung Cancer Treatment

There are many ongoing contributions of nanoparticles in the field of targeting lung
cancer. However, there are a few limitations that inhibit amplifying their applications,
including low stability, greater immunogenicity, nonuniform distribution, increased rate
of clearance, poor ability in encapsulating imaging and targeting agents and unspecified
internalization (via passive delivery method) at the malignant site. The morphology of
the lung itself is a big barrier for the optimal transformation of agents into it. Therefore,
it is important to design nanoparticulate systems that could reduce these complications.
The functionalized nanoparticles can be used as powerful theranostic tools to enhance the
delivery of drugs to the malignant site [34]. Many studies have been carried out comparing
the performance of functionalized and nonfunctionalized nanoparticles in lung cancer
targeting. For example, Chung et al. developed and compared the PLGA nanoparticles
ligated with heparin, chitosan and pluronic with nonconjugated PLGA nanoparticles.
The viability tests for both normal and tumor cells showed the less cytotoxic effect of
the nanoparticles. The in vitro cellular uptake of the nanoparticles for both chitosan
and heparin functionalization showed the desired effects. The in vivo tumor model study
exhibited that there was a positive but insufficient effect of chitosan decorated nanoparticles,
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although it showed enhanced accumulation that was almost 2.4-fold higher than that of
the control nanoparticles. The results concluded that the surface functionalization of
the PLGA nanoparticles with chitosan and heparin may be an efficient strategy for the
enhanced tumor theranostics [152]. Patil et al. performed a study with the aim of achieving
targeted delivery through the single-step surface functionalization of nanoparticles with
a tissue recognition ligand. They used biotin and a folic acid ligand to functionalize
the PLA-PEG nanoparticles. The surface modification was confirmed through NMR,
transmission electron microscopy and tumor cell uptake study. In comparison to the
bare nanoparticles, the functionalized nanoparticles showed more precise and efficient
results with greater binding affinity at the delivery site. The in vivo study result of the
surface-modified PTX-loaded PLA-PEG nanoparticles showed an enhanced efficacy in
comparison to the nonmodified nanoparticles [153]. The same authors in another study
developed biotin functionalized PLGA nanoparticles encapsulating a combination of PTX
and P-glycoprotein (P-gp) inhibitor tariquidar to overcome tumor drug resistance. The
dual agent nanoparticles showed higher cell inhibition in the cell line study in comparison
to only PTX-loaded ones. Additionally, performing in vivo studies in a mouse model,
these nanoparticles demonstrated considerably enhanced inhibition of tumor growth. The
authors concluded that these dual agent nanoparticles could be applied as an efficient
system to overcome tumor drug resistance [154]. In another report, Xia et al. developed
DOX-loaded selenium (Se) nanoparticles and functionalized them with cyclic peptide (Arg–
Gly–Asp–D-Phe–Cys [RGDfC]) to fabricate tumor targeting delivery. The aim of the study
was to improve the antitumor efficacy of DOX in NSCLC. This nanodrug carrier displayed
an efficient cellular uptake in A549 cells and entered the A549 cells mainly by clathrin-
mediated endocytosis. Interestingly, comparing active targeting with the passive targeting
delivery system, the authors concluded that the RGDfC functionalized DOX-loaded Se
nanoparticles provide a promising approach for lung carcinoma therapy [155]. Perepelyuk
et al. studied the therapeutic efficacy and in vivo efficacy of mucin1-aptamer-modified
miRNA-29-loaded hybrid nanoparticles in a lung tumor model. The results displayed
that the presence of MUC1-aptamer conjugates increase the delivery of miRNA-29b to the
tumor cells. Moreover, the downregulation of DNMT3B by MAFMILHNs resulted in the
inhibition of tumor growth in a mouse model [156]. Table 2 presents a summary of the
recent studies on comparison between surface-modified and unmodified nanoparticles in
lung cancer treatment.

Table 2. Summary of the recent studies on comparison between surface-modified and unmodified nanoparticles in lung
cancer treatment.

Nanodrug Carrier
Type

Encapsulated
Drug

Ligand/Targeting
Moiety

Outcomes Reference

Cationic lipid
nanosystems (CLNs)

Curcumin
Surface charged

particle

Greater bioavailability pharmacokinetics
inhibitory effect on cell growth and

invasion, enhanced apoptosis in LL/2
cells, increased antitumor effect of

curcumin loaded, CLNs in C57BL/6 J
mice compared with control, reduced

tumor volume and growth

[157]

Solid lipid
nanoparticles (SLNPs)

Gemcitabine Mannose

Reduced hemolysis due to the presence of
cationic ammonium on the surface of

SLNs, significant toxicity on A549 cells
in vitro, greater uptake into A549 cells by
receptor mediated endocytosis, enhanced
concentration in lungs in in vivo studies

[158]
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Table 2. Cont.

Nanodrug Carrier
Type

Encapsulated
Drug

Ligand/Targeting
Moiety

Outcomes Reference

Cationic liposomes Vinblastine
Peptide nucleic acid

(PNA)

Greater internalization of targeted
liposome into LL/2 cells in vitro, inducing
apoptosis in LL/2 cells, greater antitumor

efficacy of PNA-modified vinblastine
cationic liposome in tumor-bearing mice,
increased survival rate of animals treated

with PNA-modified liposomes

[159]

Polylactic acid (PLA) Gemcitabine Cetuximab

Greater uptake into A549 cells via EGFR
mediated endocytosis, enhanced

antiproliferative activity of targeted
nanoparticles against lung cancer cells

compared with
nonmodified nanoparticles

[160]

Cationic liposome Erlotinib/oxygen Anti-EFGR aptamer

Greater cellular uptake, greater erlotinib
resistance in vitro, inhibiting the tumor

growth in xenograft model, accumulation
of targeted liposomes at the site of tumor

compared with other organs

[161]

Albumin self-assembly
Doxorubicin/

TRAIL protein
Not applicable (N/A)

Enhanced antiproliferative activity of
doxorubicin and TRAIL protein on lung
cancer (H226) cells, significant antitumor
efficacy in BALB/c nu/nu mice having

H226 cell induced tumor.

[162]

Multiwalled carbon
nanotube (MWCNT)

Docetaxel/
curcumine-6

Transferrin

Greater uptake of targeted MWNT into
A549 cells, cell cycle arrest in phase
(sub-G1),significantly reduced lung

toxicity of targeted MWNT.

[163]

pH sensitive liposomes Afatinib N/A
Enhanced stability of CL and PSL,

induction of apoptosis in H-1975 cells
[164]

Silk fibroin Gemcitabine SP5–52 peptide

Increased potential in LL/2 cells targeting
in both in vitro and in vivo studies,

enhanced reduction in proliferation of
tumor cells, greater accumulation of

targeted nanoparticles at the site

[165]

Silica

10-
Anthraquinone-

2-carboxylic
Acid

(OCAq)/rose
bengal (RB)

N/A

Enhanced efficacy of silica nanoparticles
conjugated with dyes for photodynamic
therapy, two folds phototoxicity on A549

cells by generating oxygen radicals

[166]

Thermally crosslinked
supermagnetic iron
oxide (TCL-SPION)

Cyanine/
Doxurubicin

N/A

Greater fluorescent intensity of
TCL-SPION at tumor site compared to
other tissues, greater accumulation of
DOX encapsulated TCL-SPION at the

tumor site.

[167]

Gold nanoparticles N/A N/A
For diagnosis of lung cancer by analyzing

the volatile organic compounds in
cancer patients

[168]

Polyamidoamine
dendrimer

Cis-diamine
platinum

Folate/HuR siRNA

Greater antiproliferative effect on H1299
cells by codelivery of anticancer drug and

siRNA, enhanced toxicity of targeted
formulation in comparison to nontargeted

at tumor site

[169]
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9. Different Types and Applications of Surface-Modified and Hybrid Nanoparticles
for Targeting Lung Cancer

Nanoparticles are included in the drug delivery systems to overcome certain issues
such as low solubility and permeability related to tumor targeting. The most significant
advantages of nanoparticles are their excellent loading capacity and high surface to volume
ratios. Various organic and inorganic nanomaterials have emerged as novel tools for
cancer diagnosis and therapy due to their unique characteristics. In this review, based
on the main structural moiety of nanoparticle we broadly divide them into three types:
organic nanoparticles, inorganic nanoparticles and hybrid nanoparticles. The combinatorial
therapeutic approach via hybrid nanoparticles is discussed in a separate subsection too.

9.1. Organic Nanoparticles

Organic nanoparticles can be defined as solid particles composed of organic com-
pounds (mainly polymers, lipids or proteins). They have been widely studied for decades,
presenting a large variety of materials and exciting applications in cancer therapies. There
are many biopolymeric nanoparticles that are utilized in the drug delivery systems. For
example, PLGA is a biodegradable copolymer approved by the US Food and Drug Ad-
ministration (FDA) for use in distinct biological products. PLGA nanoparticles can be
used to obtain extended and sustained delivery of therapeutic agents including protein,
peptide, RNA, DNA and small molecules to their particular target sites [170,171]. As an
example, Karra et al. developed cetuximab functionalized PLGA nanoparticles and loaded
them with PTX. The results confirmed the in vitro targeting performance and enhanced
the cellular internalization along with cytotoxicity of this targeted delivery system in lung
cancer cells overexpressing EGFR. The intravenous administration of the nanoparticles
to mice results in the considerable inhibition of tumor growth and the reduction of mor-
tality rates. Pharmacokinetics studies results showed no increase in the aggregation of
nanoparticles at the tumor tissue site. The authors concluded the promising potential
of this system for enhanced efficacy against lung cancer [172]. In another report, Patil
et al. compared YSA peptide functionalized and nonfunctionalized PLGA nanoparticles to
improve delivery to bleomycin treated cultured endothelial cells in a bleomycin induced
lung injury mouse model. When human umbilical vein endothelial cells (HUVEC) were
treated with bleomycin, the 3 h uptake of both types of nanoparticles was increased up
to 2-fold. The results showed that in mice the bleomycin injury led to 2.3 and 4.7 times
increases in the lung concentrations of the nonfunctionalized and YSA-functionalized
nanoparticles, respectively. The authors stated that PLGA nanoparticle delivery to cultured
vascular endothelial cells and mouse lungs in vivo was higher directly after bleomycin
treatment, with the delivery likely to be higher for YSA-functionalized nanoparticles [173].

Single chain technology is a new term developed in nanotechnology in order to
broaden the functions of soft nano-objects through chain compaction. Using single chain
technology, individual copolymer chains of different natures, compositions and molar
masses have been folded intramolecularly to develop single chain nanoparticles (SCNPs).
This leads to very small size polymer nanoparticles in the sub-20 nm size [174,175]. The
folding is achieved by the self-assembly or crosslinking of functional groups on the precur-
sor polymer, or rather moderated by the external cross-linker. There are several ways to
develop SCNPs including dynamic and irreversible covalent crosslinking reactions such as
cycloaddition. Moreover, there are huge number of SCNPs that have been introduced, from
single and multiblock to star particles, hairpins and tadpole molecules. There are only a few
examples present where a functionalized group has been incorporated into SCPNs [176].
However, these functionalized SCNPs still have not been used for lung cancer targeting. In
this context, an insight was given by Benito et al. who evaluated the use of SCPNs based
on poly(methacrylic acid) in targeting pancreatic adenocarcinoma. They functionalized
SCPNs with somatostatin analogue PTR86 as a targeting moiety since these somatostatin
receptors are overexpressed in pancreatic cancer. The imaging results showed a higher
accumulation of targeted SCPNs in the tumor compared to the nontargeted nanoparticles,
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which was due to the enhanced retention in the tissues [177]. Later, Kröger et al. also
reported the greater potential of these types of nanoparticles for cellular targeting [178,179].

Dendrimers are another class of polymers that are constructed by the stepwise addition
of layers (generations) of molecules around a central core. This unique physicochemical
properties of dendrimers enable a facile utilization of them as templates to funcionalize
nanoparticles [180]. In this regard, a group of researchers reported greater penetration and
higher stability of siRNA by implementation of surface-modified poly(propyleneimine)
dendrimers. The siRNA nanoparticles were coated by a dithiol bearing cross linker that
followed by a layer of PEG. In addition, a synthetic derivative of LHRH was linked at the
end of the PEG polymer to conduct siRNA nanoparticles to the cancer cell. The devel-
oped system showed time- and concentration-dependent cellular uptake under in vitro
conditions. It was proposed by the authors that this approach could be used for the in vivo
systemic delivery of siRNA for efficient cancer therapy [181].

Solid lipid nanoparticles or lipid nanoparticles are nanoparticles composed of lipids as
a matrix which are exceptionally biodegradable and biocompatible. They possess superior
properties such as high drug payload, increased drug stability, large scale production and
sterilization [182]. For instance, in one study Pooja et al. developed and evaluated TF
conjugated and etoposide loaded solid lipid nanoparticles. The tissue distribution and
pharmacokinetics were studied in Balb/c mice. The nanoparticles showed great anticancer
activity of etoposide via antiproliferative assay and induced apoptosis in A549 cells. It was
concluded that over expressed TF-receptors showed enhanced efficacy in NSCLC [183].
Liposomes are similar in design to lipid nanoparticles, but slightly different in composition
and function. Riaz et al. developed the TF-7 surface functionalized liposomes loaded
with quercetin (QR) for lung cancer therapy. These liposomes were evaluated for cellular
uptake and in vitro cytotoxicity study and they exhibited higher cytotoxicity and S-phase
cell cycle arrest. The in vivo study showed enhanced liposomes accumulation in the lungs
and sustained release up to 96 h [184].

Considering that albumin has remarkable roles in human body, it can be used in the
area of medicine and disease treatment. As an example, Yang et al. used hematoporphyrin
(HP) functionalized albumin nanoparticles for cancer therapy. These nanoparticles fur-
ther modified with gamma emitting nuclides (99mTc). HP-albumin nanoparticles showed
improved accumulation in A549 and CT-26 cancer cell lines. The evaluation of the phar-
macokinetics of 99mTc chelated HP-albumin nanoparticles via the scintigraphic imaging
of rabbits resulted in acceptable imaging properties in the rabbit with a longer biological
half-life compared to 99mTc-HP. The authors concluded these modified albumin nanoparti-
cles could be applied as a diagnostic tool for cancer as well as the obvious application for
photodynamic therapy [185].

9.2. Inorganic Nanoparticles

Inorganic nanoparticles including gold, silver, iron oxide and silica nanoparticles have
been widely studied as therapeutic agents for cancer treatments in biomedical fields [186].
Among them, gold nanoparticles are attractive constituents for nanoparticle polymer hy-
brid materials as they support localized surface plasmon resonances, and the wavelength
region of the surface plasmon resonance peak can be adjusted finely through the geometric
parameters of the particles [187,188]. In one study, Heo et al. developed the gold nanoparti-
cles surface-functionalized with PEG, biotin and rhodamine B and linked beta-cyclodextrin
(β-CD). The specific interactions of these nanoparticles with cancer cells such as HeLa, A549
and MG63, as well as normal NIH3T3 cells, were evaluated. The authors observed that
the modified nanoparticles were more effectively involved with the cancer cells. Confocal
laser scanning microscopy (CLSM), fluorescence-activated cell-sorting (FACS) and cell
viability analyses showed that the surface functionalized nanoparticles played a significant
role in the diagnosis and treatment of the cancer cells, and could be used in theranos-
tic agents [189]. Guo et al. developed a multifunctional nanocarrier encapsulated with
methotrexate via electrostatic interaction between gold nanocluster conjugate chitosan and
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nucleolin targeting aptamer (AS1411). The in vivo study demonstrated that intravenous
administration of nanodrug carrier systems into BALB/c mice caused the accumulation of
methotrexate at the tumor site. The results suggested that the developed functionalized
system can be applied for an effective delivery for anticancer agents and shows enhanced
potential in clinical applications [190]. João Conde et al. fabricated the gold nanoparticles
conjugated with siRNA/RGD and studied in a lung cancer murine model. The RGD
treatment showed a significant downregulation followed by tumor growth inhibition and
the increased survival of the tumor bearing transgenic mice. The results demonstrated that
RGD gold nanoparticles stimulate the delivery by intratracheal application in mice that
leads to the suppression of tumor cell proliferation. The enhanced targeted delivery of gold
nanoparticles encapsulated with siRNA to cancer cells works towards effective silencing
of the oncogene. The study showed gold nanoparticles stimulated the inflammatory and
immune responses that can promote the therapeutic effect of the siRNA to reduce the tumor
size at very low doses [191]. The schematic illustration of this study is described in Figure 3,
which shows the enhanced efficacy of siRNA loaded into functionalized nanoparticles.
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Figure 3. Inflammatory response and therapeutic siRNA silencing via RGD nanoparticles in a lung cancer mouse model.

Applications of silica or silicon dioxide (SiO2) as another inorganic nanoparticle are
broadly investigated in drug delivery. For example, Munaweera et al. prepared cisplatin
and cisplatin/nitricoxide-loaded amine functionalized mesoporous silica nanoparticles
for the treatment of lung cancer. The results demonstrated that for nonsmall lung cancer
cell lines (i.e., H596 and A549), the toxicity of cisplatin/nitric oxide-loaded silica nanopar-
ticles was higher than that of silica nanoparticles loaded with only cisplatin. The nitric
oxide-activated sensitization of the tumor cell death, which showed that nitric oxide is
a potential enhancer of platinum-based lung cancer therapy [192]. Another type of in-
organic nanoparticles with biomedical applications is zirconium oxide (ZrO2). In one
study, ZrO2 nanoparticles were coated with aminopropilsilane, tetraoxidecanoic acid or
acrylic acid. The studied results showed dose-dependent signs of effectiveness. It was
concluded that surface modifications of the ZrO2 nanoparticles had very small effects on
the inflammatory lungs of rats and mice but it had very clear efficacy in the allergic mouse
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model used. The results stated that the allergic mice are more responsive to exposure to
surface-modified nanoparticles [193]. The unique properties of molybdenum disulfide
(MoS2) make it an attractive candidate for drug delivery applications [194]. In their study,
Wei Zhang et al. developed the riboflavin 5′-monophosphate sodium salt functionalized
2D MoS2 nanosheets prepared by the simple ultrasonication method, then they applied this
nanocomposite having fine electrochemical redox activity as a platform to immobilize DNA
probe. The results showed that the signal detection platform showed greater sensitivity
with the limit of detection of 1.2 × 10−17 mol L−1 for PIK3CA gene from lung malignancy.
The constructed biosensor was easy to achieve and could detect different pathogenic DNA
without an intricate label process [195].

Magnetic nanoparticles can produce heat under the magnetic field and can also de-
liver drugs to the lung cancer site [196,197]. Among them, iron oxide nanoparticles are
widely studied systems for biomedical applications [198,199]. In their study, Huang et al.
reported the synergy effect of superparamagnetic iron oxide nanoparticles along with
an anticancer drug (β-lapachone) for improved cancer therapy. The authors suggested
that combination of superparamagnetic iron oxide nanoparticles with reactive oxygen
species-producing drugs could conceivably enhance drug efficiency, thus presenting a
synergistic strategy to integrate imaging and therapeutic functions in the discovery of
theranostic nanomedicine [200]. In another study, dextran coated iron oxide nanoparticles
were modified with the TAT peptide and they were used to improve the efficiency of the
radiation. After performing the internalization study, it was revealed that TAT functional-
ized nanoparticles enhanced the generation of the reactive oxygen species in comparison
to the nanoparticles without any surface modifications. These modified nanoparticles also
affected the mitochondrial integrity of A549 cells in combination with the radiation, which
resulted in a synergistic decrease in cell viability [201,202].

9.3. Hybrid Nanoparticles

In order to enhance the efficacy of the therapeutic regimen in lung cancer, it is nec-
essary to develop new systems that can increase the survival rates. The development of
hybrid nanoparticles (that could comprise both inorganic and organic structural moieties)
in conjugation with other genes, biomolecules and other drugs are promising therapeu-
tics systems for efficient targeting [203]. These types of nanoparticles are important for
targeting the tumor site, for its early diagnosis and to measure the risk of malignancy in
neighboring cells. These hybrid types are classified into diagnostics, therapeutic and thera-
nostic nanoparticles. Figure 4 graphically shows the different types of hybrid nanoparticles
that have been applied for lung cancer targeting.

In this regard, Sacko et al. studied anticancer effect of a combination therapy of
miRNA-29b and genistein loaded in mucin-1 (MUC 1)-aptamer functionalized hybrid
nanoparticles in NSCLC A549 cell line. This nanodrug carrier displayed a superior antipro-
liferative effect compared to individual genistein and miRNA-29b-loaded nanoparticles,
thus, it can be considered a potential treatment modality for A549 cell line [204]. The same
research group studied the pharmacokinetic response of novel antineurotensin receptor 1
monoclonal antibody (anti-NTSR1-mAb)-functionalized antimutant K-ras siRNA-loaded
hybrid nanoparticles and compared it with that of naked siRNA formulation. As with the
main findings, the plasma terminal half-life of the siRNA-loaded nanoparticle-delivered
was 11 times higher than that of the naked siRNA formulation. In addition, high perfor-
mance liquid chromatography (HPLC) analysis showed that the hybrid carrier system
could protect the encapsulated siRNA against degradation in systemic circulation. The
authors concluded that these hybrid nanoparticles can function as an effective nonviral
vector for siRNA delivery for both experimental and clinical uses [205].
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Figure 4. Schematic representations of different types of hybrid nanoparticles used for lung cancer targeting (i.e., theranostic
hybrid nanoparticles, gene hybrid nanoparticles, combination therapy of hybrid nanoparticles and lipid polymer hybrid
nanoparticles).

In another study, EGFR-targeted superaparamagnetic iron oxide nanoparticles (SPI-
ONs) were conjugated to carboxy-terminated pluronic F127. The authors investigated the
inhalation delivery of these nanoparticles as a potential approach for lung cancer treatment.
As in the main findings, EGFR targeting enhanced tumor retention of SPIONs while mini-
mizing systemic exposure. Additionally, magnetic hyperthermia using these nanoparticles
resulted in a significant inhibition of in vivo tumor growth [206].

Another type of hybrid delivery system are lipid polymer nanoparticles or core
shell lipid polymer nanoparticles, which combine the good biodegradability of polymeric
nanoparticles with the excellent biomimetic characteristics of liposomes, and they are
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effective carrier systems for the delivery of anticancer drugs into the tumor site [207]. In
this context, Bivash Mandal et al. showed that a hybrid system containing biodegradable
polycaprolactone (as the core) and phospholipid-shell was able to deliver erlotinib into the
lung cancer cells. Performing cell viability studies by this erlotinib-loaded hybrid system, a
significant decrease in proliferation of A549 cells was observed, which affords this system
a potential application to deliver erlotinib into lung cancer cells [208]. A similar study was
carried out by Song et al. in which they showed the enhanced properties of EGFR-targeted
lipid polymer hybrid nanoparticles in the codelivery of resveratrol and DTX. They devel-
oped this nanocarrier system by the conjugation of EGF and target the EGFR on the surface
of the lung cancer cells in order to increase the endocytosis. Resveratrol (as an antioxidant)
improved the production of reactive oxygen species through inducing cytotoxicity. The
results exhibited the enhanced antitumor efficacy of resveratrol and DTX in both in vitro
and in vivo studies [209]. Another related study reports the synthesis and characterization
of lipid-coated poly D,L-lactic-co-glycolic acid nanoparticles that were modified with TF
to deliver the DOX into A549 cells. These DOX-loaded hybrid nanoparticles exhibited
higher cytotoxicity against lung cancer cells and showed an improved therapeutic effect in
the lung cancer-bearing nude mice in comparison to their nontargeted counterparts. This
finding marks this approach as an efficient targeted drug-delivery system for lung cancer
therapy [210]. In another study, naturally occurring chitosan and hyaluronic acid were
deposited on negatively charged hybrid solid lipid nanoparticles through layer-by-layer
(LbL) assembly. Next, this hybrid system was loaded with DOX/dextran sulfate complex
with the aim of tumor specific targeting. Employing this approach under in vivo studies,
the DOX half-life was increased and its elimination rate was decreased compared to those
measured for the uncoated solid lipid nanoparticles [211].

Another interesting type of nanocarriers in cancer therapy are hydrazine-based pH-
sensitive nanoparticles. For example, Li et al. designed a dual-ligand lipid based nanopar-
ticle system, in which TF conjugated PEG hydrazone nanoparticles were used for the
codelivery of DTX and baicalein into A549 cells. Decorating the lipid nanoparticle with TF
could internalize them into the cancer cells. Moreover, this hybrid nanocarrier achieved
significant synergistic effects, the best tumor inhibition ability and the lowest systemic
toxicity [212]. A recent progression in lung cancer therapy is gene therapy of lung can-
cer by applying siRNA hybrid nanoparticles [213]. Applying hybrid nanoparticles was
useful to carefully transport the siRNA into the cytoplasm and cross the limitations of
the traditional gene therapy [214]. For instance, the encapsulation of siRNA in calcium
phosphate nanoparticles coated with DOPA (dioleoylphosphatydic acid) could target H460
lung cancer cells [215].

An overview of some other recent studies (that were not mentioned in this section)
on developing nanoparticle-based delivery systems as a therapy against lung cancer is
presented in Table 3.

Table 3. Summary of some recent studies on design of nanoparticle-based delivery approaches for therapy against
lung cancer.

Nanoparticles Type System Description and the Main Finding Reference

Silver NPs 1

(AgNPs)

- Poly vinyl pyrrolidone coated AgNPs were used in this study.
- After exposure to AgNPs, DNA damage induced by ROS was detected

as an increase in bulky DNA adducts by 32P postlabeling and these NPs
were suggested as a mediator of ROS-induced genotoxicity.

[216]

Gold NPs
(AuNPs)

- Glucose-bound AuNPs combined with radiation, can increase
cytotoxicity on A549 cells not only by arresting the G2/M phase, but also
by increasing apoptosis.

[217]
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Table 3. Cont.

Nanoparticles Type System Description and the Main Finding Reference

Quantum dot
(QD)

- The QD-pulsed dendritic cell vaccine was introduced as a new
combination therapy to amplify antitumor immunity.

- This combination boosts antigen-specific T-cell immunity and actively
inhibits local tumor growth and tumor metastasis in vivo.

[218]

Liposome

- A liposomal curcumin dry powder inhaler for inhalation treatment of
primary lung cancer was developed.

- This liposomal system showed higher anticancer effects than the other
medications regarding pathology and the expression of many cancers.

[219]

Graphene

- Graphene oxide/TiO2/DOX loaded polymer composites were
developed in the forms of nanofibers.

- In the presence of magnetic field, these nanofibers showed higher
proliferation inhibition effect on target lung cancer cells.

[220]

Carbon nanotubes
(CNT)

- PEG-coated CNT nanodrugs were designed that improves the
mitochondrial targeting of lung cancer cells.

- This system increased the anticancer efficacy by increasing mitochondria
accumulation rate of cytosol released anticancer nanodrugs.

[221]

Niosome

- A noisome-based formulation containing gemcitabine and cisplatin was
presented for lung cancer treatment.

- This system reduced cytotoxicity effects against both MRC5 and A549
comparing to with control (gemcitabine and cisplatin alone) after 72 h
of treatment.

[222]

Solid lipid NPs
(SLNPs)

- Sclareol-loaded SLNPs was formulated and tested for potential
geno-cytotoxicity upon A549 lung cancer cells.

- Flow cytometry analyses determined early and late apoptosis in sclareol
and sclareol-loaded SLNPs treated cells.

[223]

Hydrogel

- A poloxamer-based thermoresponsive hydrogel was developed to exert
local tumor control.

- This hydrogel demonstrated a dose-dependent cancer cell-specific
toxicity in vitro and was retained in situ for at least 14 days in the
xenograft model.

[224]

Iron oxide magnetic NPs

- DOX and cetuximab were co-conjugated to dextran-coated Fe3O4
magnetic nanoparticles.

- These NPs significantly suppress cell proliferation of A549 cells as
compared with A549 cells treated with NPs only conjugated with DOX.

[225]

Nanoemulsion system

- Naringenin nanoemulsions for oral delivery were developed using
employing a Box–Behnken design.

- These nanoemulsion were more effective than the naringenin solution in
reducing Bcl2 expression, while increasing proapoptotic Bax and
caspase-3 activity.

[226]
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Table 3. Cont.

Nanoparticles Type System Description and the Main Finding Reference

Porous Se@SiO2 NPs

- Porous Se@SiO2 NPs were fabricated with antioxidant properties.
- These NPs significantly increased the resistance of airway epithelial cells

under oxidative injury and shifted lipopolysaccharide-induced gene
expression profile closer to the untreated controls.

[227]

Metal–organic frameworks
(MOFs)

- A hydrolytically stable mesoporous gadolinium -MOF was prepared.
- This nanostructure provided lewis basic sites for 5-Fu delivery and

inhibition of human lung cancer cells in vivo and in vitro.
[228]

1 NPs: Nanoparticles.

9.4. Combinatorial Therapeutic Approach via Hybrid Nanoparticles

The encapsulation of different drugs with multiple sites of action is considered to
be an efficient method for targeting malignant cells. The application of combinatorial
therapeutic approaches will reduce the dose and resistance of the applied anticancer drugs.
However, each anticancer drug has a specific biochemical activity; therefore, combined
administration would be inappropriate and ineffective in targeting lung cancers. Moreover,
combining more drugs can cause harmful effects on healthy organs [229]. Various hybrid
combination therapies have been designed for lung cancer targeting. Multifunctional
hybrid nanoparticles have gained more recognition as a combinatorial therapeutic ap-
proach. For example, in one study an amphiphilic triblock copolymer functionalized with
deoxycholate was synthesized and was used as a nanocarrier to codeliver DOX and PTX
into lung cancer cells. Each residue of the copolymeric system comprises a unique property
for the complex construction. The codelivery of DOX and PTX using hybrid nanovesicles
exhibited an enhanced antitumor effect by reducing the growth of the A549 cells in lung
cancer [230]. Another study demonstrated the enhanced efficacy of dual drug delivery
in lung cancer therapy, in which PLGA/methacrylic acid copolymer nanoparticles were
developed for the codelivery of DOX and chrysin. This nanoformulation significantly re-
duced the proliferation of A549 cells. The loaded agents showed higher antitumor activity
under the in vitro cell line study [231]. Based on several studies, it is concluded that the
combination therapies using two or more drugs in a single nanoparticle might be more
useful for tumor targeting. Hybrid nanoparticle-based combination therapy, including
chemotherapy with hyperthermia, can help to reduce the mortality rate in lung cancer
patients. Through combining hyperthermia therapy with chemotherapy, upon increasing
the temperature of tumor environment up to 40–45 ◦C, the malignant cells are killed but
the healthy cells are not affected [232]. The hybrid magnetic nanoparticles can be used
for combination therapy (chemo and hyperthermia) to achieve better antitumor efficacy.
In one study, hydroxyapatite nanoparticles encapsulated with cisplatin were developed
to target lung cancer by combining chemotherapy with hyperthermia. The results of this
study showed a greater uptake of nanoparticles in A549 cells by activation of the (ERK)
signaling pathway [233]. Figure 5 presents a schematic graphic design of combination
therapy approaches via different types of nanoparticles.
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Figure 5. Schematic representation of combination therapy approaches in targeting lung cancer. (A) Combination lipid
nanoparticles with imaging and therapeutic moiety (B) Polymer based nanocapsule hybrid therapy with imaging and
targeting moiety along with therapeutic agent (C) Inorganic-polymer combination nanoparticle coencapsulated with drug
molecule, targeting agent and imaging moiety.

10. Some Clinical Studies and Marketed Formulation of Nanoparticles for Lung
Cancer Treatment

The application of nanoparticle-based drug delivery systems for lung cancer treat-
ments is still in the development phase. Nevertheless, there are already some nanoparticle-
based drugs in the market and various nanobased therapeutics are being used in clinical
studies. Abraxane is the first nanotechnology-based drug for lung cancer therapy that has
passed regulatory scrutiny and is already on the market and can be used to treat breast and
pancreatic cancer as well. In this formulation, PTX is bonded to albumin nanoparticles as a
delivery vehicle [234]. Genexol-PM is another PTX-loaded formulation, which is based on
polymeric (PEG-PLA) nanoparticle micelles and has been approved in Europe and South
Korea for the treatment of breast cancer and NSCLC [235,236].
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In recent years, the US FDA has approbated numerous investigational new drug
(IND) applications for nanoformulations, enabling clinical trials for lung cancer. Consider-
ing these developments, it seems that nanotechnology could improve the drugs’ effects,
overcoming their inherent conventional limits. In Table 4, a list of the FDA approved
nanoparticle-based drug delivery systems and a list of INDs being tested in clinical trials
are shown [237,238].

Table 4. List of FDA approved and under investigation nanoparticles encapsulated with anticancer drugs.

List of FDA Approved Anticancer Drug Loaded Nanoparticles

Trade name Generic name Benefits of encapsulation via nanoparticles Reference

Doxil (Janssen)
Doxorubicin HCl

liposome
injection

Increased delivery to disease site, decreased
systemic toxicity of free drug

[239,240]

Marqibo (Spectrum
Pharmaceuticals)

Liposomal vincristine
Increased delivery to tumor site, decreased

systemic toxicity
[241]

Onivyde (Ipsen
Biopharmaceuticals)

Liposomal irinotecan
Increased delivery to tumor site, decreased

systemic toxicity
[241]

Vyxeos (Jazz Pharmaceuticals)
Liposomal

daunorubicin
and cytarabine

Increased efficacy through synergistic delivery of
coencapsulated agents

[242]

List of INDs encapsulated by modified and unmodified nanoparticles under clinical trials

Nanoparticle type (Investigation
ID)

Encapsulated Drug Clinical trial phase Reference

Pegylated Liposomal MM-302 DOX Phase 1 [243]
HER2-Targeted Liposomes DOX Phase 1 [244]

Thermo sensitive Liposome
Thermodox (Celsion Corp.)

DOX Phase 3 [244]

Conjugate
Cyclodextran-PEG polymeric

nanoparticle CRLX101
Camptothecin

phase1 and 2
clinical trials

[243]

Polymeric nanoparticle
Conjugated

CRLX301
Docetaxel phase 1

2 a [243]

Polyglutamic acid-conjugated
nanoparticle (poliglumex)

Opaxio
Paclitaxel Phase3 [239]

11. Conclusions and Future Perspectives

In spite of the achieved advances in the drug delivery systems for lung cancer targeting,
this cancer type is still the main cause of many deaths in the world. The major problem with
the present treatment strategies is a lack of tools and smarter carrier systems for the drug
targeting of malignant cells. It is evident from numerous research studies that the surface
modification strategy reduces toxicity by changing the half-life, distribution, disposition,
stimuli reactivity and therapeutic application. All the applications of surface-modified and
hybrid nanoparticles paved the way for the clinical therapeutics through engineered and
fine-tuned delivery to the lung tumor while reducing its side effects. These nanomaterials
for lung cancer targeting are categorized into diagnostic, therapeutic, and theranostic
multifunctional systems. The alteration of the onco-receptor function and modulating
their pathways through specific strategies inhibit tumor growth and development through
enhanced tumor-specific action. Surface-modified and hybrid nanoparticles can also
help to advance the diagnosis process of lung cancer by stepping ahead from anatomical
to molecular imaging for more precise diagnosis. However, the chemo-physiological
aspects of these carriers should be carefully evaluated for optimal diagnosis. There are
several conjugated nanodrugs recently filed in the list of the FDA’s new drug applications.
Camptothecin, a potent antineaoplastic agent being studied alone and in combination with
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other drugs, has been included in various phase 1 and phase 2 clinical trials for targeting
lung cancer (SCLN and NSCLC) and other solid tumors. For evaluating the surface-
modified and hybrid nanoparticles it is mandatory to evaluate the in vivo toxicity and
biodistribution of the nanohybrid carriers. By addressing the challenges in the development
of optimized modified/functionalized nanoparticles, it will be possible to translocate these
systems for clinical applications. The current review described why and how hybrid or
surface-modified nanocarrier systems have the potential to be the most insolent delivery
system for targeting lung cancer. We anticipate that this cross-disciplinary review could
inspire further research and discovery on the design and performance of surface-modified
and hybrid nanoparticles for targeted drug delivery and lung cancer therapy.
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Abbreviations

AgNPs silver nanoparticles
anti-NTSR1-mAb antineurotensin receptor 1 monoclonal antibody
ATI alveolar type I
ATII alveolar type II
AuNPs gold nanoparticles
β2-AR β2-adrenergic receptors
β-CD beta-cyclodextrin
CCL2 chemokine (C-C motif) ligand 2
CD44 cluster of differentiation 44
CeO2 cerium oxide
CLNs cationic lipid nano-systems
CLSM confocal laser scanning microscopy
CNT carbon nanotubes
DNA deoxyribonucleic acid
DPPC 1, 2 dipalmitoylphosphatidylcholine
DPPG dipalmitoylphosphatidylglycerol
DOPA dioleoylphosphatydic acid
DOX doxorubicin
DR4/TRAIL-R death receptor/TNF-related apoptosis inducing ligand-receptor
DTX docetaxel
EGFR epidermal growth factor receptor
EGR-1 early growth response-1
EML4 echinoderm microtubule-associated protein-like 4
EPR enhanced permeability and retention
ERK extracellular signal-regulated kinase
EVs extracellular vesicles
FA folic acid
FACS fluorescence-activated cell-sorting
FDA food and drug administration
FI fluorescein isothiocyanate
FR folate receptor
GDP guanine diphosphate
GITR glucocorticoid-induced tumor necrosis factor receptor-related
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GTP guanine triphosphate
HA hyaluronic acid
HIF-1 hypoxia-inducible factor-1
HP hemamiddleorphyrin
HPLC high performance liquid chromatography
HUVEC human umbilical vein endothelial cells
IL-6 interleukin 6
IND investigational new drug
JAK-STAT janus kinase-signal transducer and activator of transcription
KLF2 Krüppel-like Factor 2
KLF4 Krüppel-like Factor 4
LbL layer-by-layer
LHRH luteinizing hormone-releasing hormone
LPD liposome-polycation-DNA complex
MAA methacrylic acid
MAPK mitogen-activated protein kinase
MCP-1 monocyte chemoattractant protein-1
MDSCs myeloid-derived suppressor cells
MoS2 molybdenum disulfide
MWCNTs multi-walled carbon nanotubes
NAG N-acetyl-D-glucosamine
NDDS nanodrug delivery systems
NPs Nanoparticles
NSCLS non-small cell lung cancer
OCAq 9,10-anthraquinone-2-carboxylic acid
PAMAM poly(amidoamine)
PEG polyethylene glycol
PI3K/AKT/mTOR phosphatidylinositol 3-kinase/protein kinase B/mammalian target of

rapamycin mTOR
PIP2 phosphatidylinositol 4,5-bisphosphate
PIP3 phosphatidylinositol 3,4,5-bisphosphate
PLA polylactide
PLGA poly(lactide-co-glycolide)
PNA peptide nucleic acid
PNIPAAm poly-(N-isopropylacrylamide)
PTX paclitaxel
QD quantum dot
(QR quercetin
RAF rapidly accelerated fibrosarcoma
RB rose bengal
RES reticuloendothelial system
RGD arginylglycylaspartic acid
RNA ribonucleic acid
RNAi RNA interference
ROS reactive oxygen species
SCNP single chain nanoparticle
SCLC small cell lung cancer
SiO2 silicon dioxide
siRNA small interfering RNA
SLNPs solid lipid nanoparticles
SPIONs superaparamagnetic iron oxide nanoparticles
TAMs tumor-associated macrophages
TCL-SPION thermally crosslinked supermagnetic iron oxide
TF transferrin
TFR transferrin receptor
TLR3 toll-like receptor 3
TNFα tumour necrosis factor α
VEGFR vascular endothelial growth factor receptor
ZO1 zonula occludens 1
ZrO2 zirconium oxide
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Abstract: Self-compacting concrete (SCC) has been increasingly used in the construction sector due

to its favorable characteristics in improving various durability and rheology aspects of concrete such

as deformability and segregation resistance. Recently, the studies on the application of nano-alumina

(NA) produced from factory wastes have been significantly considered to enhancing the performance,

and mechanical strength, of SCC. Many experimental works show that NA can be used in SCC

with appropriate proportion to enjoy the benefits of improved microstructure, fresh and hardened

properties, durability, and resistance to elevated temperature. However, a limited detailed review

is available to particularly study using NA to improve the performance of SCC, so far. Hence, the

present study is conducted to fill the existing gap of knowledge. In this study, the effect of using

NA in improving rheological, mechanical parameters, and elevated temperature resistance of SCC

is reviewed. This research summarized the studies in this area, which have been different from the

previous researches, and provided a discussion on limitations, practical implications, and suggestions

for future studies.

Keywords: self-compacting concrete; self-consolidating concrete; waste alumina; nano alu-

mina; nanoparticles

1. Introduction

Concrete is a construction material that is widely used in buildings [1,2], bridges [3–5],
and other civil structures [6,7]. The application of nanoparticles in concrete has received
great attention recently because of the ultrafine size of their particles [8]. A limited number
of nanoparticles have demonstrated utility for improving the durability and mechanical
properties of concrete. Nazari and Riahi [9] reported that the addition of nano-alumina
(NA) particles into concrete mixtures can enhance strength gaining, water permeability,
and the pore structure characteristics of concrete. Khoshakhlagh et al. [10] indicated that
the inclusion of Fe2O3 nanoparticles in cementitious materials improves the compressive
strength. Moreover, Fe2O3 nanoparticles act as nanofillers to recover the pore structure
enhancing the water permeability of concrete.

Self-compacting concrete (SCC) is concrete with enhanced fresh properties that allow
pouring without external compaction [11,12]. SCC was first reported in Japan in 1988 [13].
SCC contains the same components as conventional concrete but with different proportions
and fresh characteristics [14]. The main fresh characteristic of SCC is high workability that
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enables the concrete to fill formwork to achieve full compaction without vibration [15].
The compressive strength of SCC compared to the ordinary concrete with the same water
to cement ratio is considerably higher [16]. The higher compressive strength of SCC is
attributed to its dense microstructure as compared to conventional concrete [17]. Apart
from high workability, SCC must possess a high filling ability, passing ability, and resistance
to static and dynamic segregation [18]. Nazari and Riahi [19] indicated that the inclusion
of SiO2 nanoparticles enhances the flexural strength of SCC and accelerates cement hydra-
tion. The inclusion of TiO2 nanoparticles also can improve the formation of C-S-H gel in
SCC resulting in faster hydration and improved growth of the mechanical and durability
properties of concrete [20–22].

NA is a chemical compound containing aluminum and oxygen [23,24]. The addition of
NA to concrete can significantly affect the fresh properties of concrete due to their high ratio
of surface area to volume [25]. NA has high chemical reactivity and behaves as pozzolanic
reaction promoters owing to its high ratio of the surface area [26]. NA can improve the
mechanical parameters of cementitious composites exposed to elevated temperatures [27].
It was reported that the inclusion of NA in SCC can accelerate the formation of hydrated
products, and pore structure while reducing the workability of fresh concrete, water
absorption of hardened specimens [28]. Table 1 shows the advantages and disadvantages
of SCC which has been exploited from literature. As can be seen from the presented
pros and cons analysis, the advantages are significantly higher than the inconveniences
provoked. In Figure 1 (a and b) the application of roller alumina in tile manufacturing
factories and the factory wastes of the alumina rollers are shown, respectively.
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(a)  (b) 

Figure 1. The application of roller alumina in tile manufacturing factories; (a) ceramic roller kiln, (b) factory wastes.

Since the introduction of SCC, a large number of studies are conducted on enhancing
the engineering properties of the SCC as well as the prediction of the loading capacity of
SCC based on the associated mixture design. Despite the large volume of literature on the
production of SCC and the relevant admixtures such as nano-particles, little attention has
been given to predicting the complex interaction between incorporated admixtures and
mechanical characteristics of the SCC. To the authors’ knowledge, there is no review paper
on the prediction model for the compressive strength of SCC. Some papers have discussed
the prediction of the mechanical and rhetorical behavior of SCC but their main focus is only
on mixed design. This study attempts to fill part of this void in the literature by offering a
discussion on the application of NA in SCC.
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Table 1. The advantages and disadvantages of self-compacting concrete (SCC).

Advantages Ref. Disadvantages Ref.

Speeded up
construction

[29] Prolonged demolding time [30]

Improved the
construction quality

[31]
Increased risk and
associated uncertainty

[32]

Safer work conditions [33]
Lowered elevated
temperature resistance

[34]

The increased service
life of formworks due
to the elimination
of vibration

[31]
Higher formwork pressure
means higher
formwork costs.

[35]

Improved quality of
the final product

[33]
Not fully known
fire behavior

[36]

Reduced manpower [33]
Maintaining ready-mixed
is not easy under the
construction site

[37]

Improved ecological
footprint

[38]
Not appropriate for every
application

[39]

Improved economic [38]
Unsuitable choice for
horizontal castings

[40]

Enhanced filling
spaces in dense
reinforcement or
inaccessible voids

[38]
Higher associated costs for
ready-mixed

[41]

Improved
freeze-thaw resistance

[42]
Using conventional drum
mixers are not suitable for
the distribution

[43]

Noise-free working
atmosphere

[31]
Not standardized
mix design

[44]

2. Nanoparticles

Nanotechnology has become a popular and necessary part of science and technology
in recent years by addressing nanoparticles in atomic or molecular size [45]. Nanoparticles
are defined as materials where at least one dimension of a particle is less than 100 nm.
Partial replacement of nano-materials with cement in the mix design can enhance the
physical and chemical characteristics of fresh and hardened concrete [46]. The addition of
nanoparticles can improve the microstructural properties, filler effect, compactness, and
durability, as well as accelerating cement hydration [47]. Nanoparticles can also act as
pozzolanic materials and produce the additional formation of calcium–silicate–hydrates
(C–S–H) gel and, by taking place of pozzolanic reactions. The C–S–H gel Formation can
improve stiffness, flexural, tensile, and shear strength of cement-concrete [48]. Uniform
dispersion of nanoparticles in concrete is the key issue in obtaining the expected mechanical
and chemical characteristics [49,50]. The applied nanoparticles in the concrete mix to
partially replace cement are spherical shapes cementitious materials.

The addition of nanoparticles can improve the microstructural properties, compact-
ness, and durability of hardened concrete [19,48]. The effect of nanoparticles as partial
cement replacement in the concrete mix has been studied by many researchers in re-
cent years. Nano-SiO2 is the most widely investigated nanoparticle [19,51–53] while
the effect of adding other partials such as nano-TiO2 [22,54,55], nano-Al2O3 [9,56,57],
nano-ZnO2 [58,59], nano-Fe2O3 [10,60], nano-CuO [61], nano-SnO2, nano-ZrO2 [62], nano-
TiO2 [63], carbon nanotubes [64], carbon nano-fibers [45], polycarboxylates [65], nano-
Cr2O3 [48,66], nano-clay [45] and nano-CaCO3 [62,67] in properties of fresh and hardened
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concrete has been investigated so far. For example, Tawfik et al. [68] evaluated the effect of
nano-waste ceramic and nano-silica on the mechanical properties of hardened concrete.
The obtained results showed improvement in the performance of concrete but also resolved
the footprint caused by this waste. Jalal et al. [69] studied the effect of TiO2 nanoparticle
inclusion in tensile strength, thermal, rheological, transport, and microstructural properties
of SCC. The chemical effect of TiO2 as partial replacement of cement accelerates the forma-
tion of C–S–H gel and hydration resulting in increased split tensile strength of concrete
specimens. Moreover adding TiO2 nanoparticles can enhance the pore structure of concrete
by shifting the distributed pores into a less harmful configuration. Joshaghani et al. [20]
evaluated the fresh, mechanical, and durability properties of nano-TiO2, nano-Al2O3 and
nano-Fe2O3, on SCC two different contents of 3% and 5%. It was observed that addition of
3% nanoparticles can slightly improve workability properties of the mixes by increasing
the water demand. Calcium ferric hydrate (C-F-H) gel formation enhanced the compres-
sive strength and durability properties in nano-Fe2O3, nano-Al2O3 and nano-TiO2. It
was reported that nanoparticles addition controlled the formation of C-S-H gel, lowering
permeability to penetration of malicious ions of chloride.

Fresh properties of concrete containing nanoparticles are one of the most investigated
subjects. Workability, flowability, and consistency of concrete are greatly affected by the
addition of nanoparticles [70]. Generally, the flowability of SCC mixes is reduced by the
addition of nanomaterials [71]. This reduction is mainly attributed to the ability of nanopar-
ticles to absorb more water molecules due to their large area surface [20]. Mechanical
properties of hardened concrete including flexural, tensile, shear, and compressive strength
and their change due to incorporation of the microparticle in concrete are another most
important study in recent years [72]. It is stated that nanoparticles act as nuclei to form
hydration products filling micropores [73]. The formation of a dense C-S-H gel is facili-
tated by altering cement hydration that leads to an increase in compressive strength [74].
Adding excessive amounts of nanoparticles may adversely affect the compressive strength
due to restricting the Ca(OH)2 crystals growth. Several research studies have investi-
gated the influence of nanoparticles on the durability of hardened concrete. It was stated
that the water absorption of SCC mixes with nanoparticles is different from the control
specimens due to the formation of hydrated products [75]. On the other hand, the addi-
tion of nanoparticles may affect the capillary permeability of concrete and the specimens
containing nanoparticles can better resist chloride penetration [76,77].

3. Production Processes of Nano Alumina

There are different methods for the extraction and production of alumina nanopar-
ticles. Alumina is mainly extracted from two main resources of clays and coal fly ash
(CFA) [78]. The row materials undergo several chemical processes for extracting their
alumina contents. The production phase of nano alumina is performed by arc plasma,
precipitation, hydrothermal, and sol-gel methods. Functionalization is the last step in NA
production aiming at improving surface characteristics [79]. The functionalization process
prevents agglomeration between alumina nano-particles that is mainly caused by the high
surface energy and activity of nanoparticles [80,81].

3.1. Extraction of Alumina Nanoparticles

Clay is a natural mineral that is widely used to produce nano alumina due to its quite
abundant availability and low cost. Kaoline is clay made from kaolinite Al2O3.2SiO22H2O
that contains high alumina content ranged between 25 to 40%. Kaolin is a product of weath-
ering of all granitic rocks which is characterized by its fire resistance, good plasticity, and
other unique chemical and physical properties [82]. Kaolin is a chemically inert material
within a wide pH range and it is not listed as a hazardous material [83]. The alumina
extraction process from clays is performed using acids such as nitric acid, hydrochloric, or
sulfuric acid to dissolve the alumina followed by clay roasting. Heavy metal ores of clay
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are extracted using acid leachants [78]. The chemical reaction for removing heavy metals
from clays can be shown below.

Al2O3H2O + 3H2SO4 → Al2(SO4)3 + 4H2O (1)

CFA is another major source of alumina nanoparticles. CFA is rich in alumina and
alumina contents in CFA is found around 50%. The process of alumina extraction from
CFA includes three important steps namely sintering [84], hydro-chemical [85], and acid
processes [86]. The process of extracting alumina particles from CFA is shown in Figure 2.
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Figure 2. The process of alumina extraction from coal fly ash (CFA).

3.2. Production of Alumina Nanoparticles

Different methods are developed to produce alumina nano-particles that include arc
plasma, hydrothermal, sol-gel, and precipitation. The arc plasma process is defined as a
thermal treatment of solid feedstock utilizing an arc between anode and cathode generally
made of graphitic carbon for generating plasma. Using plasma for the production of
alumina has lower residue as well as lower production and maintenance costs compared
to traditional gas and oil burners [87]. Saravanakumar et al. [88] converted aluminum
dross into ultrafine alumina powder using a plasma arc melting process. It was reported
that the amount of the conversion of Al dross to alumina powder substantially correlates
with plasma power. Madhu Kumar et al. [89] and Kumar et al. [90] used a D.C. arc plasma
reactor for the preparation of alumina nano-particles. Fu et al. [91] adopted microwave
oxygen plasma to prepare alumina nanoparticles sized 21–24 nm. Stanislaus et al. [92]
investigated the hydrothermal process for the production of alumina nanoparticles in the
presence and absence of various additives. Noguchi et al. [6] used hydrothermal reaction
in supercritical water using a continuous flow reactor to prepare alumina -crystalline
nano particles.

Sol-gel and coprecipitation, two common methods to extract nano alumina with dif-
ferent sizes and morphologies. spherical particles of alumina can be prepared by using
the sol-gel method while spherical and hexagonal alumina particles can be formed by the
co-precipitation method [93,94]. Mirjalili et al. [95] synthesized alumina nanoparticles by
a sol-gel method. It was shown that the addition of surfactant and incorporated stirring
time are parameters that affect the shape and size of the formed particle. Belekar et al. [96]
obtained alumina granules with an average size of 30 nm by a modified sol-gel method.
The process included hydrolysis of Al (NO3)3 in aqueous media. Esmaeilirad et al. [97] pre-
pared alumina by heterogeneous deposition-precipitation, sol-gel, and the co-precipitation
methods. The alumina prepared by the sol-gel method using La-Cu/AlSE showed the best
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performance. Feng et al. [98] used aluminum powders as the aluminum source and acetic
acid as precipitants to prepare alumina powders in a precipitation process.

4. Sustainability of Nano Alumina

The use of nanoparticles is not yet a cost-effective option for the construction indus-
try and particularly as a concrete additive. Hence, meaningful approaches are needed
to be carried out to overcome that limitation. The valorization of industrial waste is a
sustainable way to wisely utilize renewable resources. Aluminum dross is a toxic industrial
waste generated from aluminum refining industries that contain aluminum oxynitride
(AlON), aluminum oxide (Al2O3), aluminum metal (Al), and impurities such as potassium
chloride and sodium chloride [88]. Based on reports nearly 95% of aluminum dross is
landfilled without treatment that is hazardous to the environment in China [99]. Using
conventional disposal or landfilling practices of aluminum wastes without proper treat-
ment and recycling strategy can adversely contribute to human health due to the toxic
nature of materials [100]. Hence aluminum dross should be converted into inert or less
toxic products [88].

EI-Katatny et al. [101] used caustic soda for leaching an aluminum factory waste
under atmospheric and high-pressure aluminum to form alumina. David and Kopac [102]
proposed an alumina extraction method from aluminum dross using a chemical route.
Dash et al. [103] recycled aluminum dross using acid dissolution and salt treatment for
recovering residual aluminum. Das et al. [104] adopted acid treatment for the recy-
cling of aluminum dross to obtain alumina generated by Indian aluminum industries.
Sarker et al. [105] used an acid dissolution process to extract alumina from Bangladesh
foundry industries. Singh et al. [106] optimized a chemical process for the production
of alumina through recycling aluminum dross. How et al. [107] recovered alumina from
the wastes of an aluminum production factory in Malaysia. The recovering process of
alumina consisted of acid leaching, alkaline precipitation, and calcinations steps. Most of
the aforementioned processes incorporated alkaline salts for the treatment of aluminum
dross that are hazardous to groundwater and agricultural soil and it is important to remove
these chemicals before discharging them to the environment.

Plasma processing of materials is a fast and environmentally-friendly method to
treat and high volume reduction of various types of wastes. Szente et al. [87] conducted
a comparative study on using plasma systems and traditional oil and gas burners for
recovering aluminum from dross. It was reported that the plasma process provides cheaper
operation costs (at least 23%) with lower residues than oil/gas burners. Yang et al. [108]
treated aluminum dross using a radio frequency-based plasma to recover high-purity fine
aluminum oxide (with the size of 8 µm). Saravanakumar et al. [88] reported using arc
plasma to convert dross of aluminum into alumina powder in an eco-friendly manner. The
obtained results indicated that the application of arc plasma can be efficiently used to treat
aluminum dross to recover alumina powder.

5. Self-Compacting Concrete (SCC)

SCC mixes always contain a large number of powder materials, viscosity-modifying
admixtures, and superplasticizer [109–111]. Higher cement content in concrete has some
negative effects such as a rise in material cost, increased thermal stress, and shrinkage [112].
The requirement for cement replacements in SCC is usually met by the use of filler materials
such as fly ash (FA), pulverized fuel ash (PFA), marble powder (MP), basalt powder (BP),
granulated ground blast-furnace slag (GGBS), limestone powder, etc. [112]. Uysal and
Sumer [113] investigated the effect of different mineral admixtures on the properties of SCC
such as durability, workability, and reducing cement content. The replacement of Portland
cement with FA, GGBS, BP, and MP increases the fluidity and can improve mechanical
properties, and durability of the SCC against sulfate attack. Fathi et al. [114] also testified
that fibers reduce the slump and compressive strength of SCC but increase its flexural
tensile strength. Talking about mechanical properties, Ahmad et al. [115] compared the
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mechanical properties of normal concrete (NC), SCC, and glass fiber reinforced SCC. It was
observed that addition of fiber glass to SCC decreased the workability of the concrete but it
significantly enhanced flexural of ruptures in test specimens. The change in compressive
strength by addition of glass fibers was small enough to be ignorable.

SCC is extensively used in various types of structures such as commercial buildings
and industrial structures that are subjected to high temperatures or accidental fires. Hence,
gaining proper information on the effects of high temperatures on the performance of
SCC is necessary. The effect of high-temperature on the behavior of SCC was studied
by many researchers. Anand et al. [116] reviewed the effect of the elevated temperature
on the chemical and mechanical properties of concrete. Distinct behavior was found in
mechanical properties of normal, high strength, and SCC when they are exposed to high
temperatures. It was revealed that parameters such as the compressive, tensile, and flexural
strength of concrete, water-cement ratio, cement type, the density of concrete, aggregate
type, reinforcement percentage, and reinforcement cover are some of the important factors
that affect the concrete performance at elevated temperature.

Annerel et al. [117] revealed that the thermal influence of raised temperature on the me-
chanical behavior of SCC is much significant compared to normal concrete. Pineaud et al. [118]
studied the mechanical properties of high-performance SCC under raised temperatures ranged
from 20 to 600 ◦ C. The results of experiments on 11 different mix designs showed that increas-
ing the temperature reduces their E-value and compressive strength significantly. Andiç-Çakır
and Hızal [119] explored the properties of SCC under raised temperature ranged from 300 to
900 ◦C. It was shown that the aggregate type and w/c ratio are the most influential param-
eters in the modulus of elasticity and compressive strength of the SCC while the aggregate
type is the main influential parameter in tensile strength. Table 2 shows some of these
changes within a various temperature range of exposure. Further studies on the influence
of raised temperature on the mechanical properties of concrete can be found somewhere
else [120–122]. There are limited studies on the behavior of SCC with nanoparticles and
subjected to high-temperature [123,124].

Table 2. The changes in physical and chemical parameters of concrete due to exposure to elevated
temperature (data are exploited from [120]).

Investigated Parameter Temperature Range Effect of Temperature Rise

Compressive strength 100–800 ◦C. • Decreases in a linear rate

Porosity and pore size
100–800 ◦C.
Above 1000 ◦C,

• Increase of porosity and
pore sizes

• Porosities are smaller
and better structured

Elastic modulus. 100–800 ◦C. • Decreases in a linear rate

Splitting tensile strength 100–800 ◦C. • Decreases in a linear rate

Stress-strain relationship 100–800 ◦C

• Flatter stress-strain
curves, downwards and
rightwards shift of the
peak stress

Residual flexural strength 100–800 ◦C • Decreases in a linear rate

Water evaporation
At 105 ◦C
At 400 ◦C

• Free water and
physically absorbed
water are completely lost.
Chemically bonded
water start to lose

• Capillary water is lost
completely
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Table 2. Cont.

Investigated Parameter Temperature Range Effect of Temperature Rise

Hydration Up to 300 ◦C
• Hydration of

un-hydrated cement is
improved

Microstructure
Up to 200 ◦C
200 ◦C–400 ◦C

• No micro-cracks
• The intensity of

micro-cracks increases

6. Nano Alumina (NA) Applications in SCC

Nanotechnology is a research area that has revolutionized the mechanical and chemical
properties of materials [125,126]. Nanotechnology is a promising research field with
applications to improve the quality of the product and the performance of concretes [127].
The nanoparticle is applied in SCC aiming to reduce segregation and to modify fresh
properties and mechanical strength., and. NA is a kind of ultra-fine chemical compound
of aluminum and oxygen with a large surface area, high density, high melting point, high
hardness, and good chemical stability with particle sizes in the range of 1~100 nm [128].
The advantages of using NA in concrete are presented in Table 3.

Table 3. Advantages of using nano-alumina (NA) in concrete.

Advantages Reference

Reduced porosity of the microstructure as the voids were filled by NS. [129]

Decreased in water absorption [130]

Improved frost resistance of concrete [131]

Controlled the setting time of the cement through a faster hydration
process will be.

[132]

Reduced amount of un-hydrated cement in the mix [129]

Increased modulus of elasticity of cement mortar. [133]

Reduced segregation and flocculation. [124]

Refined voids in the hydration gel as a nanofiller. [124]

Reduced coefficients of permeability by 1–3 orders of magnitude. [133]

Sua-iam et al. [134] studied the effect of using recycled NA and fly ash in SCC. It was
shown that using recycled NA and fly ash could considerably enhance the compressive
strength and workability of SCC. Mohseni et al. studied the effects of NA and rice husk
ash (RHA) in polypropylene fiber (PPF) reinforced concrete. The combined inclusion of,
NA, PPF, and RHA reduced the water absorption and drying shrinkage of mortars and
increased flexural strength. Farzadnia et al. [135] investigated the chemical composition,
microstructure and mechanical properties of NA-based high strength mortars subjected to
elevated temperatures ranged from 100 ◦C to 1000 ◦C. It was indicated that the addition
of NA improved 16% of the compressive strength of samples. Behfarnia and Salemi [136]
studied the influence of NS and NA on frost resistance and mechanical properties of con-
crete. Higher frost-resistance was achieved for concrete with NA while concrete containing
NS had higher compressive strength. Zhan et al. [137] analyzed the effect of NA in the
hydration of cement. Accelerated cement hydration and enhanced compressive strength at
all ages were recorded. Owing to accelerated cement hydration, the strongest growth at
28 days was less obvious. Mohammadyan-Yasouj et al. [27] investigated the compressive
strength and modulus of elasticity of each SCC mix design under temperatures of 27 ◦C,
100 ◦C, 200 ◦C, 300 ◦C, 450 ◦C, and 600 ◦C for specimens cured in 7 and 28-days. It was
observed that addition of NA into the mix enhances the compressive strength of SCC for
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samples cured at 28-day in temperature under 100 ◦C. E-value of the samples cured on
28-day exhibited increasing trend. Figure 3 shows the comparison compressive strength of
self-compacting concrete (SCC) at target temperatures for specimens cured at 28-days.

 

 

27 100 200 300 450 600

Without NA 40 43.2 33.5 24.3 21.8 14.7

With 1% NA 41.6 40.8 39.4 28.4 23.8 18

With 2% NA 41.6 43.2 38.5 29.8 25.7 18.6
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Figure 3. Comparison of 28-day compressive strength of self-compacting concrete (SCC) at target temperatures [27].

Szymanowski and Sadowski [138] explored the applicability of NA mortars for over-
laying concrete floors. It was shown that the mortar with Al2O3 nano-powder used to
make the overlay was less porous than the reference mortar. Li et al. [139] investigated the
effect of NA on the elastic modulus of cement composite. Based on the experiment, the
elastic modulus of mortars was increased by incorporating NA into the matrix. Nazari
and Riahi [9] investigated the effect of curing medium on the physical, mechanical, and
thermal properties of NA concrete. It was observed that curing of the specimens in satu-
rated limewater resulted in accelerated setting time. Barbhuiya et al. [140] reported the
effects of NA inclusion on the early-age microstructural properties of cement paste. It was
revealed a denser microstructure with larger crystals of portlandite in the cement matrix.
Mohseni et al. [77] conducted a comparative study on the single and the combined effects
of adding NS), nano alumina (NA), and NT on the durability and mechanical properties of
SCC. The ternary combination of NA, NS, and NT had the best permeability to chloride
ingress and electrical resistivity at 3%. Heikal et al. [141] studied the resistance of cement
pastes with NA against fire. By enhancing the hydration reaction of cement phases higher
compressive strength, bulk density, gel/space ratio was reported for the prepared cement
paste. Khaliq and Khan [121] investigated the material properties of calcium aluminate
cement concrete (CACC) under elevated temperatures. It was revealed that the presence of
alumina as a binding agent significantly enhances the mechanical performance and axial
strain in CACC. Niewiadomski et al. [42] presented a comparative study to assess the effect
of NA, NS, and NT nanoparticle additives. It was indicated that the addition of up to
4 wt.% of NA and NT showed no improvement in concrete strength. Table 4 summarizes
the literature on the application of NA in SCC.
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Table 4. Summary of the literature on the application of nano-alumina (NA) in SCC.

Ref. Research Topic
Test Age

(day)
Sample Size W/C (%)

Alumina

Remarks
Type Size (mm)

Amount of
Alumina

Investigated
Parameters

Suaiam and
Makul [134,142]

Rheological and
mechanical

properties SCC
with high

volumes of
alumina

28 and
90 days

Φ150 mm ×

300 mm
0.38 Alumina Below ≈5 mm

0, 25, 50, 75, and
100% of the total

fine aggregate

• Velocity
measurements

• Compressive
strength,

• V-funnel,
• Blocking flow

assessment
• J-ring flow
• Ultrasonic pulse
• Slump flow,

• SCC mixtures
containing waste
alumina had 75%
higher
compressive
strength.

Mohseni et al.
[143]

Cement mortars
containing rice

husk ash,
Polypropylene
fiber (PPF), and
nano-alumina

(NA)

28 and
90 days

50 × 50 ×

50 mm3 and
50 × 50 ×

200 mm3

0.49 NA 20 nm 0, 1, 2 and 3%,

• Compressive
strength,

• Flexural
strength,

• Water
absorption and

• Drying
shrinkage

• NA improved the
compressive
strength of mortar.

• The addition of
RHA, NA, and
PPF reduced both
drying shrinkage
and water
absorption and
increased flexural
strength.

Gowda et al.
[129]

Durability and
microstructural

properties of
mortars with

NA

28 days
70.5× 70.5×

70.5 mm3 0.79 NA - 1, 3 and 5%

• Water
absorption

• Electrical
resistivity

• Scanning
electron
microscope
(SEM)

• Increasing of the
NA increased
water absorption

• Electrical resistivity
was almost the
same for 3% and
5% NA.

• The addition of NA
gave a denser
microstructure in
the mortar.



Processes 2021, 9, 554

Table 4. Cont.

Ref. Research Topic
Test Age

(day)
Sample Size W/C (%)

Alumina

Remarks
Type Size (mm)

Amount of
Alumina

Investigated
Parameters

Farzadnia et al.
[135]

Elevated
temperature’s
effect on NA

-based mortars

1, 7, and
28 days

50 × 50
× 50 mm3

and Φ20 mm
× 50 mm

0.35 NA
the average size of

13 nm
0, 1, 2 and 3%

• Differential
scanning
calorimetry
(DSC)

• X-ray powder
diffractometry
(XRD)

• SEM tests
• Residual

compressive
strength,

• Elastic modulus,
and

• Measurement of
gas permeability
coefficient

• NA enhanced the
compressive
strength of
mortars by 16%.

• NA improved
residual properties
of mortars at
temperatures from
0 ◦C to 400 ◦C.

• The addition of 1%
NA reduced gas
permeability of
mortars at
temperatures from
0 ◦C to 600 ◦C.

• The inclusion of
NA reduced the
intensity of CH
formation at room
temperature and
400 ◦C.

• The NA inclusion
transformed the
CH crystallization
from well to ill.

Behfarnia and
Salemi [136]

Frost resistance
of NA concrete

7, 28 and
120 days

70 × 70 ×

70 mm3.
0.48 NA 15 nm

1% and more
than 2%

• Compressive
strength

• Loss of mass
measurement

• Change in
length

• Water
absorption test

• NA increased the
compressive
strength of
concrete.

• Frost resistance of
concrete mixes
improved by the
addition of NA.
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Table 4. Cont.

Ref. Research Topic
Test Age

(day)
Sample Size W/C (%)

Alumina

Remarks
Type Size (mm)

Amount of
Alumina

Investigated
Parameters

Zhan et al. [137]

Effect of NA on
early hydration
and mechanical

properties of
cement pastes

1, 3, 7, and
28 days

cubes of size
20 mm ×

20 mm ×

20 mm
cubes of size

6 mm ×

6 mm ×

13 mm

0.456 NA 30 nm
0%, 1%, 2% and

4%

• Compressive
strength

• Isothermal
conduction
calorimetry

•

Thermogravimetric
analysis

• Backscattered
electron imaging
and energy
dispersive
spectroscopy

• Mercury
intrusion
porosimetry
(MIP)

• NA speeded the
aluminate and
silicate phases
reactions in
ordinary cement.

• NA improved
compressive
strength at all
ages.

• NA modified
pastes at 12 h.

Szymanowski
and Sadowski

[138]

NA-based
cement mortars

for concrete
floors

28 days

71 × 71 ×

71 mm3,
11 × 11 ×

11 mm3,
and 40 × 40
× 80 mm3

0.3 NA Below 50 nm 0.5, 1 and 1.5%

• Compressive
and flexural
strength.

• Subsurface
tensile strength

• Abrasion
resistance

• Hardness.

• The addition of
0.5% of NA
increased
subsurface tensile
strength and
reduced abrasion
resistance

• The addition of
0.5% of NA
resulted in a less
porous mortar
than the reference.
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Table 4. Cont.

Ref. Research Topic
Test Age

(day)
Sample Size W/C (%)

Alumina

Remarks
Type Size (mm)

Amount of
Alumina

Investigated
Parameters

Li et al. [139]

Preparation and
mechanical

properties of the
NA based

cement
composite

3 days,
7 days,
28 days

Φ20 ×

40 mm
0.4 NA Below 150 nm 5% and 7%

• Elastic modulus
• Compressive

strength

• In 5% of NA, the
E-value of
composites
improved by
143%.

• The compressive
strength of 5% NA
composites
increased by 30%
at 7 days.

Nazari and
Riahi [9]

Different curing
media for NA in

concrete

7, 28 and
90 days

Cubes of
100 mm
edge for

compressive
strength

tests, cubes
with 200 mm
× 50 mm ×

50 mm

0.40 NA 15 nm
0.5%, 1.5% and

2%

• Compressive
strength

water absorption

• XRD analysis

Split tensile strength
Flexural strength

•

Thermogravimetric
analyzer (TGA)

• Al2O3
nanoparticles have
significantly
higher strength.

• The optimum
level of NA
content was
achieved by 1.0%.

• The pore structure
of SCC containing
NA is improved
and the content of
all mesopores and
macropores is
increased.
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Table 4. Cont.

Ref. Research Topic
Test Age

(day)
Sample Size W/C (%)

Alumina

Remarks
Type Size (mm)

Amount of
Alumina

Investigated
Parameters

Barbhuiya et al.
[140]

Early-age
microstructural

properties of
adding NA to
cement paste

1, 3, 7, and
28 days

50 × 50 ×

50 mm3 0.40 NA 27–43 nm 2% and 4%

• Compressive
strength

water absorption

• XRD analysis
• FTIR analysis
• Electron

microscopy
Scanning

• No noticeable
change was
observed in the
early-age
compressive
strength by NA
addition.

• The addition of
NA induced no
phase change.

Mohseni et al.
[77]

Effects of NA on
mechanical,

rheological, and
durability

properties of
SCC

3, 7, 28 and
90 days

50 × 50 ×

50 mm3 and
Φ100 ×

50 mm

0.4 NA 15 nm 1%, 3%, and 5%

• Water
absorption

• Electrical
resistivity

• Rapid chloride
permeability
tests

• NA improved the
flexural and
compressive
strengths of
specimens with
10% and 20%
RHA.

• The most effective
amount of NA
was 3% by weight
of the binder.

• Water absorption
decreased with the
increase of NA
dosage up to 3%.

• The formation of
denser
microstructure
with NA addition.
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Table 4. Cont.

Ref. Research Topic
Test Age

(day)
Sample Size W/C (%)

Alumina

Remarks
Type Size (mm)

Amount of
Alumina

Investigated
Parameters

Heikal et al.
[141]

Physico-
mechanical,

microstructure
characteristics

and fire
resistance of

cement pastes
with NA -

3, 7, 28, and
90 days.

- NA 15 ± 3 nm 1, 2, 4 and 6 %

• Setting times,
• Bulk density
• Gel/space ratio
• Compressive

strength
• XRD
• TEM
• Differential

thermal analysis
(DTA)/TGA

• Free lime
contents (FL, %)

• NA addition
shortens the
setting times.

• 1% NA enhanced
the compressive
strength of the
pastes up to
27.22%.

• NA speeded up
the hydration.

• 1% NA enhanced
the fire resistance.

Khaliq and
Khan [121]

High-
temperature

material
properties of

calcium
aluminate

cement concrete

3, 14, and
28 days

Φ100 mm ×

200 mm
0.5

calcium
aluminate

cement
concrete

- -

• SEM
• Compressive

and tensile
strength

• Elastic modulus
• Compressive

toughness
• Visual

investigations

• Better tensile and
compressive
strength was
achieved in
temperature up to
800 ◦C.

• stress-strain
response and E
value were
improved.

• Compressive
toughness was
improved in
temperature up to
800 ◦C.
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Table 4. Cont.

Ref. Research Topic
Test Age

(day)
Sample Size W/C (%)

Alumina

Remarks
Type Size (mm)

Amount of
Alumina

Investigated
Parameters

Niewiadomski
et al. [42]

Self-compacting
concrete

modified with
NA

28 and
90 days

100 × 100 ×

100 mm3,
40 × 40 ×

160 mm3,
and

Φ25 mm ×

20 mm

0.42 NA Below 50 nm

Cement
replacement
0.5 wt.%, 1.0

wt.%, 2.0 wt.%
and 3.0 wt.% of

the.

• Compressive
strength

• Flexural strength
• hardness
• Elastic modulus

• The fluidity of
concrete
deteriorated with
an increased
amount of NA.

• The samples with
the addition of NA
had a larger size of
air pores than the
reference sample.

• Concretes with
NA showed no
improvement in
compressive and
flexural strengths.
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7. Conclusions

This review is aimed to investigate the effect of NA on rheology and mechanical
parameters of SCC subjected to elevated temperature. Then the potential of predicting
the mechanical parameters of SCC is further studied. It was concluded from the litera-
ture review that the rheology parameters of the fresh SCC are significantly affected by
the addition of NA due to their high surface-area-to-volume ratio. The addition of NA
reduces slump flow diameter while the variation of the workability is contributed with the
replacement ratio. NA has lower water and chloride ions permeability that is due to the
accelerated hydration process. Moreover, enhanced durability and compressive strength
are achieved by adding a small amount of NA to SCC. Therefore, the use of NA enhances
the performance of SCC. The addition of NA to SCC results in a denser microstructure
as compared to normal SCC. The authors believe that future research in the field of NA
should further concentrate on enhancing the elevated temperature resistance and thermal
behavior of SCC to enable more sustainable and durable construction and to extend the
SCC use to more application fields.
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subspace system identification method: An overview. Appl. Sci. 2020, 10, 2786. [CrossRef]

3. Shokravi, H.; Shokravi, H.; Shokravi, N.; Bakhary, N.; Heidarrezaei, M.; Koloor, S.R.K.; Petru, M. A review on vehicle classification
methods and the potential of using smart-vehicle-assisted techniques. Sensors 2020, 20, 3274. [CrossRef] [PubMed]

4. Shokravi, H.; Shokravi, H.; Shokravi, N.; Bakhary, N.; Heidarrezaei, M.; Koloor, S.R.K.; Petru, M. Vehicle-assisted techniques for
health monitoring of bridges. Sensors 2020, 20, 3460. [CrossRef] [PubMed]

5. Shokravi, H.; Shokravi, H.; Shokravi, N.; Bakhary, N.; Koloor, S.S.R.; Petrů, M. A comparative study of the data-driven stochastic
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Abstract: Ionic liquids can typically be synthesized via protonation, alkylation, metathesis, or

neutralization reactions. The many types of ionic liquids have increased their attractiveness to

researchers for employment in various areas, including in polymer composites. Recently, ionic

liquids have been employed to modify nanofillers for the fabrication of polymer nanocomposites

with improved physicochemical properties. In this succinct review, four types of imidazolium-based

ionic liquids that are employed as modifiers—specifically alkylimidazolium halide, alkylimidazolium

hexafluorophosphate, alkylimidazolium tetrafluoroborate, and alkylimidazolium bistriflimide—are

reviewed. Additionally, three types of ionic liquid-modified nanofiller/polymer nanocomposites—

namely ionic liquid-nanofiller/thermoplastic nanocomposites, ionic liquid-nanofiller/elastomer

nanocomposites, and ionic liquid-nanofiller/thermoset nanocomposites—are described as well.

The effect of imidazolium-based ionic liquids on the thermo-mechanico-chemical properties of the

polymer nanocomposites is also succinctly reviewed. This review can serve as an initial guide for

polymer composite researchers in modifying nanofillers by means of ionic liquids for improving the

performance of polymer nanocomposites.

Keywords: ionic liquid; nanofiller; polymer nanocomposite; thermal; mechanical; chemical

1. Introduction

Recently, the employment of ionic liquids in green chemical technology has grown
because of the environmental responsiveness and growth of the sustainable chemical
industry. Ionic liquids are liquid salts that generally possess a lower melting point than
the boiling point of water. They also possess a very low vapor pressure, resulting in
them being non-volatile. The recyclability of ionic liquids has led them to be regarded
as an environmentally benign solvent [1]. Furthermore, ionic liquids possess intriguing
solvent properties, such as non-flammability, high polarity, good electrical conductivity,
high thermal stability, and good solubility with many organic solvents, including water.
They also have the ability to dissolve most organic and some inorganic materials, as
well as biopolymers. Additionally, ionic liquids can be custom made, with properties
corresponding to the requirements of the application. They can also be used as cationic
surfactants if they have a long alkyl chain (≥C10) [2].

Polymer nanocomposites are polymers that incorporate nanometer-scale fillers (usu-
ally called nanofillers) [3]. The modification of nanofillers using ionic liquids is a promising
process in the fabrication of multifunctional polymer nanocomposites. In various types of
ionic liquids, imidazolium-based ionic liquids with distinct oppose anions are regularly
employed for modification of nanofillers. This was due to their effectiveness in a wide
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variety of chemical structures. Table 1 shows examples of imidazolium-based ionic liq-
uids employed for modification of nanofillers. It can be observed that some ionic liquids
possess similar alkylimidazolium cations with different counter anions; therefore, in this
concise review, they have been classified into four types, namely alkylimidazolium halide,
alkylimidazolium hexafluorophosphate, alkylimidazolium tetrafluoroborate, and alkylimi-
dazolium bistriflimide. This classification is made since the ionic liquids must undergo
distinct preparation processes with different counter anions.

Table 1. Examples of imidazolium-based ionic liquids employed for modification of nanofillers.

Imidazolium-Based Ionic Liquid Abbreviation References

1-Allyl-3-methylimidazolium chloride [Amim][Cl] [4–7]
1-(3-Aminopropyl)-2-methyl-3-butylimidazole bromide [Apmbim][Br] [8]

1-(3-Aminopropyl)-3-methylimidazolium bromide [Apmim][Br] [8,9]
1-Butyl-3-methylimidazolium chloride [Bmim][Cl] [10]

1-Benzyl-3-methylimidazolium chloride [Bzmim][Cl] [11–16]
1-Decyl-3-methylimidazolium bromide [Dmim][Br] [17]
1-Decyl-3-methylimidazolium chloride [Dmim][Cl] [18]

1-(Ethoxycarbonyl)methyl-3-methylimidazolium bromide [Ecmmim][Br] [19]
1-Ethyl-3-methylimidazolium bromide [Emim][Br] [20]
1-Ethyl-3-methylimidazolium chloride [Emim][Cl] [21]

1-Hexadecyl-3-methylimidazolium bromide [Hdmim][Br] [22]
1-Hexadecyl-3-methylimidazolium chloride [Hdmim][Cl] [10,23]

1-Hexyl-3-methylimidazolium bromide [Hmim][Br] [20]
1-Hexyl-3-methylimidazolium chloride [Hmim][Cl] [10]

1-Methyl-3-carboxymethylimidazolium chloride [Mcmim][Cl] [24]
1-Methyl-3-dodecylimidazolium bromide [Mddim][Br] [25,26]

1-Methyl-3-octadecylimidazolium bromide [Modim][Br] [25]
1-Methyl-3-octylimidazolium bromide [Moim][Br] [25]
1-Methyl-3-octylimidazolium chloride [Moim][Cl] [4]

1-Methylimidazolium chloride [Mim][Cl] [27]
1-Allyl-3-methylimidazolium hexafluorophosphate [Amim][PF6] [28]
1-Butyl-3-methylimidazolium hexafluorophosphate [Bmim][PF6] [28–34]

1-Hexadecyl-3-methylimidazolium hexafluorophosphate [Hdmim][PF6] [22]
1-Hexyl-3-methylimidazolium hexafluorophosphate [Hmim][PF6] [34]

1-(3-Butoxy-2-hydroxy-propyl)-3-methylimidazolium
tetrafluoroborate

[Bhpmim][BF4] [35]

1-Butyl-3-methylimidazolium tetrafluoroborate [Bmim][BF4] [36–39]
1-Ethyl-3-methylimidazolium tetrafluoroborate [Emim][BF4] [28,40]
1-Hexyl-3-methylimidazolium tetrafluoroborate [Hmim][BF4] [36]

1-Vinyl-3-ethylimidazolium tetrafluoroborate [Veim][BF4] [41]
1-Butyl-3-methylimidazolium

bis(trifluoromethylsulfonyl)imide
[Bmim][NTf2] [42–51]

1-Carboxyethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide

[Cemim][NTf2] [52]

1-Ethyl-2,3-dimethylimidazolium
bis(trifluoromethylsulfonyl)imide

[Edmim][NTf2] [53]

1-Ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide

[Emim][NTf2] [54,55]

1-Methyl-3-dodecylimidazolium
bis(trifluoromethylsulfonyl)imide

[Mddim][NTf2] [26]

Meanwhile, Table 2 exhibits examples of polymer matrices and nanofillers used for
fabrication of polymer nanocomposites. Thermoplastics, such as EVM [40], ImPEEK [8], Pe-
bax [9], PEI [32], PEO [38], PI [39], PLLA [19], PMMA [26,34], PVA [7], and PVDF [22,28,54]
have been used as polymer matrices for fabricating polymer nanocomposites. On the
other hand, elastomers, for example, BIIR [29], AEM [4], EPDM [17], NR [5], NRL [20,51],
CR [42–44,46–50], PDMS [55], and SBR [11–16,18,45,53], have frequently been used as poly-
mer matrices. In addition, polymer nanocomposites can be fabricated by using thermosets
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like DGEAC [35], DGEBA [33,37], and PUF [21,31]. Furthermore, PEDOT [36] and PTh [25]
are conductive polymers that can also be used for fabrication of polymer nanocomposites.
Additionally, nanomaterials, such as MWCNTs [4,32,34,40,55], MWCNT-COOH [8,30,52],
GO [6,27], GN [19,39], GNP [26], nano-SiO2 [5,17], nano-TiO2 [24], ZnO NPs [38], CB
NPs [41], and MMT [10,23] have been used as nanofillers for polymer nanocomposites
because of their high aspect ratio, large surface area, high stiffness, and low density [56].

Table 2. Examples of polymer matrices and nanofillers used for fabrication of polymer nanocomposites.

Polymer Matrix Abbreviation Nanofiller Abbreviation

Ethylene–vinyl acetate EVM Multi-walled carbon nanotubes MWCNTs

Imidazolium-based poly(ether ether ketone) ImPEEK
Carboxylated multi-walled carbon

nanotubes
MWCNT-COOH

Polyether block amide Pebax Graphene oxide GO
Polyetherimide PEI Graphene nanosheets GN

Poly(ethylene oxide) PEO Graphene nanoplatelets GNP
Polyimide PI Nanosilica nano-SiO2

Poly(L-lactic acid) PLLA Titanium dioxide nanoparticles nano-TiO2
Poly(methyl methacrylate) PMMA Zinc oxide nanoparticles ZnO NPs

Polyvinyl alcohol PVA Carbon black nanoparticles CB NPs
Poly(vinylidene fluoride) PVDF Montmorillonite MMT

Bromobutyl rubber BIIR
Ethylene acrylic elastomer AEM
Ethylene–propylene–diene EPDM

Natural rubber NR
Natural rubber latex NRL

Polychloroprene rubber CR
Polydimethylsiloxane PDMS

Styrene butadiene rubber SBR
Diglycidyl ester of aliphatic cyclo DGEAC
Diglycidyl ether of bisphenol A DGEBA

Polyurethane foam PUF
Poly(3,4-ethylene dioxythiophene) PEDOT

Polythiophene PTh

In the past ten years, numerous nanofiller modification processes have been proposed
with the aim of improving the physicochemical properties of polymer nanocomposites. The
employment of ionic liquids as modifiers could give a benefit due to their unique chemical
structure, which possesses both bulky cations and anions that are poorly coordinated.
These ions are capable of interacting with organic polymers and inorganic nanofillers.
The presence of intermolecular interactions could have a modification effect on polymer
nanocomposites and subsequently enhance the interface linkage between the polymer
matrix and the nanofiller. As far as the authors know, no succinct review has been created
focusing on the study of processes and thermo-mechanico-chemical properties of ionic
liquid-modified nanofiller/polymer nanocomposites. That is the intention of creating the
classified review presented in this paper. Moreover, this succinct review is general, and
even though not specific, it is nevertheless relevant to other related studies.

2. Types of Imidazolium-Based Ionic Liquids

2.1. Alkylimidazolium Halide Ionic Liquids

Imidazolium-based ionic liquids with halide counter anions (denoted as alkylimida-
zolium halide ionic liquids) can be synthesized via two reaction processes, specifically
protonation and alkylation reactions [57]. Alkylimidazolium halide ionic liquids that are
synthesized via protonation reaction can be prepared by reacting N-alkylimidazole with
hydrohalic acid in a polar solvent, such as ethanol, at slightly above room temperature
while stirring [27]. Meanwhile, the alkylation reaction can be conducted by reacting N-
alkylimidazole with alkyl halide under reflux conditions at an elevated temperature while
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stirring [58]. Figure 1 shows the schematic of the protonation reaction of N-alkylimidazole
with hydrohalic acid to prepare alkylimidazolium halide ionic liquid. Hydrohalic acids,
such as hydrochloric acid and hydrobromic acid, are frequently used for protonation reac-
tion, since they have the capacity to protonate (or hydronate) the nitrogen atom situated at
the third position of the imidazole ring. Figure 2 indicates the schematic of the alkylation
reaction of N-alkylimidazole with alkyl halide to prepare alkylimidazolium halide ionic
liquid. Alkyl halides, such as allyl-, butyl-, decyl-, and ethyl halides, are commonly used
for alkylation reactions in the production of ionic liquids with different alkyl chain lengths.
Additionally, these ionic liquids can be applied as precursors in the preparation of other
ionic liquids [22,26].
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Additionally, alkylimidazolium halide ionic liquids are generally used for dissolution
of biopolymers as ionic liquids with carboxylate anions, such as alkylimidazolium acetate
and alkylimidazolium propionate [58]. Table 3 demonstrates the types of imidazolium-
based ionic liquids, nanofillers, and modification processes of nanofillers. It can be observed
that different types of nanofillers, for example, MWCNTs, nano-SiO2, GO, MWCNT-COOH,
MMT, GN, and GNP, can be modified with alkylimidazolium halide ionic liquids using
different modification processes. The most common processes are ultrasonication and
sonication, with both processes having almost the same concept, but different apparatuses,
e.g., the ultrasonication process can be done using an ultrasonic bath [4,25,54]. In con-
trast, the sonication process can be performed by using an ultrasonic homogenizer probe
sonicator [7,26,55]. Moreover, the processes do not require high temperatures and a long
time, like refluxation [8]. On top of that, modification of nanofillers with alkylimidazolium
halide ionic liquids can also be accomplished using low-cost processes, such as stirring and
grinding. However, the modification of GO via stirring requires a higher temperature than
MMT [9].
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Table 3. Types of imidazolium-based ionic liquids, nanofillers, and modification processes of nanofillers.

Ionic Liquid Nanofiller
Modification

Process

Modification
Temperature

(◦C)

Time
(Hour)

References

[Amim][Cl] MWCNTs Ultrasonication R U [4]
[Amim][Cl] nano-SiO2 Ultrasonication R 1 [5]
[Amim][Cl] GO Ultrasonication R 0.5 [6]

[Apmbim][Br] MWCNT-COOH Refluxation 60 24 [8]
[Apmim][Br] GO Stirring 80 24 [9]
[Bmim][Cl] MMT Stirring R U [10]

[Bzmim][Cl] MWCNTs Sonication R 0.5 [11]
[Dmim][Br] nano-SiO2 Ultrasonication R 0.25 [17]
[Dmim][Cl] MWCNTs Sonication R 2 [18]

[Ecmmim][Br] GN Sonication R 4 [19]
[Emim][Br] MWCNTs Ultrasonication R 2 [20]

[Hdmim][Br] MWCNTs Sonication R 0.5 [22]
[Hdmim][Cl] MMT Stirring R 24 [23]
[Mddim][Br] GNP Grinding R 0.17 [26]

[Mim][Cl] GO Stirring 35 12 [27]
[Amim][PF6] MWCNTs Grinding R 8 [28]
[Bmim][PF6] GO Ultrasonication R 0.5 [29]
[Bmim][PF6] MWCNT-COOH Grinding R 0.25 [30]
[Bmim][PF6] nano-SiO2 Stirring R U [31]
[Bmim][PF6] MWCNTs Grinding R 0.5 [32]
[Bmim][PF6] MWCNTs Ultrasonication R 1 [33]

[Hdmim][PF6] MWCNTs Sonication R 0.5 [22]
[Hmim][PF6] MWCNTs Milling R 0.17 [34]

[Bhpmim][BF4] GO Irradiation 20 0.02 [35]
[Bmim][BF4] MWCNTs Grinding R 0.3 [37]
[Bmim][BF4] ZnO NPs Sonication R U [38]
[Bmim][BF4] GN Stirring 80 24 [39]
[Emim][BF4] MWCNTs Grinding R 8 [28]
[Emim][BF4] MWCNTs Grinding R 0.3 [40]
[Hmim][BF4] GO Stirring R U [36]
[Veim][BF4] CB NPs Grinding R U [41]

[Bmim][NTf2] MWCNTs Grinding R U [42]
[Bmim][NTf2] MWCNTs Sonication R 0.3 [51]

[Cemim][NTf2] MWCNT-COOH Ultrasonication R 0.25 [52]
[Edmim][NTf2] MWCNTs Sonication R 0.5 [53]
[Emim][NTf2] MWCNTs Ultrasonication R 0.5 [54]
[Emim][NTf2] MWCNTs Grinding R U [55]

[Mddim][NTf2] GNP Grinding R 0.17 [26]
R = room, and U = unspecified.

2.2. Alkylimidazolium Hexafluorophosphate Ionic Liquids

Alkylimidazolium hexafluorophosphate ionic liquids can be synthesized through
metathesis reaction by using alkylimidazolium halide ionic liquids as precursors [59]. The
reaction process can be carried out by exchanging halide anion with a hexafluorophosphate
anion by using a metal hexafluorophosphate salt. The ion exchange is usually conducted
in a polar solvent, such as ethanol, at room temperature while stirring [58]. Figure 3 shows
the schematic of the metathesis reaction of alkylimidazolium chloride with potassium
hexafluorophosphate to prepare alkylimidazolium hexafluorophosphate ionic liquid. The
metathesis reaction is a general process for exchanging counter anions. When the reac-
tion is carried out in ethanol, the potassium chloride salt precipitates from the reaction
solvent, since it is insoluble in ethanol, and the alkylimidazolium hexafluorophosphate
ionic liquid remains in the solution. Moreover, the metathesis reaction is often applied for
the production of hydrophobic and low-temperature ionic liquids, for instance, 1-butyl-
3-methylimidazolium- and 1-hexyl-3-methylimidazolium hexafluorophosphate [33,34].
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Nevertheless, the physicochemical properties of the ionic liquids are different from the
ionic liquids prepared via alkylation reaction, as a result of alkylimidazolium hexafluo-
rophosphate possessing large-sized anions.
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Figure 3. Schematic of the metathesis reaction of alkylimidazolium chloride with potassium hexafluorophosphate to prepare
alkylimidazolium hexafluorophosphate ionic liquid.

Additionally, alkylimidazolium hexafluorophosphate ionic liquids can be applied in the
chemical demulsification process. A previous review revealed that the ionic liquids could
effectively demulsify emulsions compared to alkylimidazolium halide ionic liquids [60]. It
can be seen in Table 3 that the nanofillers MWCNTs and MWCNT-COOH are frequently
modified using alkylimidazolium hexafluorophosphate ionic liquids, and the grinding
process is regularly performed to modify them [28,30,32]. Other processes, such as ultrason-
ication, sonication, and milling, can also be used for the modification of MWCNTs at room
temperature [22,33,34]. The processes induce the ionic liquids to be coated on the surface of
the MWCNTs, forming bucky gels. Moreover, the hydrophobic nature of alkylimidazolium
hexafluorophosphate ionic liquids makes them appropriate for application as modifiers for
hydrophobic nanofillers, such as MWCNTs, GO, and nano-SiO2 [8,31]. This property can
also form interactions between the nanofillers and hydrophobic polymer matrices by acting
as an interface linker of polymer nanocomposites in order to tune their properties.

2.3. Alkylimidazolium Tetrafluoroborate Ionic Liquids

Alkylimidazolium tetrafluoroborate ionic liquids can not only be synthesized via
metathesis reaction, but also through acid-base reaction by neutralizing alkylimidazolium
hydroxide with fluoroboric acids such as tetrafluoroboric acid. Figure 4 shows the schematic
of the neutralization of alkylimidazolium hydroxide with tetrafluoroboric acid to prepare
alkylimidazolium tetrafluoroborate ionic liquid. The reaction is typically carried out in a
polar solvent like ethanol while stirring at room temperature [58]. Unlike the alkylimida-
zolium hexafluorophosphate ionic liquids, alkylimidazolium tetrafluoroborate can present
two different properties, specifically hydrophilic and hydrophobic properties. The presence
of both properties is influenced by the length of the alkylimidazolium chain; for example,
1-ethyl-3-methylimidazolium tetrafluoroborate is hydrophilic in nature, but 1-hexyl-3-
methylimidazolium tetrafluoroborate possesses the hydrophobic property. In addition, the
melting point of the ionic liquids is also affected by their alkyl chain length, whereby the
longer alkylimidazolium chain ionic liquids have a higher melting point, and the shorter
alkylimidazolium chain ionic liquids exhibit the opposite characteristic. Therefore, the
hydrophobicity and melting point of alkylimidazolium tetrafluoroborate ionic liquids can
be tweaked by controlling the length of their alkyl chain.
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Furthermore, alkylimidazolium tetrafluoroborate ionic liquids are typically exploited
as plasticizing agents for synthetic biodegradable polymers [19]. In Table 3, it can be
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observed that the ionic liquids are able to modify various types of nanofillers, including
GO, MWCNTs, ZnO NPs, GN, and CB NPs. The grinding process is commonly applied for
the modification of nanofillers, as this does not consume solvent [28,37], as is required in
sonication and stirring processes [38,39]. It can also be seen that the irradiation process by
means of microwaves is the fastest process for modifying GO at 20 ◦C [35]. Nevertheless,
the modification of GN through the stirring process is a long process in comparison to the
other processes, requiring 24 h at 80 ◦C [39]. The processes for modifying different types
of nanofillers using ionic liquids are generally optimized to improve the dispersion of
nanofillers in the polymer matrices and enhancing the interface compatibility between them.
The improved dispersion and compatibility of nanofillers results in high-performance
polymer nanocomposites.

2.4. Alkylimidazolium Bistriflimide Ionic Liquids

Alkylimidazolium bis(trifluoromethylsulfonyl)imide ionic liquids (denoted as alkylim-
idazolium bistriflimide ionic liquids) can also be synthesized through metathesis reaction
by exchanging halide anion of alkylimidazolium halide with a bistriflimide anion by
using a metal bis(trifluoromethylsulfonyl)imide salt. The exchange process is generally
performed in an aqueous solvent, such as distilled water, at an elevated temperature un-
der nitrogen atmosphere [26]. Figure 5 displays the schematic of the metathesis reaction
of alkylimidazolium bromide with lithium bis(trifluoromethylsulfonyl)imide to prepare
alkylimidazolium bistriflimide ionic liquid. When the reaction is conducted in distilled
water, the alkylimidazolium bistriflimide liquid separates from the aqueous solution, since
it possesses the hydrophobic property, and the unreacted reactants remain in solution.
Unlike the alkylimidazolium tetrafluoroborate ionic liquids, alkylimidazolium bistriflimide
only exists as hydrophobic ionic liquids with a wide range of structures [17]. In addition,
the ionic liquids are more air- and water-stable than alkylimidazolium halide ionic liquids.
Additionally, the bistriflimide anion is not easily decomposed in the presence of water, as
compared to tetrafluoroborate and hexafluorophosphate anions. Moreover, alkylimida-
zolium bistriflimide ionic liquids have a low melting point and are less viscous [48].
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Furthermore, alkylimidazolium bistriflimide ionic liquids can be used as a compati-
bilizer for polymer blends. The preceding study determined that the ionic liquids were
able to more efficiently compatibilize bioplastic/biopolymer blends in comparison to the
alkylimidazolium halide ionic liquids [1]. It can be observed in Table 3 that the carbon-
based nanofillers, such as MWCNTs, MWCNT-COOH, and GNP, are typically modified
using alkylimidazolium bistriflimide ionic liquids. This is due to the ionic liquids having
the capacity to interact with the surface of the carbon materials via cation-π, π-π, or van
der Waals interactions [26,51,54]. On top of that, the modification process can be done
either through grinding, sonication, or ultrasonication processes in solvent or solvent-free
mediums [42,52,53]. Additionally, the processes are usually carried out at room tempera-
ture in less than an hour. Hence, the modification of nanofillers using alkylimidazolium
bistriflimide ionic liquids possesses significant advantages, such as low materials depletion,
simple modification process, and low energy consumption.
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3. Types of Ionic Liquid-Modified Nanofiller/Polymer Nanocomposites

3.1. Ionic Liquid-Nanofiller/Thermoplastic Nanocomposites

Thermoplastics are widely used as polymer matrices in the fabrication of polymer
nanocomposites. This is due to the fact that they can be processed either in the molten state
or in the solution state. Table 4 displays the types of polymer matrices, nanofillers, ionic
liquids, and fabrication processes of polymer nanocomposites. It can be observed that PVDF
thermoplastics are more often incorporated with ionic liquid-modified nanofillers than
other thermoplastics. This can be attributed to the fact that ionic liquid-nanofiller/PVDF
nanocomposites can potentially be applied in the production of dielectric [41], energy
storage [23], piezoresistive [30], and hybrid membrane [24] materials. The mixing process
for PVDF with ionic liquid-modified nanofillers can be carried out through melt blending
at 190 ◦C [23,41] and solution blending in different solvents [10,22,24]. Meanwhile, other
thermoplastics, such as EVM, ImPEEK, Pebax, PEI, PEO, PI, PLLA, PMMA, and PVA, can
also be mixed with ionic liquid-modified nanofillers via the same processes at different
temperatures or with different solvents. In addition, sonication or ultrasonication processes
can also be applied during solution blending [7,9,19,26,32]. The final process is practically
important for shaping the polymer nanocomposites prior to thermo-mechanico-chemical
characterization. The process can be done through hot pressing or compression molding
and solution or solvent casting processes.

Table 4. Types of polymer matrices, nanofillers, ionic liquids, and fabrication processes of polymer nanocomposites.

Polymer Matrix Nanofiller Ionic Liquid Mixing Process Final Process References

EVM MWCNTs [Emim][BF4] Melt blending Hot pressing [40]
ImPEEK MWCNT-COOH [Apmbim][Br] Solution blending Solution casting [8]

Pebax GO [Apmbim][Br] Sonication Solution casting [9]
PEI MWCNTs [Bmim][PF6] Sonication Solution casting [32]
PEO ZnO NPs [Bmim][BF4] Solution blending Solution casting [38]

PI GN [Bmim][BF4] Solution blending Solution casting [39]
PLLA GN [Ecmmim][Br] Ultrasonication Hot pressing [19]

PMMA GNP [Mddim][NTf2] Sonication Compression molding [26]
PMMA MWCNTs [Hmim][PF6] Melt blending Compression molding [34]

PVA GO [Amim][Cl] Sonication Solvent casting [7]
PVDF CB NPs [Veim][BF4] Melt blending Hot pressing [41]
PVDF MMT [Hdmim][Cl] Melt blending Compression molding [23]
PVDF MMT [Hmim][Cl] Solution blending Solution casting [10]
PVDF MWCNTs [Hdmim][PF6] Solution blending Compression molding [22]
PVDF MWCNT-COOH [Bmim][PF6] Melt blending Compression molding [30]
PVDF nano-TiO2 [Mcmim][Cl] Solution blending Hot pressing [24]
AEM MWCNTs [Amim][Cl] Hot mixing Heat curing [4]
BIIR GO [Bmim][PF6] Mill mixing Heat curing [29]
CR MWCNTs [Bmim][NTf2] Mill mixing Heat curing [42]
CR MWCNT-COOH [Cemim][NTf2] Mill mixing Heat curing [52]

EPDM nano-SiO2 [Dmim][Br] Mill mixing Heat curing [17]
NR nano-SiO2 [Amim][Cl] Mill mixing Heat curing [5]

NRL MWCNTs [Emim][Br] Mill mixing Heat curing [20]
PDMS MWCNTs [Emim][NTf2] Speed mixing Heat curing [55]

SBR GO [Amim][Cl] Mill mixing Heat curing [6]
SBR MWCNTs [Bzmim][Cl] Mill mixing Heat curing [11]

DGEAC GO [Bhpmim][BF4] Solvent-free blending Microwave curing [35]
DGEBA MWCNTs [Bmim][PF6] Solution blending Heat curing [33]

PUF GO [Mim][Cl] Mill mixing Compression molding [27]
PUF nano-SiO2 [Bmim][PF6] Solvent-free blending Cast molding [31]
PUF nano-SiO2 [Emim][Cl] Solvent-free blending Cast molding [21]
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3.2. Ionic Liquid-Nanofiller/Elastomer Nanocomposites

Ionic liquid-modified nanofiller/polymer nanocomposites can also be fabricated by
using elastomers as polymer matrices. Ionic liquid-nanofiller/elastomer nanocomposites
are more environmentally friendly than conventional elastomer composites due to the
cleaner processes involving the use of ionic liquids [20]. It can be seen in Table 4 that
elastomers such as CR and SBR are commonly incorporated with ionic liquid-modified
nanofillers. The nanocomposites made from the elastomers can potentially be used in elastic
conductors [42], electrochemistry [52], automobile components [6], and electromagnetic
interference shielding [11]. Meanwhile, the mixing process for elastomers and ionic liquid-
modified nanofillers can be performed by means of mill mixing, hot mixing, and speed
mixing processes [4,16,55]. On the other hand, the elastomers require curatives (curing
agents) [4,17,42,52] for crosslinking to occur in the nanocomposites. Elastomers that are
admixed with nanofiller-ionic liquid can be mixed with curatives prior to the final process.
The heat curing process is typically conducted at an elevated temperature under moderate
compression with an optimal curing time.

3.3. Ionic Liquid-Nanofiller/Thermoset Nanocomposites

Thermosets can also be used as polymer matrices for the fabrication of polymer
nanocomposites. However, only a limited number of ionic liquid-nanofiller/thermoset
nanocomposites have been found. In Table 4, it can be observed that the PUF thermoset has
more frequently been incorporated with ionic liquid-modified nanofillers than other ther-
mosets. This is probably due to the thermoset being able to be applied for the production of
polymer nanocomposite foams with controlled porosity [27], improved physicomechanical
properties [31], and enhanced flame retardancy [21]. The mixing process between the PUF
and ionic liquid-modified nanofillers can be accomplished via solvent-free blending [21,31]
and mill mixing [27] at room temperature. Meanwhile, other thermosets, such as DGEAC
and DGEBA, can be mixed with ionic liquid-modified nanofillers as well through solvent-
free blending or solution blending [33,35], followed by the addition of curing agents. The
final process is significant for the crosslinking reaction of the polymer nanocomposites
prior to physicochemical characterization. The process can be completed via microwave
curing, heat curing, compression molding, and cast molding, either at room temperature
or at an elevated temperature.

4. Effect of Imidazolium-Based Ionic Liquids on the
Thermo-Mechanico-Chemical Properties

4.1. Effect of Alkylimidazolium Halide Ionic Liquids

Table 5 shows the thermo-mechanico-chemical properties of imidazolium-based
ionic liquid-modified nanofiller/polymer nanocomposites. Nano-SiO2 modified with
[Amim][Cl] ionic liquid has been employed for the fabrication of [Amim][Cl]-modified
nano-SiO2/NR nanocomposites [5]. The thermal, mechanical, and chemical properties of
the nanocomposites and their components were characterized by means of differential scan-
ning calorimeter, universal testing machine, and FTIR spectrometer. The thermal properties,
such as the glass transition temperature, of the [Amim][Cl]-nano-SiO2 increased by up to
14% in comparison to the pristine [Amim][Cl]. This was due to the motion of [Amim][Cl]
being restricted by the strong interaction between the [Amim][Cl] and nano-SiO2. On
the other hand, the mechanical properties, such as the tensile strength, tensile modulus,
and elongation at break, of the modified nano-SiO2/NR nanocomposites increased by
up to 102%, 28%, and 24%, respectively, compared to the unmodified nano-SiO2/NR
nanocomposite. This was caused by the combinatory effects giving the homogenous dis-
persion of [Amim][Cl]-nano-SiO2 and increasing the interactions between the nano-SiO2
and [Amim][Cl]. Additionally, the chemical properties, such as the absorption bands of the
C−H stretching vibrations, of the [Amim][Cl]-nano-SiO2 shifted to higher wavenumber
regions in comparison to the C−H stretching vibrations of the pristine [Amim][Cl]. This
indicated that the detachment of chloride anions from the C−H···Cl− occurred because of
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the formation of the hydrogen bonding between the chloride anions and hydroxyl groups
on the surface of nano-SiO2 [5]. Furthermore, interaction between the modified nano-SiO2
and NR matrix was formed as well. Therefore, it can be deduced that the modification of
nano-SiO2 with [Amim][Cl] ionic liquid provides NR nanocomposites with high tensile
strength and modulus properties, as well as good interaction.

Table 5. Thermo-mechanico-chemical properties of imidazolium-based ionic liquid-modified nanofiller/polymer nanocomposites.

Ionic Liquid
Polymer

Nanocomposite

Thermo-Mechanico-Chemical Properties * References

Tg Tc Tm Td TS TM EB Ch

[Amim][Cl] nano-SiO2/NR N # # # N N N N [5]
[Bmim][Cl] MMT/PVDF # N # N N N N N [10]

[Bzmim][Cl] MWCNT/SBR H # # # N N H N [13]
[Bmim][PF6] MWCNT/PEI N # # N N N H N [32]
[Bmim][PF6] nano-SiO2/PUF N # # N N # H N [31]

[Hdmim][PF6] MWCNT/PVDF # N N # H # H N [22]
[Bhpmim][BF4] GO/DGEAC N # # N N N # N [35]

[Bmim][BF4] GN/PI N # # N N N H N [39]
[Emim][BF4] MWCNT/EVM N # N � N # N N [40]

[Bmim][NTf2] MWCNT/CR N # # N # N N N [42]
[Bmim][NTf2] MWCNT/NRL N # # H H N H N [51]
[Emim][NTf2] MWCNT/PVDF H # H # N H N N [54]

Tg = glass transition temperature, Tc = crystallization temperature, Tm = melting temperature, Td = decomposition temperature, TS =
tensile strength, TM = tensile modulus, EB = elongation at break, Ch = chemical property. * The symbol ‘N’ corresponds to an increase in
the properties, and ‘H’ to a decrease in the properties, while ‘�’ and ‘#’ describe unchanged and not available, respectively.

Meanwhile, MMT modified with [Bmim][Cl] ionic liquid has been employed for the
fabrication of [Bmim][Cl]-modified MMT/PVDF nanocomposites [10]. The thermal, me-
chanical, and chemical properties of the nanocomposites and their components were char-
acterized by using differential scanning calorimeter, thermogravimetric analyzer, universal
testing machine, and FTIR spectrometer. The thermal properties, such as the crystallization
temperature and maximum decomposition temperature, of the modified MMT/PVDF
nanocomposites slightly increased by up to 2.9% and 0.6%, respectively, compared to the
unmodified MMT/PVDF nanocomposite. This was attributed to the presence of interaction
between the CH2−CF2 of PVDF and the imidazolium ring of [Bmim][Cl]. In addition, the
mechanical properties, such as the tensile strength, tensile modulus, and elongation at
break, of the modified MMT/PVDF nanocomposites increased by up to 45%, 16%, and
125%, respectively, compared to the unmodified MMT/PVDF nanocomposite. This was
caused by the formation of a structure with molecular orientation composed of an extended
chain crystal and folded chain crystal in the modified MMT/PVDF nanocomposites. On
top of that, the chemical properties, such as the absorption band of the CF2−CH2 stretching
vibration, of the modified MMT/PVDF nanocomposite shifted to a lower wavenumber
region in comparison to the CF2−CH2 stretching vibration of the neat PVDF. In contrast,
the absorption band of the CF2−CH2 bending vibration of the modified MMT/PVDF
nanocomposite shifted to a higher wavenumber region compared to the CF2−CH2 bend-
ing vibration of the neat PVDF. This was due to the formation of the β-phase due to the
coulombic interaction between the imidazolium cations in the MMT interface and the neg-
atively polarized CF2 groups in PVDF [10]. Thus, it can be inferred that the modification of
MMT with [Bmim][Cl] ionic liquid gives PVDF nanocomposites high tensile strength and
elongation properties, as well as good interaction.

Additionally, MWCNTs modified with [Bzmim][Cl] ionic liquid have been employed
for the fabrication of [Bzmim][Cl]-modified MWCNT/SBR nanocomposites [13]. The ther-
mal, mechanical, and chemical properties of the nanocomposites and their components
were characterized by means of dynamic mechanical analyzer, universal testing machine,
and Raman spectrometer. The thermal properties, such as the glass transition temperature,
of the modified MWCNT/SBR nanocomposites decreased, which was attributed to the
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plasticizing effect of ionic liquid on the SBR matrix. This was also induced by the for-
mation of the strong interaction between the modified MWCNT and SBR. On the other
hand, the mechanical properties, such as the tensile strength and tensile modulus, of the
modified MWCNT/SBR nanocomposites significantly increased by up to 317% and 348%,
respectively, compared to the neat SBR. This was due to the [Bzmim][Cl] assisting the
dispersion of MWCNTs, which enhanced stress transfer from the matrix to the nanofiller.
Moreover, the good adhesion at the interfacial of MWCNTs/SBR was also able to improve
the mechanical properties, due to the formation of the physical adsorption and the chemical
bonding between the modified nanofiller and polymer matrix. Nevertheless, the elongation
at break of the modified MWCNT/SBR nanocomposites decreased because of the existence
of physical crosslinks in SBR nanocomposites, which acted as blocks for deformation. In
addition, the chemical properties, such as the G band, of the modified MWCNT/SBR
nanocomposite shifted to a lower wavenumber region in comparison to the G band of
the pristine MWCNTs. This was due to the realignment of [Bzmim][Cl]-MWCNTs them-
selves in the SBR matrix, which prompted an improved arrangement of MWCNTs in the
nanocomposites [13]. Hence, it can be concluded that the modification of MWCNTs with
[Bzmim][Cl] ionic liquid grants SBR nanocomposites high tensile strength and modulus
properties, as well as good adhesion.

4.2. Effect of Alkylimidazolium Hexafluorophosphate Ionic Liquids

MWCNTs modified with [Bmim][PF6] ionic liquid have been employed for the fabrica-
tion of [Bmim][PF6]-modified MWCNT/PEI nanocomposites [32]. The thermal, mechanical,
and chemical properties of the nanocomposites and their components were characterized
by using differential scanning calorimeter, thermogravimetric analyzer, universal testing
machine, and Raman spectrometer. The thermal properties, such as the glass transition
temperature, of the modified MWCNT/PEI nanocomposites increased by up to 14% in
comparison to the PEI containing ionic liquid (Table 5). This was caused by the restricting
effect of MWCNTs as the movement of the PEI molecular chains is reduced. Additionally,
the increment of the temperature was also due to the well-dispersed MWCNTs in the
nanocomposites modified by [Bmim][PF6]. Additionally, the initial decomposition temper-
ature of the modified MWCNT/PEI nanocomposites increased by up to 33% compared to
the PEI containing ionic liquid. This was attributed to the existence of strong interfacial
interaction between the [Bmim][PF6]-MWCNT and PEI, which slowed down the decom-
position rate of the nanocomposites. Moreover, the molecular chains of PEI were able to
wrap the well-dispersed MWCNTs and provide restricted segments that resulted in high
thermal stability of the nanocomposites. On top of that, the mechanical properties, such as
the tensile strength and tensile modulus, of the modified MWCNT/PEI nanocomposites
increased by up to 41% and 32%, respectively, compared to the neat PEI. This was owing to
the strong interfacial interactions between the modified MWCNT and PEI matrix, which
gave the nanocomposites stiffer and stronger properties. However, the elongation at break
of the modified MWCNT/PEI nanocomposites decreased because of the formation of the
MWCNTs networks in the PEI matrix. Furthermore, the chemical properties, such as the
D band, of the modified MWCNT shifted to a higher wavenumber region in comparison
to the D band of the pristine MWCNTs. This was due to the adhesion of the [Bmim][PF6]
molecules via cation-π or π-π interactions on the MWCNT surface [32]. Therefore, it can
be deduced that the modification of MWCNTs with [Bmim][PF6] ionic liquid provides
PEI nanocomposites with high thermal stability and high tensile strength and modulus
properties, as well as good interaction.

Meanwhile, nano-SiO2 modified with [Bmim][PF6] ionic liquid has been employed
for the fabrication of [Bmim][PF6]-modified nano-SiO2/PUF nanocomposites [31]. The
thermal, mechanical, and chemical properties of the nanocomposites and their components
were characterized by means of dynamic mechanical analyzer, thermogravimetric analyzer,
testing machine, and FTIR spectrometer. The thermal properties, such as the glass tran-
sition temperature, of the modified nano-SiO2/PUF nanocomposites increased by up to
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20% in comparison to the unmodified nano-SiO2/PUF nanocomposite. This was due to an
improvement in the rigidity of the nanocomposites, which was induced by high crosslink
density with the incorporation of [Bmim][PF6]-nano-SiO2. In addition, the initial decom-
position temperature of the modified nano-SiO2/PUF nanocomposites increased by up to
10% compared to the unmodified nano-SiO2/PUF nanocomposite. This was attributed to
the good dispersion of the modified nano-SiO2 and homogeneous microstructure of the
nanocomposites, which significantly enhanced the thermal stability of the nanocomposites.
On the other hand, the mechanical properties, such as the flexural strength of the modified
nano-SiO2/PUF nanocomposites, increased by up to 15% in comparison to the unmod-
ified nano-SiO2/PUF nanocomposite. This was because of the compatibilizing effect of
[Bmim][PF6] on the nanocomposites. Nevertheless, the elongation at break of the modified
nano-SiO2/PUF nanocomposites decreased, which was caused by the presence of nano-
SiO2 aggregates that probably acted as defects for the PUF matrix, reducing the extension
of the nanocomposites. Moreover, the chemical properties, such as the absorption band
of the C=O stretching vibration of the carbonyl groups of the modified nano-SiO2/PUF
nanocomposite shifted to a higher wavenumber region in comparison to the C=O stretching
vibration of the neat PUF. This was due to the hydrogen bonding between the NH and C=O
of the matrix disturbed by the incorporation of the modified nano-SiO2, which improved
the interfacial adhesion between the PUF and nano-SiO2 [31]. Thus, it can be inferred that
the modification of nano-SiO2 with [Bmim][PF6] ionic liquid gives PUF nanocomposites
high thermal and tensile strength properties, as well as good adhesion.

Additionally, MWCNTs modified with [Hdmim][PF6] ionic liquid have been employed
for the fabrication of [Hdmim][PF6]-modified MWCNT/PVDF nanocomposites [22]. The
thermal, mechanical, and chemical properties of the nanocomposites and their components
were characterized by using differential scanning calorimeter, universal testing machine,
and FTIR spectrometer, respectively. The thermal properties, such as the crystallization
temperature of the modified MWCNT/PVDF nanocomposites moderately increased by
up to 4.3% in comparison to the unmodified MWCNT/PVDF nanocomposite. This was
due to the efficiency of modified MWCNT to act as a nucleation agent for the PVDF com-
pared to the pristine MWCNTs, which accelerated the crystallization of PVDF. In addition,
the melting temperature of the modified MWCNT/PVDF nanocomposites moderately
increased by up to 3.3% in comparison to the unmodified MWCNT/PVDF nanocomposite.
This was attributed to the disruption of [Hdmim][PF6], which complemented the effect of
promoting on crystallization of PVDF. Nevertheless, the mechanical properties, such as the
tensile strength and elongation at break of the modified MWCNT/PVDF nanocomposites
slightly decreased possibly because of the presence of micro-stress, which required less
force for deformation, and consequently reduced the strength and elongation. However,
the elongation at break of the modified MWCNT/PVDF nanocomposites is significantly
higher compared to neat PVDF, which indicated that the plasticizing effect of ionic liquid
on the polymer matrix. On the other hand, the chemical properties, such as the absorption
band of the −CF2 stretching vibration, of the modified MWCNT/PVDF nanocomposites
shifted to a higher wavenumber region in comparison to the −CF2 stretching vibration of
the unmodified MWCNT/PVDF nanocomposite. This was due to the role of [Hdmim][PF6],
which acted as a linker for improving the compatibility between the MWCNTs surfaces and
molecular chains of PVDF [22]. Hence, it can be concluded that the modification of MWC-
NTs with [Hdmim][PF6] ionic liquid grants PVDF nanocomposites moderate crystallization
and melting temperatures, as well as good compatibility.

4.3. Effect of Alkylimidazolium Tetrafluoroborate Ionic Liquids

GO modified with [Bhpmim][BF4] ionic liquid has been employed for the fabrication
of [Bhpmim][BF4]-modified GO/DGEAC nanocomposites [35]. The thermal, mechanical,
and chemical properties of the nanocomposites and their components were characterized
by means of dynamic mechanical thermal analyzer, thermogravimetric analyzer, mechani-
cal testing machine, and Raman spectrometer. The thermal properties, such as the glass
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transition temperature, of the modified GO/DGEAC nanocomposites slightly increased
by up to 2.4% in comparison to the unmodified GO/DGEAC nanocomposite (Table 5).
This was due to the introduction of [Bhpmim][BF4] efficiently enhancing the interfacial
bonding between the GO nanofiller and DGEAC matrix, which efficiently strengthened
the nanocomposite system. In addition, the maximum decomposition temperature of
the [Bhpmim][BF4]-GO increased by approximately up to 10% compared to the pristine
[Bhpmim][BF4]. This could probably be attributed to the slow thermal elimination of the
ester bond. On the other hand, the mechanical properties, such as the tensile strength and
tensile modulus, of the modified GO/DGEAC nanocomposites moderately increased by up
to 4.3% and 4.0%, respectively, compared to the unmodified GO/DGEAC nanocomposite.
This was caused by the capability of the modified GO to disperse well in the DGEAC matrix
and improve the interfacial bonding with the matrix. Additionally, the reinforcing ability
of modified GO on the nanocomposites was well exerted compared to the pristine GO.
Furthermore, the chemical properties, such as the D band, of the modified GO/DGEAC
nanocomposites shifted to higher wavenumber regions in comparison to the D band of the
unmodified GO/DGEAC nanocomposite. This was due to the exceptional interfacial bond-
ing between the modified GO and DGEAC matrix [35]. Therefore, it can be deduced that
the modification of GO with [Bhpmim][BF4] ionic liquid provides DGEAC nanocomposites
with moderate thermal and mechanical properties, as well as good interfacial bonding.

Meanwhile, GN modified with [Bmim][BF4] ionic liquid has been employed for the
fabrication of [Bmim][BF4]-modified GN/PI nanocomposites [39]. The thermal, mechanical,
and chemical properties of the nanocomposites and their components were characterized
by using differential scanning calorimeter, thermogravimetric analyzer, universal tensile
tester, and Raman spectrometer. The thermal properties, such as the glass transition
temperature, of the modified GN/PI nanocomposites moderately increased by up to
4.1% in comparison to the unmodified GN/PI nanocomposite. This was caused by the
uniform dispersion of modified GN in the PI phase and strong adhesion to the polymer
matrix, which restricted the movement of the molecular chains of PI during the glass phase
transition, requiring more heat. Additionally, the initial decomposition temperature of the
modified GN/PI nanocomposites increased by up to 9.2% compared to the unmodified
GN/PI nanocomposite. This was because of the presence of π-π, cation-π, and van der
Waals interactions between the [Bmim][BF4] and GN, which enhanced the dispersion of
modified GN in the PI matrix. Consequently, the enhanced interfacial compatibility and
stability of the modified GN with the matrix and the relaxation of the molecular chains
of the PI required more fracture energy during the heating process. On top of that, the
mechanical properties, such as the tensile strength and tensile modulus, of the modified
GN/PI nanocomposites increased by up to 35% and 38%, respectively, compared to the
unmodified GN/PI nanocomposite. This was due to the outstanding dispersion and
excessive degree of orientation of GN modified by [Bmim][BF4] in the polymer matrix, as
well as the effective load transfer from PI to modified GN. Nonetheless, the elongation at
break of the modified GN/PI nanocomposites decreased owing to the modified GN acted
as a physical crosslinking agent, which restrained the flexibility of the PI molecular chains,
subsequently increasing the brittleness of the nanocomposites, and preventing deformation.
On the other hand, the chemical properties, such as the G band, of the modified GN shifted
to a lower wavenumber region in comparison to the G band of the pristine GN. This
was attributed to the modification of GN by [Bmim][BF4] affecting the lattice of GN [39].
Thus, it can be inferred that the modification of GN with [Bmim][BF4] ionic liquid gives
PI nanocomposites moderate thermal properties and high tensile strength and modulus
properties, as well as good interaction.

Additionally, MWCNTs modified with [Emim][BF4] ionic liquid have been employed
for the fabrication of [Emim][BF4]-modified MWCNT/EVM nanocomposites [40]. The
thermal, mechanical, and chemical properties of the nanocomposites and their components
were characterized by means of differential scanning calorimeter, thermogravimetric ana-
lyzer, tensile testing machine, and Raman spectrometer. The thermal properties, such as
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the glass transition temperature and melting temperature, of the modified MWCNT/EVM
nanocomposites moderately increased by up to 2.2% and 6.2%, respectively, compared
to the unmodified MWCNT/EVM nanocomposite. This was attributed to the special
interactions among MWCNTs, [Emim][BF4], and EVM, which influenced the glass transi-
tion and melting temperatures of the nanocomposites. Nevertheless, the decomposition
temperature remained almost unchanged for both of the nanocomposites. On the other
hand, the mechanical properties, such as the tensile strength and elongation at break, of the
modified MWCNT/EVM nanocomposites increased by up to 20% and 42%, respectively,
compared to the unmodified MWCNT/EVM nanocomposite. This was because of the
reinforcing ability of the modified MWCNT and the plasticizing effect of [Emim][BF4]
on the nanocomposites, which increased the strength, stretchability, and flexibility of the
modified MWCNT/EVM nanocomposites. Furthermore, the chemical properties, such as
the D band, of the modified MWCNT shifted to a higher wavenumber region in comparison
to the D band of the pristine MWCNTs. This was caused by the formation of a strong
interaction between the imidazolium ring of [Emim][BF4] and the surface of MWCNTs
through cation-π or π-π interactions [40]. Hence, it can be concluded that the modification
of MWCNTs with [Emim][BF4] ionic liquid grants EVM nanocomposites moderate thermal
properties and high tensile strength and elongation properties, as well as good interaction.

4.4. Effect of Alkylimidazolium Bistriflimide Ionic Liquids

MWCNTs modified with [Bmim][NTf2] ionic liquid have been employed for the
fabrication of [Bmim][NTf2]-modified MWCNT/CR nanocomposites [42]. The thermal,
mechanical, and chemical properties of the nanocomposites and their components were
characterized by using differential scanning calorimeter, thermogravimetric analyzer, uni-
versal testing machine, and Raman spectrometer. The thermal properties, such as the
glass transition temperature of the modified MWCNT/CR nanocomposites, slightly in-
creased by up to 2.6% compared to the unmodified MWCNT/CR nanocomposite (Table 5).
This is probably due to the presence of specific interactions between the ionic liquid and
nanofiller. Moreover, the maximum decomposition temperature of the [Bmim][NTf2]-
MWCNT increased by up to 5.2% compared to the pristine [Bmim][NTf2]. This was
attributed to the adhesion of [Bmim][NTf2] to MWCNTs via cation-π, π-π, or van der
Waals interactions, which enhanced the thermal stability of [Bmim][NTf2]. On top of that,
the mechanical properties, such as the tensile modulus and hardness, of the modified
MWCNT/CR nanocomposites increased by up to 48% and 2.7%, respectively, compared
to the unmodified MWCNT/CR nanocomposite. This was caused by the presence of
[Bmim][NTf2], which acted as a coupling agent for the nanocomposites. In addition, the
chemical properties, such as the G band, of the modified MWCNT/CR nanocomposite
shifted to a higher wavenumber region in comparison to the G band of the unmodified
MWCNT/CR nanocomposite. This was because of the disentanglement of the modified
MWCNT and subsequent dispersion in the matrix due to the penetration of the CR into the
bundles of MWCNTs during the mixing process [42]. Therefore, it can be deduced that the
modification of MWCNTs with [Bmim][NTf2] ionic liquid provides CR nanocomposites
with moderate thermal properties and high tensile modulus, as well as good interaction.

Meanwhile, MWCNTs modified with [Bmim][NTf2] ionic liquid have been employed
for the fabrication of [Bmim][NTf2]-modified MWCNT/NRL nanocomposites [51]. The
thermal, mechanical, and chemical properties of the nanocomposites and their components
were characterized by means of differential scanning calorimeter, thermogravimetric ana-
lyzer, universal tensile testing machine, and FTIR spectrometer. The thermal properties,
such as the glass transition temperature, of the modified MWCNT/NRL nanocomposites
increased by up to 7.9% in comparison to the unmodified MWCNT/NRL nanocompos-
ite. This was caused by the good interaction between the modified MWCNT and NRL,
which promoted the formation of three-dimensional MWCNTs networks and restricted
the movement or flexibility of the molecular chains of NRL. This also indicated the partial
miscibility of the nanocomposite components. However, the decomposition temperature of
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the modified MWCNT/NRL nanocomposites decreased owing to the high thermal conduc-
tivity of MWCNTs and the low molecular weight of [Bmim][NTf2], which favored thermal
decomposition of the nanocomposites. Furthermore, the mechanical properties, such as the
tensile strength and elongation at break, of the modified MWCNT/NRL nanocomposites
slightly decreased because of the small molecules of ionic liquid freely dispersed in the
NRL matrix, which acted as defects that initiated failure. Nevertheless, the tensile modulus
of the modified MWCNT/NRL nanocomposites increased by up to 73% compared to the
unmodified MWCNT/NRL nanocomposite. This was attributed to the good dispersion
of modified MWCNT, along with the formed MWCNTs networks in the matrix, assisted
by interactions among ionic liquid, MWCNTs, and NRL. On the other hand, the chemical
properties, such as the absorption band of the C−O stretching vibration, of the modified
MWCNT/NRL nanocomposite shifted to a lower wavenumber region in comparison to
the C−O stretching vibration of the unmodified MWCNT/NRL nanocomposite. This was
due to the modified MWCNT bridging NRL and [Bmim][NTf2] through π-π interactions in
the nanocomposites [51]. Thus, it can be inferred that the modification of MWCNTs with
[Bmim][NTf2] ionic liquid gives NRL nanocomposites high glass transition temperature
and tensile modulus, as well as good interaction.

MWCNTs modified with [Emim][NTf2] ionic liquid have been employed for the fab-
rication of [Emim][NTf2]-modified MWCNT/PVDF nanocomposites [54]. The thermal,
mechanical, and chemical properties of the nanocomposites and their components were
characterized using differential scanning calorimeter, micro universal testing machine,
and FTIR spectrometer. The thermal properties, such as the glass transition temperature
and melting temperature, of the modified MWCNT/PVDF nanocomposites decreased,
which was attributed to the miscibility between the ionic liquid and PVDF. Moreover,
the plasticizing effect of [Emim][NTf2] on the PVDF matrix also decreased the thermal
properties of the nanocomposites. On top of that, the mechanical properties, such as the
tensile strength and elongation at break, of the modified MWCNT/PVDF nanocomposites
significantly increased by up to 85% and 133%, respectively, compared to the unmodified
MWCNT/PVDF nanocomposite. This was caused by the presence of [Emim][NTf2] pro-
vided the good dispersion of MWCNTs in the PVDF matrix, which further enhanced the
structural properties of the nanocomposites. Additionally, the modified MWCNT/PVDF
nanocomposites were less brittle, with improved strength and ductility properties com-
pared to unmodified MWCNT/PVDF nanocomposite. Nonetheless, the tensile modulus
of the modified MWCNT/PVDF nanocomposites slightly decreased owing to the simul-
taneous increase in strength and elongation properties that could marginally reduce the
rigidity of the nanocomposites. On the other hand, the chemical properties, such as the
absorption band of the CH−CF−CH stretching vibration, of the modified MWCNT/PVDF
nanocomposites shifted to a higher wavenumber region in comparison to the CH−CF−CH
stretching vibration of the unmodified MWCNT/PVDF nanocomposite. This was due
to the formation of an interaction between the modified MWCNT and PVDF via elec-
trostatic interaction [54]. Hence, it can be concluded that the modification of MWCNTs
with [Emim][NTf2] ionic liquid grants PVDF nanocomposites high tensile strength and
elongation properties, as well as good interaction.

5. Conclusions

Types of imidazolium-based ionic liquids, modification processes of nanofillers, and
fabrication processes of ionic liquid-modified nanofiller/polymer nanocomposites were
succinctly reviewed in this paper. The important properties, for example, thermal, mechan-
ical, and chemical, of the nanocomposites were also described in this succinct review. Ionic
liquids used for the modification of various types of nanofillers are mostly based on imi-
dazolium cations combined with different counter anions. In addition, alkylimidazolium
halide, alkylimidazolium hexafluorophosphate, alkylimidazolium tetrafluoroborate, and
alkylimidazolium bistriflimide ionic liquids are the four most significant ionic liquids used
for polymer nanocomposites. Alkylimidazolium halide ionic liquid is frequently employed
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in the modification of several types of nanofillers. Meanwhile, alkylimidazolium hexafluo-
rophosphate, alkylimidazolium tetrafluoroborate, and alkylimidazolium bistriflimide ionic
liquids are typically used in the modification of carbon-based nanofillers. The employment
of ionic liquid-modified nanofillers can effectively improve the thermo-mechanico-chemical
properties of polymer nanocomposites. Additionally, ionic liquid-modified nanofillers
can form specific interactions with polymer matrices. Alkylimidazolium halide-modified
nanofiller/polymer nanocomposites possess high mechanical properties and good interac-
tion. On top of that, alkylimidazolium hexafluorophosphate-modified nanofiller/polymer
nanocomposites exhibit high thermal and mechanical properties and good compatibility.
Meanwhile, alkylimidazolium tetrafluoroborate-modified nanofiller/polymer nanocom-
posites demonstrate moderate thermal properties, high mechanical properties, and good
interaction. Additionally, alkylimidazolium bistriflimide-modified nanofiller/polymer
nanocomposites have moderate thermal properties, high mechanical properties, and good
interaction. This succinct review may be valuable for the modification of nanofillers by
using ionic liquids in the fabrication of polymer nanocomposites for a variety of usages.
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Abstract: Polymer electrolyte membrane (PEM) composed of polymer or polymer blend is a vital

element in PEM fuel cell that allows proton transport and serves as a barrier between fuel and

oxygen. Understanding the microscopic phase behavior in polymer blends is very crucial to design

alternative cost-effective proton-conducting materials. In this study, the mesoscale morphologies of

Nafion/poly(1-vinyl-1,2,4-triazole) (Nafion-PVTri) and Nafion/poly(vinyl phosphonic acid) (Nafion-

PVPA) blend membranes were studied by dissipative particle dynamics (DPD) simulation technique.

Simulation results indicate that both blend membranes can form a phase-separated microstructure

due to the different hydrophobic and hydrophilic character of different polymer chains and different

segments in the same polymer chain. There is a strong, attractive interaction between the phosphonic

acid and sulfonic acid groups and a very strong repulsive interaction between the fluorinated and

phosphonic acid groups in the Nafion-PVPA blend membrane. By increasing the PVPA content in the

blend membrane, the PVPA clusters’ size gradually increases and forms a continuous phase. On the

other hand, repulsive interaction between fluorinated and triazole units in the Nafion-PVTri blend

is not very strong compared to the Nafion-PVPA blend, which results in different phase behavior

in Nafion-PVTri blend membrane. This relatively lower repulsive interaction causes Nafion-PVTri

blend membrane to have non-continuous phases regardless of the composition.

Keywords: dissipative particle dynamics; Nafion; mesoscale morphology; poly(1-vinyl-1,2,4-triazole);

poly(vinylphosphonic acid)

1. Introduction

Polymer electrolyte membrane (PEM) fuel cell, being more efficient, environmentally
friendly, and modular, is one of the most outstanding candidates to replace the internal
combustion engine [1–4]. Fluorinated or hydrocarbon-based proton exchange polymeric
ionomers serve as the central component in PEM fuel cells owing to their crucial roles. In
order to use them in viable technological applications, these materials need to have superior
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properties like high proton conductivity, thermal and chemical stability, impermeability to
gases, and easier compatibility with electrodes [5–7]. Morphological peculiarities of these
materials mostly stem from the micro-phase separation of hydrophobic and hydrophilic
parts of the macromolecules [8]. Many studies have displayed that the conduction of pro-
tons takes place via hydrophilic domains that are resulted from micro-phase separation [9].
Morphological attributes of these membrane materials are very much affected by water
and the backbone’s chemistry.

High-temperature (100–200 ◦C) PEM fuel cells have been of great interest to researchers
because of their outstanding benefits in terms of higher catalytic activity, CO poisoning
elimination, low cost, device cooling, and water management. Several authors have studied
novel polyelectrolyte systems with high conductivity at temperatures from 100 ◦C to 200 ◦C
as an alternative solution to the commercial perfluorinated polyelectrolytes (e.g., Nafion),
which show high conductivities only through water-assisted proton conduction [10–12] and
operate at temperatures below 100 ◦C [13]. To date, building strong acid-base complexes
among functionalities connected to the polymeric backbones has been one of the most
well-known methods that enable high proton conductivity under low humidity or even an-
hydrous conditions [14–20]. In these materials, a homogeneous polymeric blend is formed
by strong multiple acid-base interactions and hydrogen bonding networks, allowing proton
conductivity by Bronsted acid-base pairs.

Understanding the process of micro-phase separation in various ionomers is important
and leads researchers to employ different modeling methods. It is surmised that molecular
features and processing conditions result in mesoscale alterations at different length scales
in morphology. Atomic simulations by molecular dynamics (MD) and Monte Carlo (MC)
simulation not only help to understand the molecular structures of small systems, but they
are also helpful in analyzing the aggression of the sulfonic acid groups and local transport
of protons in perfluorinated sulfonic acid (PFSA) ionomers. On the other hand, these
simulations are not useful to analyze the nanoscale morphology in complicated inhomoge-
neous phases because they require more atoms and excessive time for equilibration. For
this reason, many modeling methods are used on a comparable scale with experimental
SAXS (small-angle X-ray scattering) data in these systems [21–23]. The coarse-grained and
continuum are mainly two methods for convenient modeling of intermolecular interactions.
Individual conceptual sites with appropriate non-bonded interaction parameters can be
put in place of chemical groups of a complex polymer in particle-based models. However,
local concentration fields with collective variables are used to figure out self-organizing
structures for field-based methods. The length is scaled in 10–103 nm, and time is scaled up
to milliseconds (even seconds), enabling the simulation of larger size systems and getting
results comparable to experimental data. The morphology evolution and eventual phase
separation of several ionomer systems have been investigated via mesoscale modeling
using dissipative particle dynamics (DPD) simulations [24–27]. Moreover, self-consistent
mean-field (SCMF) simulations are also employed in order to study how temperature and
water content affect phase separation and morphology in PFSA membranes [28].

There are various studies on PFSA-based proton conducting blend membranes as an al-
ternative to costly fluorinated membranes. Although mesoscale morphologies of hydrated
PFSA-based membranes were investigated both experimentally and computationally, very
few studies have investigated the mesoscale phase behavior of blend membranes for
polymer electrolyte fuel cells [26]. The present study is complementary to our previous
experimental studies on proton-conducting PFSA-based polymer blends. In these studies,
Nafion/poly(vinyl phosphonic acid) (Nafion-PVPA) [16] and Nafion/poly(1-vinyl-1,2,4-
triazole) (Nafion-PVTri) [29] blend membranes with significant anhydrous proton conduc-
tivity were fabricated. However, it is not possible to experimentally analyze the mesoscale
morphologies of these blends. In this work, mesoscale phase morphologies of Nafion-PVTri
and Nafion-PVPA blend membranes with different compositions were investigated using
the DPD simulation method. Simulation results show that both blend membranes can
form a highly separated microstructure due to the hydrophobic and hydrophilic character
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of different polymer chains forming the blend of different segments in the same polymer
chain. This study uses dissipative particle dynamics to construct the mesoscale phase
morphologies of Nafion-PVPA and Nafion-PVTri blend membranes. Herein, we establish a
connection between the simulated morphologies and experimental properties.

2. Theoretical Background

In order to understand complex fluid dynamics, mesoscopic simulation methods are
significant and have been widely used. Hoogerbrugge and Koelman were the first to create
the DPD method, which is later improved by Groot and Warren [30–32]. In DPD, Fluid
material’s mesoscopic regions with similar chemical features are acted as fundamental
particles called “beads. It is unlike MD that these particles are assumed to have no atomic
properties. This is because all degrees of freedom that are greater than a bead radius in
the DPD unit are neglected. Thus, coarse-grained interactions among beads are computed,
and all atomic details are gone.

Simulations are done on a combination of particles that interacts by Newton’s equa-
tions of motion.

dri

dt
= vi,

dvi

dt
= fi (1)

The masses are adjusted to 1; thus, the acceleration equals the force acting on a particle.
The sum of three pairwise additive components gives the force fi:

fi = ∑
j 6=i

(FC
ij + FD

ij + FR
ij) (2)

The summation runs over all other particles j in a given cutoff radius rc for particle i.
It is this short-range cutoff that makes the interactions local. The cutoff radius is assumed
to be unity for simplicity as this is the only length–scale in the system. So, forces beyond
the bead radius are not taken into account for all beads. Soft repulsion interactions are
taken into consideration, whereas the excluded-volume effect is not functional.

FC
ij is the conservative force, a soft repulsive interaction between the particles’ centers

i and j. FD
ij is the drag force (or dissipative force), and it depends on the relative velocities

of the beads i and j. It normalizes velocities to decrease the relative momentum of the
particles. FR

ij denotes a random force stabilizing the temperature.

The repulsive conservative force FC
ij exists between the centers of the ith and jth

particles, and it is given as:

FC
ij =

{

aij(1 − rij)r̂ij

(

rij ≤ 1
)

0
(

rij ≥ 1
) , (3)

aij stands for the maximum repulsion force between the ith and jth. particles; and rij is
given as rij = ri − rj, rij =

∣

∣rij

∣

∣, r̂ij = rij/
∣

∣rij

∣

∣.
FD

ij , the dissipative force acting to reduce the relative momentum of two beads depends
on the relative velocity of these beads, and it is given as:

FD
ij = −γ̟D(rij)(r̂ijvij)r̂ij. (4)

γ is a friction coefficient, ̟D(rij) is a short-range weight function, and vij = vi − vj. Due
to the dissipative force structure chosen, the total momenta for any pair of particles and
hence the system overall is conserved.

For the random force given below, a different distance-dependent ̟R(rij) is employed.
This force is between all pairs of beads with a similar short-range cutoff:

FR
ij = σ̟R(rij)θij r̂ij (5)
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θij(t) is a random variable with Gaussian statistics satisfying
〈

θij(t)
〉

= 0, and
〈

θij(t)θkl(t
′)
〉

=
(

δikδjl + δilδjk

)

δij(t − t′).

It has been proved that one can define only one of the two weight functions FR
ij or FD

ij ,
and the other one is defined accordingly [33].

In DPD simulations, beads move freely. Some molecules like polymers and surfactants
are represented by two or more beads. Therefore, to assure the connectivity of the chain,
an additional force between successive beads must be used:

F
spring
i,i+1 = Kri,i+1 (6)

In the DPD method, the particles refer to beads rather than molecules or atoms, and
beads contain coarse-grained groups of atoms. Bead by bead interactions take the places
of atomic-level interactions. The engagement of springs between two successive beads
along the chain further enables the use of this system for polymers. The random and
dissipative forces perform in unison. Their total effect is a thermostat. This fine conserva-
tive repulsive force reveals the system’s leading chemistry. The parameters represented
by aij are named bead–bead repulsion parameters. It is because these parameters are
dependent on underlying atomistic interactions that they are also referred to as DPD
interaction parameters.

The simulations of liquid-liquid and liquid-solid interfaces can be done by employing
the DPD method. Therefore, it is very similar to the mean-field theory of Flory–Huggins for
polymer chains and can be considered a continuous version of the lattice model established
therein [34–36]. The mean-field theory is used to describe polymer’s miscibility in a given
solvent, and this is done via comparing the free energy of the system before and after
mixing. Description of thermodynamics of polymer blends is done with the help of a similar
theory, and block copolymers and their blends with homopolymers can also be described
with some modifications. The mixing energy is directly related to the dimensionless Flory–
Huggins interaction parameter χ, which represents the change in energy in units of kT
when a bead of A is drawn from an environment of bulk A and surrounded with a bead B

in an environment of bulk B. A and B would be polymer or molecules.
The only computational parameter that the beads’ chemistry is involved in the con-

servative force as noise couples with dissipation. The relationship between the repulsion
parameter aij acting between neighboring beads and the Flory–Huggins interaction param-
eter χ is described by Groot and Warren [31]. The repulsion parameter and the energy of
mixing are proportional to each other.

The Flory–Huggins model in binary systems is the most well-known theory employed
for the thermodynamics of phase separation and mixing. The general equation for the
system’s free energy of mixing (∆Gmix) with bead types A and B can be expressed as:

∆Gmix

RT
=

(

ϕA

NA

)

ln ϕA +

(

ϕB

NB

)

ln ϕB + χAB ϕA ϕB (7)

ϕA and ϕB stand for the volume fraction for type A and B beads, respectively. In Equation (7),
the first two quantities refer to the entropy of mixing, and these quantities vary with respect
to the number of distinct ways in which the chains can come together on a lattice, and the
last term is the free energy of interaction. The positive interaction parameter χ leads to
various phase diagrams.

The Flory–Huggins interaction parameters can be defined as:

χ =
Emix

RT
(8)
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Emix is the energy of mixing describing the change in free energy because of the interac-
tion between the pure and mixed state. It can be calculated using the traditional Flory–
Huggins model:

Emix =
1
2

Z(EAB + EAB − EAA − EBB) (9)

Z denotes coordination number and Eij is the binding energy for the chosen ith and
jth components.

χ, the Flory–Huggins parameter can also be calculated from Hildebrand solubility
parameters, which is calculated from cohesive energy density values:

χAB =
Vbead

kT
(δA − δB)

2 (10)

δ =

(

∆Ev

Vm

)1/2

= (CED)1/2 (11)

where Vbead is the beads’ average molar volume, δA and δB denote the parameters for
solubility for beads A and B, respectively, and ∆Ev is the molar enthalpy for vaporization.
Parameters for solubility vary depending on the species’ chemical nature in question.

3. Computational Methodology

Chemical structures for Nafion, PVPA, and PVTri are shown in Figure 1. To construct
systems for the DPD, copolymer Nafion is divided into three beads (A, B, and S), and
homopolymers of PVPA and PVTri are represented by a single bead (P for PVPA and T for
PVTri). Since the fluorine-containing backbone of Nafion is chemically different from the
ether and the sulfonic acid-containing side chain, the backbone is constructed as a single
bead (A) while the side chain is built as two different beads (B and S). By attaching extra
fluorine and hydrogen atoms to the connection points of Nafion and homopolymer beads,
respectively, consistency is obtained.
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Figure 1. Chemical structures of Nafion, poly(1-vinyl-1,2,4-triazole) (PVTri), and poly(vinyl phos-
phonic acid) (PVPA) and structure of beads of polymers used in dissipative particle dynamics
(DPD) simulations.

The DPD modules of the Material Studio suite of programs were used in all DPD sim-
ulations carried out. The optimization of the particles’ structures was done via molecular
mechanics along with COMPASS force field parameters by employing the Forcite module
in Materials Studio. The number of particles per unit, namely, the simulated density value,
was set at ρ = 3. Calculation of interaction radius (rc = 4.5 A) was done using the beads’
average size. The Blends and Synthia modules in Materials Studio are used in order to cal-
culate the Flory–Huggins parameters corresponding to bead–bead interactions. Interaction
parameters of DPD are computed by using the parameter χ. Groot established a relation-
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ship between the parameter χij and the repulsion parameter aij between the beads i and
j [31]. The density affects this relationship, and the density is set at 3 in our computations:

aij =
χij

0.306
+ 25 (12)

In a simulation box whose edges are 36 nm, about 192,000 DPD beads were positioned
in arbitrary locations at the beginning. It is equilibrated for a period of 6 ns. The examina-
tion of the blend morphologies is done via homopolymer density contour plots, which are
formed from the equilibrated mesostructures.

4. Results and Discussion

4.1. Flory–Huggins Parameters and Interaction Energies

Conventional PFSA-based membranes’ proton conductivity highly depends on the
water content in their protonated form. This dependency limits the fuel cells’ working
temperature to below 100 ◦C due to the membranes’ dehydration from hydrophilic cavities
at elevated temperatures. These membranes typically show phase separation where the
network of hydrophilic nanopores and nanochannels are embedded in a hydrophobic
phase domain. The hydrophilic nanoporous phase contains water and acidic sites, facili-
tating proton conductivity by transporting free protons. The hydrophobic phase serves
as a mechanical force to stabilize the morphology of the membrane. Due to the draw-
backs of low-temperature PEM fuel cells, developing high-temperature proton conducting
membranes is needed. Recently, having thermal and chemical stability, acid-base polymer
blends have been examined as alternative membranes for PEM fuel cells operating above
100 ◦C. Among them, Nafion-PVPA and Nafion-PVTri show promising properties and
considerable proton conductivities.

Flory–Huggins interaction parameters χ for chosen components i and j are calculated
through Equation (8), using the binding energies and coordination number. The χ parame-
ters (Table 1) give pairwise information about how the beads will interact with each other.
The backbone segment of Nafion is immiscible with all other beads except for the bead
B. The molar energy of vaporization for the nonpolar materials should be less because
of their weak intermolecular energies. The polar parts result in cohesive energy density,
which is what is calculated in this study for the fluorine-containing groups. A highly
positive χ indicates the contacts of the bead A with the beads S, P, and T. The contact of the
bead B with the beads S and P are less favorable when compared with the contact of bead
A with bead B and bead B with bead T. A negative value of χ indicates the interactions
of the bead S with P and T is highly preferred due to complexation tendency between
corresponding segments.

The various trends investigating the solubility parameters of different beads can be
elucidated by partitioning short-range interaction energy into hydrogen-bonding, London
dispersion (or van der Waals type), and dipole-dipole types in the Hansen solubility
parameters. There is only the former one for the case of nonpolar molecules. Therefore,
It is due to due to weaker intermolecular interactions that cohesive energy density or
molar energy of vaporization for the nonpolar beads is less than those for polar beads.
Hence, parameters of the solubility for the nonpolar fluorinated segments and polar
triazole and oxygen moieties are placed on distinct solubility spectrum sites. For the
molecules’ consistency, attaching hydrogen atoms to the head and tail points might cause
little variation in the computation of solubility parameters, and this might be discarded in
this study.
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Table 1. Calculated Flory–Huggins (χ) parameters and corresponding repulsion parameters (aij) of
DPD simulation for each pair in (a) Nafion–PVPA and (b) Nafion–PVTri blends.

(a)

Pair χ aij (kBT)

A–B 0.75 27.61
A–S 4.53 40.87
A–P 10.05 60.19
B–S 2.86 35.02
B–P 4.35 40.24
S–P −1.49 20.12

(b)

Pair χ aij (kBT)

A–B 0.75 27.61
A–S 4.53 40.87
A–T 1.89 31.60
B–S 2.86 35.02
B–T 0.14 25.49
S–T −0.55 23.21

In theory, liquids having similar cohesive energy densities are expected to carry
similar characteristics for solubility. The parameter χ indicates that segments containing
fluorine are immiscible with other segments. The smaller solubility parameter of fluorine-
containing bead has a smaller solubility than other beads, which shows that by increasing
the structure’s fluorine content, the immiscibility of fluorine-containing segments can be
increased. The other beads, on the other hand, have larger solubility parameters due to
their chemical structure.

4.2. Morphology

There have been many computational studies to understand the phase morphologies
of hydrated polymer electrolytes. The control of phase behavior is significant to improve
membranes’ proton conductivity. In this work, the effects of the molar composition of
Nafion/PVPA and Nafion/PVTri on the mesoscopic morphologies of blend membranes
were investigated. As the concentration of PVPA increases, PVPA clusters become continu-
ous after a 1:2 molar ratio (Figure 2). Proton conductivity increases with PVPA content. On
the other hand, Nafion-PVPA blend membranes are not stable with high PVPA content. In
our experimental work, maximum proton conductivity was obtained with 1:3 composi-
tion [16]. In that composition, it was clear that the PVPA phase was continuous enough to
promote proton conductivity through interaction with sulfonic acid groups of Nafion.

Herein, Nafion, having an amphiphilic character because of incompatible polar and
nonpolar segments, was considered. These segments tend to reside away from each other
due to having distinct interaction parameters, which results in phase separation of chains.
However, they are joined together due to a covalent bond that increases their involuntary
compatibility, enabling only microscopic phase separation. While this transition from disor-
der to order causes high order continuous phases in the case of Nafion-PVPA blends, there
is a comparatively low-order phase of cylinders in Nafion-PVTri blends (Figure 3), which
is, in fact, consistent with the previous observations done for Nafion-containing blends.

85



Processes 2021, 9, 984

Molar ratio 

(Nafion:PVPA) 

Equilibrium 

morphologies 

Slice morphologies 

in one direction 

1:1 

 
 

1:2 

 
 

1:3 

 
 

1:10 

 
 

Figure 2. Comparison of equilibrium morphologies and slice morphologies of Nafion/PVPA blend membranes with various
molar compositions.
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Figure 3. Comparison of equilibrium morphologies and slice morphologies of Nafion/PVTri blend 
Figure 3. Comparison of equilibrium morphologies and slice morphologies of Nafion/PVTri blend membranes with various
molar compositions.
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4.3. End-to-End Distance of Blend Membranes

A single polymer chain can appear in many possible conformations ranging from a
tight coil to a straight chain. The probability of a single polymer chain having a specific
end-to-end distance rises as the number of possible conformations that can have this end-
to-end distance rises. A straight chain can be produced by only one conformation; however,
more possible conformations exist as the molecule coils up more. Therefore, a polymer
chain is virtually inclined to coil up. A model that assumes that molecules are composed of
many segments can predict the end-to-end distance of a polymer chain. All the segments in
this model are rigid, but they are freely jointed at both ends and hence capable of making
any angle with the next segment. Therefore, a molecule model can be constructed by
connecting each consecutive segment at an arbitrary angle. The name of this process is a
random walk. In the present study, the end-to-end distance for Nafion chains, an important
structural property of polymeric materials, is computed according to PVPA and PVTri by
employing DPD simulations. Since there is a high interaction parameter between sulfonic
and phosphonic acid groups, root means square (RMS) of end-to-end distances of polymer
chains in Nafion-PVPA are smaller than those in Nafion-PVTri (Figure 4).
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Figure 4. Average RMS end-to-end distances of polymer chains in (a) Nafion–PVPA and (b) Nafion–
PVTri blends at different compositions.

RMS end-to-end distance is highly dependent on the type and composition of the
blends. The smallest RMS end-to-end distance is obtained in 1:1 composition in both
systems, which may be attributed to the fact that polymer chains in the exact one-to-
one ratio prefer tight coil conformation. The length of individual chains in the system
does not change in any environment, while their relative positioning in the bulk of the
system changes to lead to diverse morphologies. As PVPA content increases RMS end-
to-end distance increases, this is because the continuous PVPA phase starts. However,
RMS end-to-end distance does not vary significantly through changing the composition
of the Nafion-PVTri blend system. It is because DPD is a coarse-grained method, and
the only parameter that carries the atomistic information is the soft repulsion parameter
that these results should be confirmed using other conformational search methods (e.g.,
high-temperature Molecular Dynamics).

4.4. Diffusion Rates of Blend Membranes

Diffusivity rates of beads can be seen in Figure 5. Diffusivity of the bead C is the
highest among other bead diffusivities. Since C is located on the polymer’s side chains, it
is relatively more mobile than the other beads like A on the chain, making its diffusivity
the highest.
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Figure 5. Diffusion rates of the beads for (a) Nafion/PVPA blend membranes, (b) Nafion/PVTri
blend membranes.

4.5. Density Profiles of Blend Membranes

In the x-direction, the density profiles for the beads A and P in the Nafion-PVPA
system and the density profiles for the beads A and T in the Nafion-PVTri system are
presented in Figure 6a,b, respectively. The results are in line with the previously conducted
studies demonstrating morphology. Both P and T are highly immiscible with A that
densities of them will decrease as the density of A increases and vice versa. However, the
degree of repulsive interaction parameter directly affects the density profiles of the blend
membranes. The density variation in Nafion-PVPA is higher than in Nafion-PVTri due to
higher repulsion between the beads A and P.
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Figure 6. Comparison of densities of beads for (a) Nafion/PVPA blend membranes, (b) Nafion/PVTri
blend membranes.

5. Conclusions

Understanding the process of micro-phase separation in various ionomers is of enor-
mous importance, which leads researchers to employ different modeling methods. It is
surmised that molecular features and processing conditions result in mesoscale alterations
at different length scales in morphology. In this work, mesoscale phase morphologies
of Nafion-PVTri and Nafion-PVPA blend membranes with different compositions were
investigated using the DPD simulation method. The present study is complementary
to our previous experimental study on proton-conducting PFSA-based polymer blends.
In our earlier study, Nafion-PVPA and Nafion-PVTri blend membranes with significant
anhydrous proton conductivity were fabricated. Simulation results show that both blend
membranes can form a highly separated microstructure due to the hydrophobic and hy-
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drophilic character of different polymer chains forming the blend and different segments in
the same polymer chain. There is a strong, attractive interaction between the sulfonic and
phosphonic acid groups and a very strong repulsive interaction between the fluorinated
segment and phosphonic acid groups in the Nafion-PVPA blend membrane. With the
increase of the PVPA content in the blend membrane, the PVPA clusters’ size gradually
increases and forms a continuous phase in the membrane. On the other hand, the repulsive
interaction between fluorinated segment and triazole unit in Nafion-PVTri blend is not
very strong compared to that in the Nafion-PVPA blend, which results in different phase
behavior in Nafion-PVTri blend membrane. This relatively lower repulsive interaction
leads to the Nafion-PVTri blend membrane having non-continuous phases regardless of
the composition.
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Abstract: Polymer concrete contains aggregates and a polymeric binder such as epoxy, polyester,

vinyl ester, or normal epoxy mixture. Since polymer binders in polymer concrete are made of organic

materials, they have a very low heat and fire resistance compared to minerals. This paper investigates

the effect of basalt fibers (BF) and alginate on the compressive strength of polymer concrete. An

extensive literature review was completed, then two experimental phases including the preliminary

phase to set the appropriate mix design, and the main phase to investigate the compressive strength of

samples after exposure to elevated temperatures of 100 ◦C, 150 ◦C, and 180 ◦C were conducted. The

addition of BF and/or alginate decreases concrete compressive strength under room temperature, but

the addition of BF and alginate each alone leads to compressive strength increase during exposure to

heat and increase in the temperature to 180 ◦C showed almost positive on the compressive strength.

The addition of BF and alginate both together increases the rate of strength growth of polymer

concrete under heat from 100 ◦C to 180 ◦C. In conclusion, BF and alginate decrease the compressive

strength of polymer concretes under room temperature, but they improve the resistance against

raised temperatures.

Keywords: concrete; basalt fiber; epoxy resin; alginate; raised temperature; compressive strength

1. Introduction

Concrete is an old building material, in use for centuries. Concrete is widely used in the
construction of civil engineering structures such as buildings [1,2], bridges [3,4], and other
civil structures [5,6]. Reinforced concrete structures are vulnerable to high-temperature
conditions, which greatly shortens the service life and hinders its applications [7]. The
properties of the mix design parameters have a significant effect on the performance of
concrete exposed to elevated temperature [8–11]. Several research studies have been carried
out to improve the thermal stability of concrete exposed to elevated temperatures using
various materials, such as fillers, nanoparticles, and fibers [12–15].

Sodium alginate (SA) is a well-known natural polymer that is extracted from cell walls
of brown algae [16,17]. Recently, SA has received much attention in concrete applications
due to self-healing behavior [18,19]. The influence of the SA on mechanical and flexural
properties is still unclear and different studies achieved different results. Abbas and
Mohsen [20] indicated that the addition of SA increased the fresh and mechanical properties
of concrete. However, Heidari et al. [21] reported a decrease in mechanical properties by
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using SA in the mix design. Mignon et al. [22] indicated that the addition of 1% calcium
alginate can result in a 15% reduction in compression strength of concrete while it was
28% for SA. SA also improves the temperature resistance of concrete and enhances flame-,
fire- and heat-resistance of cementitious composites [23]. Moreover, it was stated that the
properties of the produced alginate gel are greatly affected by the polymer concentration
and type [16,19]. Mignon et al. [22] showed that alginate can improve the internal curing
of concrete effectively. Ouwerx et al. [19] showed that the concentration of SA in concrete
can limit the elasticity of beads. Pathak et al. [16] prepared and compared different metal
alginates and alginic acid exploited from fresh algae using the extraction method. It
was reported that decomposition of cobalt alginate takes place at a higher temperature
compared to sodium and calcium alginate. The distribution and pore size were significantly
influenced by the presence of metal ions. The type of metal alginates may lead to variation
in thermal behavior of the compounds. Table 1 shows a summary of the studies on the
effect of alginates on mechanical parameters of concrete.

Table 1. A summary of the studies on the effect of alginates on mechanical parameters of concrete.

Reference. Alginate Type
Weight Fraction
(% of Cement)

Remarks

Mohammadyan-Yasouj et al. [24] NaAlg 0.1
• Alginate decreases the flexural, tensile,

and compressive strengths of concrete.

Ouwerx et al. [19] Alginate gel bead -
• Properties of alginate significantly depend

on polymer type and concentration.

Pathak et al. [16]
Alginic acid and
metal alginates

-

• Presence of metal ions impacted on the
pore size distribution of alginates.

• Different thermal behavior was observed in
different metal alginates due to structural
differences.

Heidari et al. [21] Alginic acid 0.5 and 1

• Alginate decreases the flexural, tensile, and
compressive strengths of concrete.

• Alginate diminished the fresh properties
of SCC.

Mignon et al. [22] NaAlg, CaAlg 0.5 and 1

• Alginate improves internal curing
• CaAlg beads of 1% reduced 15% of the

compressive strength.
• NaAlg of 1% resulted in a 28% decrease in

compressive strength due to increasing in
the water uptake.

Polymeric concrete is a kind of concrete in which natural aggregates such as silica
sand and gravel are bound together in a matrix with a polymer binder as a supplement or
replacement of cement in concrete [25]. Polymeric concrete has higher mechanical strengths,
chemical resistance, and ductility, compared with ordinary concrete (OC) [26,27]. Currently,
three distinct types of polymeric concrete are studied that include polymer-Portland cement
concrete (PPCC), polymer impregnated concrete (PIC), and polymer concrete (PC) [27].

According to American Concrete Institute (ACI 548.3R), in PC, the polymer is served
as the sole binding material present in concrete [28]. However, filler materials such as silica
fume and fly ash can be utilized along with aggregates to enhance mechanical properties
and minimize building cost. PC can achieve about 80% of its 28 day compressive strength
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in one day, and compressive strength of 100 MPa can be attained [26,29]. Higher ductility
after 60 ◦C [30] and no visible failure under compression for mixes containing epoxy or
epoxy and filler of 30% of the total volume is also reported for PC [31]. An investigation
by Golestaneh et al. [32] indicated an optimal amount of epoxy to reach the maximum
compressive and flexural strength was 15% of the total volume, while Elalaoui et al. [33]
suggested 13% to reach the highest physical and mechanical properties at the lowest cost.
However, the higher value for the suggested optimal amount by Golestaneh et al. [32], even
with 20% epoxy, may be due to the utilization of silica fume as filler to get the maximum
tensile strength.

The results indicate that, compared to OC, polymeric concrete exhibited fewer cracks
that are probably due to the bound effect between fiber and matrix [34]. PC has higher
strengths than OC [34–36] and, similar to the OC, with the addition of fiber, reduction
in its workability is unavoidable [34]. Acceptable interface adhesion between fiber and
polymeric matrix for fiber loading of 15% of the total volume resulted in high tensile
and flexural strengths [37]. Understanding the behavior of concrete exposed to various
temperatures is considered an important factor in meeting the safety and service life
objectives in which structures are intended and designed. Three different temperature
ranges are generally used in concrete studies that include low temperature (<0 ◦C), medium
temperature (0–50 ◦C), and high or elevated temperature (<50 ◦C). The thermal response
of concrete to elevated temperature mainly depends on constituents’ characteristics and
the mix composition [38]. Based on the applications and intended exposure condition,
previous researches have considered various temperature ranges to evaluate the thermal
response of concrete which can be classified as temperatures below 200 ◦C [39–41], below
600 ◦C [42–44], and below 1000 ◦C [45–47]. The value of 600 ◦C is generally selected
because the interior of the concrete members will not exceed 600 ◦C in a short time. Higher
temperatures (e.g., 1000 ◦C) are considered for the peak gas temperature of a fire that may
reach a higher value [48], while the temperature lower than 200 ◦C is generally considered
for members exposed to indirect fire heat.

The duration of exposure and heating rate are two other important factors that have
been investigated in many research studies. Different heating durations are generally based
on the recommendation by different specifications for maximum fire-resistance rating.
For example, the fire resistance for column members in China fire design specifications is
defined as 180 min (3 h) [48]. Alharbi et al. [49] indicated that duration of exposure has an
effect on degradation of the stiffness while prolonged exposures can significantly reduce
the strength of concrete. The heating speed caused by exposure to real fire is generally
specified by fire standards (e.g., ISO 834 standard fire).

Investigation on the behavior of PC with basalt fiber has revealed that BF >1% reduces
concrete strength [50]. On the other hand, the studies on epoxy/basalt polymer concrete
showed enhancement of mechanical properties and more ductility under increasing tem-
perature up to 100 ◦C [36]. Reis [30] observed that the epoxy mortars had higher sensitivity
to temperature variations due to the heat distortion temperature of the resins [19]. Niaki
et al. [51] demonstrated that basalt fiber improved the mechanical properties and increased
the thermal stability of the PC subjected to different temperatures (up to 250 ◦C). Several re-
search studies have been conducted to improve the durability of polymer concrete exposed
to elevated temperatures [9]. Elalaoui et al. [52] proposed ammonium polyphosphate to be
used as a constituent of the PC to improve the temperature resistance of the concrete. Niaki
et al. [36] reported that adding crushed basalt aggregates into PC led to decreases in the
highest maximum stress rapidly, but increases the yield displacement significantly due to
temperature increase. Gorninski et al. [53] produced PC composites using waste alumina
and showed that the addition of alumina flame retardant waste can efficiently improve the
temperature resistance of the PC.
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The effect of using BF on concrete has been carried out by many researchers, and
several experiments were conducted to study the influence of adding different proportions,
diameter, and length of fibers in concrete. Jiang et al. [54] demonstrated that BF addition
can considerably improve the tensile and flexural strength and toughness index of fiber
reinforce concrete. It was indicated that adding BF had no obvious increase in compressive
strength. Compared to other types of fibers such as polypropylene and glass fiber (GF)
higher performance for splitting tensile, flexural strengths, crack resistance, ductility
post cracking flexural response have been reported for BF [54–57]. Almost all previous
researchers are agreed upon the fact that an increase in the fiber content and/or length
decreases the workability of concrete and increases porosity [58]. Kabay [59] showed
that increasing the length and/or volume of fibers reduces concrete workability. It was
observed that void content has a higher impact on abrasion compared to compressive and
flexural strength. The inclusion of fibers reduced compression strength and abrasive wear
of concrete. The highest flexure strength was achieved in mixtures with 60% w/c. Dias and
Thaumaturgo [34] studied the effect of BF in geopolymer concrete. It was indicated that BF
in geopolymer concretes improved the flexural and splitting tensile strength compared to
geopolymer concretes; however, the addition of 1.0% BF resulted in a 26.4% reduction in
compressive strengths of cement concretes.

The length and weight fraction of BF are two interactive factors that influence on me-
chanical and fresh properties of cementitious composites. Khan and Cao [60] investigated
the mechanical properties of basalt-fiber-reinforced cementitious composites with four
different fiber lengths (3, 6, 12, and 20 mm) and also with a combination of various lengths
and contents. The results indicated that the compressive strength of basalt-fiber-reinforced
cementitious composites containing fiber with the length of 6 and 12 mm is higher than that
with 3 and 20 mm length. It was observed that short fibers in the matrix play a bridging
role to limit the expansion of microcracks while longer fibers provided additional capacity
to restrict the development of macrocracks. Amuthakkannan et al. [61] studied the effect
of basalt fiber length and content on the mechanical properties of basalt-fiber-reinforced
polymer matrix composites of the fabricated composites. It was shown that basalt fiber
with the length of 10 mm and 50 mm provided better tensile strength than 4 mm and 21
mm in polymer matrix composites. It was indicated that shorter fiber lengths will create
more fiber ends that act as stress concentration points, resulting in a faster failure at these
points.

Almost all studies conducted on properties of fiber-reinforced cementitious materials
indicated that increasing the fiber contents and/or length harms the workability and
porosity of the fresh mix [58]. Reduction in the workability due to an increase in the
fiber content requires higher water-to-cement ratio, which leads to higher porosity in
the hardened concrete. Accordingly, fiber content is also a main parameter considered
by previous researchers to control the fiber effect on the concrete properties. However,
selecting an appropriate amount of fiber content to reach proper workability with expected
mechanical properties for concrete is necessary. As shown in Table 2, the length of BF is
varied from 3 to 30 mm while the fiber content is ranged from 0.05% to 5% of the volume
fraction in the mixes. As it can be seen in the table, 2% is the most frequently used weight
fraction in studies related to fresh and hardened concrete properties. Chopped fibers with
shorter length are characterized with a more uniform distribution while longer lengths can
better contribute with crack control.
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Table 2. A summary of the studies on the effect of basalt fiber (BF) on mechanical parameters of concrete.

Reference. Fiber Type Length (mm) Weight Fraction (%) Remarks

Jiang et al. [54]
Basalt

Polypropylene
12 and 22

4–19
0.05, 0.1, 0.3, & 0.5

- Compressive strength ↑
- Toughness & splitting tensile strength ↑
- Flexural strength (0.3% BF) and (0.5% BF)
- Tensile and flexure strength (22 mm length of BF)

Kabay [59] Basalt 12 and 24 0.07 and 0.14

- Length and/or volume of BF ↑ =⇒ workability ↓
- Compression strength ↓
- Abrasive wear (in the range of 2–18%) ↓
- Flexure strength ↑

Ayoub et al. [62] Basalt 25 1, 2, and 3

- BF contents ↑ =⇒ compressive strength ↓
- Tension strength ↑
- No correlation between BF and E-value

Kizilkanat et al. [57]
Basalt
Glass

12
12

0.25, 0.5, 0.75, and 1

- BF contents ↑ =⇒ fracture energy ↑
- Compressive strength ↑ (>0.25% fiber content)
- Crack avoidance, tensile strength, and ductility ↑
- GF ↑ =⇒ flexure strength

Fenu et al. [56]
Basalt
Glass

12
12

3 and 5

- No significant impact on dynamic in-crease factor
- Energy absorption ↑
- Static flexural strength and post-peak behavior ↑

Shafiqh et al. [55]
Basalt

Polyvinyl Alcohol
25
30

1, 2, and 3

- Strain attaining capacity ↑
- PVA fibers ↑ =⇒ ductility, post-cracking flexural

response, and toughness ↑
- BF does not correlate with post-peak flex-ural

behavior

Girgin [63]
Basalt
Glass

24
24

2

- Fibers ↑ =⇒ fracture energy ↑; workability ↓ wand
E-value ↓

- Compressive strength ↑ (0.5% and 0.75% fiber
content)

- Crack avoidance ↑, tensile strength ↑, and ductility ↑

Afroz et al. [9]
Basalt (Chinese)
Basalt (Russian)

3
25

0.5

- Stability in alkaline medium ↑
- Protection against alkaline ion
- Mechanical properties ↓
- Long-term flexural strengths and splitting tensile ↑

Zhao et al. [64] Basalt 18 1, 1.5, 2 & 2.5 - Anti-impact deformation characteristics ↑

Katkhuda and
Shatarat [65]

Basalt 18 0.1, 0.3, 0.5, 1, and 1.5 - Flexural and splitting tensile compressive strength ↑

Sun et al. [66] Basalt 6 and 12 1, 2, 3, 4, & 5
- Compressive and splitting tensile strengths ↑;

bending strength increase ↓
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Ayoub et al. [62] stated that an increase in BF contents of the concrete mix leads
to reduced compressive strength. However, 0.5% and 0.75% of BF content can slightly
improve the compressive strength. The addition of 10% silica and BF can result in a
higher tensile strength in high-performance concrete. BF content does not correlate with
E-value. Fenu et al. [56] reported that the addition of GF and BF increased dynamic energy
absorption at a high strain rate. Furthermore, it enhanced the post-peak behavior and static
flexural strength of concrete. Shafiqh et al. [55] indicated that the addition of GF and BF
enhanced strain capacity attaining of the concrete. Significant improvement was achieved
in flexural response, ductility, and toughness by the inclusion of PVA fibers. However,
no relation was found between BF addition and post-peak flexural behavior of concrete.
Girgin 2016 [63] stated that the addition of GF resulted in a 35% reduction in the average
strain capacity of concrete compared to the control specimens. The flexural strain capacity
of BF was influenced by cement hydration in the matrix–fiber interface. Afroz et al. [67]
studied the influence of BF fibers for sulfate and chloride resistance in concrete for long-
term durability applications. It was shown that modified BF had better stability in the
alkaline medium compared to non-modified ones. However, a slight reduction in the
mechanical properties was reported for concretes reinforced with treated fibers.

Since polymer binders in polymer concrete are made of organic materials, they have
a very low heat and fire resistance compared to minerals. Hence improving the thermal
performance of the polymer concretes is of utmost importance for the construction industry.
The limited information that exists in the literature indicates that application of SA in
the concrete mixture could associate with self-healing of cracks and improving the fire,
flame, and heat resistance of concrete while the inclusion of BF could enhance the energy
absorption and ductile behavior of concrete that can prevent brittle fracture of structures.
Several pieces of research have been conducted to study the effect of using SA and BF in
cement concrete; however, such studies are limited when it comes to their applications
in PC. To the author’s knowledge, this study is the first that investigated the strength
characteristic of SA-based BF-reinforced PC subjected to elevated temperature. After an
extensive literature review, two experimental phases, including the preliminary phase to
set the appropriate mix design, and the main phase to investigate the compressive strength
of samples after exposure to elevated temperatures of 100 ◦C, 150 ◦C, and 180 ◦C, were
conducted. A summary of the research on PC/PPCC with and without fiber reinforcement
is presented in Tables 3 and 4, respecrively.
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Table 3. Polymeric concrete.

Remarks

Filler and Polymer

Codes & Sample Size
(mm)

T
e
st

A
g

e
(D

a
y

)
Conducted Tests and Sample

Monitoring

R
e
f.

Amount (% of the
Total Volume

(Vol%) or the Total
Weight (wt %))

Details Name

• 15% epoxy & 200% filler (15% fine silica, 25% medium-size silica,
& 60% coarse silica powder) had maximum compressive &
flexural strengths

• Tensile strength was maximized with 20% resin & 200% filler
• Mechanical strength of polymer concrete was 4–5-folds higher

than cementitious concrete

100, 150, & 200 Vol% 50–60, 600, & 1100 µm
Size

Silica Fume

➢ ASTM (C33-03, C579-01,
C293-02, C496/C496/M,
& C496-04)

• 50 × 50 × 50 cube
• 76.2 × 152.4 cylinder

-

• Uniaxial compressive test
• Uniaxial tensile test
• Flexural compressive test

G
olestan

eh
et

al.2010
[32]10, 15, & 20 wt % Epoxy, Bisphenol A Epoxy Resin

• Investigate the effect of temperature on the performance of epoxy
and unsaturated polyester polymer mortars

• Higher ductility after 60 ◦C
• Epoxy more sensitive than polyester
• From room temperature to 60 ◦C, flexural and compressive

strength decreases drastically as temperature increases; a loss of
more than 50% is reported

• The epoxy mortars are more sensitive to temperature changes
than the unsaturated polyester ones

88 Vol% 245 µm
Only Coarse
Aggregate

➢ RILEM TC113/PC-2,
RILEM TC113/PCM-8,
ASTM (C39-05, C348-02)

• 40 × 40 × 160 prism
• 50 × 100 cylinder

7 • Uniaxial compressive test
• Flexural compressive test

R
eis

2012
[30]12 wt %

Diglycidyl ether
bisphenol A & an
aliphatic
amineHardener, RR515

Epoxy Resin

• Mechanical and physical properties of epoxy polymer concrete
after exposure to temperatures up to 250 ◦C

• Optimum polymer amount is 13%
• 50% reduction in compressive strength after exposure to 250 ◦C
• No change in flexure strength
• The optimal polymer content is 13% which leads to obtain the

highest physical and mechanical properties at the lowest cost

- (0–4) × 103
µm Sand ➢ RILEM CPT (PCM 2,

PCM 8), NF EN (1097-6,
197-1), EN (12390-3, 206-1,
934-2)

• 50 × 50 × 305 prism
• 70 × 70 × 280 prism
• 50 × 100 cylinder
• 150 × 300 cylinder
• 50 × 150 cylinder

7
&

28

• Uniaxial compressive test
• Flexural compressive test
• Heating
• Porosity
• Scanning electron

microscopy
• E-value calculation

E
lalaou

iet
al.2012

[33]

- (4–10) × 103
µm Gravel

6, 9, 13, & 16 wt %
Bisphenol A diglycidyl
ether resin, Eponal 371

Epoxy resin

• Effect of fly ash on the behavior of polymer concrete with
different types of resin was investigated

• Improve in ductility & increase in E-value by decreasing in fly
ash content for all the mixes of PC concrete

• Compressive strength as high as 100 MPa can be achieved using
resins in polymer concrete

• About 80% of the 28-day compressive strength can be achieved in
7 days for polymer concrete

• Split tensile and flexural strengths decreased with the increasing
fly ash content for all the mixes

0, 3, 10, 13, 20, 21,
& 23 Vol% 15 µm (Type F) Fly Ash

➢ ASTM (C128, D695,
D3967), ISO 178

• 9 × 16 × 160 prism
• 50 × 100 cylinder

3,7,14,21,&
28

• Uniaxial compressive test
• Uniaxial tensile test
• Flexural compressive test
• E-value calculation

L
oku

ge
&

A
ravin

th
an

2013
[26]

20, 22, 30, 40,
& 43 Vol%

Orthophthalic Polyester Resin

Bisphenol Vinylester Resin

Thixotropic Epoxy Resin

• Increase in density of polymer matrix by an increase in filler
content which resulted in more & bigger voids

• An increase in filler amount to 60% reduced the flexural strength
by 70%.

• No visible failure under compression was observed for the mixes
with up to 30% filler.

• An increase in filler amount leads to increased compressive
modulus of elasticity.

• Adding filler could help preserve structural performance
through absorbing or blocking UV radiation before reaching
chromophores on which the color of a polymer matrix is
dependent

• The mix with 30% filler has better mechanical properties while
the mix with 50% filler would be the most economical choice.
Both 30% and 50% filler mix have high durability for UV
radiation

0, 10, 20, 30, 40, 50,
& 60 Vol%

Fire Retardant, Hollow
Microsphere, Fly Ash

light-weight Filler

➢ ASTM (D7028, D4065,
C905, C580, & C579)

• 60 × 14 × 4 prism
• 80 × 10 × 10 prism
• 25 × 25 cylinder

• Uniaxial compressive test
• Uniaxial tensile test
• Flexural compressive test
• Porosity
• Ultraviolet
• Density
• Heat Generation
• Glass transition temperature

Ferd
ou

s
et

al.2016
[31]
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Table 4. Polymer concrete (PC)/polymer-Portland cement concrete (PPCC) with fiber.

Remarks

Basalt and Polymer

Codes & Sample Size
(mm)

T
e
st

A
g

e
(D

a
y

)

Conducted Tests and
Sample Monitoring

R
e
f.Amount (% of the Total

Volume (Vol%) or the
Total Weight (wt %))

Etra details
Diameter

(µm)
Length
(mm) Name

• Geopolymer concrete showed higher
strengths than Portland cement concretes

• BF of 1.0% resulted in 26.4% & 12%
reductions in compressive and splitting
tensile strengths for Portland
cement concretes

• BF in geopolymer concretes resulted in
higher flexural & splitting tensile strength
than geopolymer concretes without fibers

• Addition of fibers to all concretes tested
caused increases in the VeBe time

• Geopolymer concretes exhibited less
cracks that is probably due to the bond
between fiber and matrix

(0, 0.5, 1) Vol% - 9 45 Basalt Fibre (BF)
➢ NBR (5738/93,

5739/94, 7222/94,
7222/94), ASTM (1993),
ESIS (1992),
Rilem Draft
Recommendations
(1989)

• 150 × 300 cylinder
• 150 × 150 × 500 prism

(with 30 mm depth and
3 mm thickness notch)

28

• Uniaxial compressive test
• Uniaxial tensile test
• Flexural compressive test
• VeBe consistometer test

D
ias

&
T

h
au

m
atu

rgo
2005

[34]

A/B = 1 (13.85 wt %) &
47.7 wt %

A: SiO2/Al2O3
ratio = 5.35, (Na2O +
K2O)/SiO2 = 0.209,
B:SiO2/Na2O = 2.24,
KOH = 14M - -

Geopolymer
(Poly(Siloxo-Sialate))

• Comparison between epoxy polymer
concrete plain, reinforced with CF and GF

• Increase in compressive strength of epoxy
polymer (27.5–45.4% by GF & 36.1–55.1%
by CF was observed

• Slightly ductile failure of reinforced
polymer, while unreinforced polymer
showed a brittle failure

• Comparing plain polymer concrete to
ordinary concrete, compressive strength is
85% higher

• When polymer concrete is reinforced,
more than 100% increase in compression
strength was observed

• Epoxy polymer concrete (with and
without fiber) proved to be an excellent
alternative to concretes

1 & 2 Vol% - Chopped 6 Carbon Fiber (CF)

➢ RILEM, ASTM
(C469-94, C617-98)

• 50 × 100 cylinder

7

• Uniaxial compressive test

R
eis

2005
[35]

6 Glass Fiber (GF)

20% wt %

Eposil 551

(Silicem®), Based on
a diglycidyl-ether of
bisphenol A,
Aliphatic amine
hardener

- - Epoxy Polymer

• Maximum tensile and flexural strengths of
BF/polyester poly butylene succinate
(BF/PBS) were achieved at a fiber loading
of 15 vol% and a good interface adhesion
between the fiber and matrix observed in
the composites

• Impact strength of BF/PBS decreased with
fiber addition primarily and then
increased by increasing fiber

• Thermal deflection temperature (HDT) of
BF/PBS composite was significantly
higher than the HDT of PBS resin

(0.0–15) Vol% - 10
continuous
twistless
roving

BF (coated by silane
coupling agent)

➢ GB/T(1040-1992, 9341,
1843, 1633, 1634)

• Dumbbell shape
• 4 × 10 × 80 prism

(with 2 mm depth
notch)

-

• Uniaxial tensile test
• Flexural compressive test
• Impact test
• Thermal stability
• Scanning electron

microscopy

Z
h

an
g

et
al.2012

[37]20–30 wt %

Diglycidyl ether of
bisphenol A resin
(DGEBA), Low
viscosity (CY 184),
Polyaminehardener

(Aradur ®2965)

- - Resin

• BF was exposed to water, styrene
butadiene rubber and superplasticizer
that prevails in cementitious materials

• BF >1% reduced concrete strength &
basalt was degraded and degenerated by
biochemical changes

• In increased alkaline conditions, spalling
of fibers was observed when exposed to
the pH of 12 & further disintegration of
fibers were noticed when exposed to
polycarboxylate based superplasticizer
and polymer matrix of styrene butadyene
rubber at pH 12

• Further studies are required to enhance
the structural stability of BF in the
concrete matrix

(0.5, 1, 1.5, & 2) Vol% - 13 24 BF

➢ -

• 100 × 100 × 100 cube
• 150 × 300 cylinder

14
&

28

• Compression
• Uniaxial tensile test
• X-ray diffraction test
• Fourier transform infrared
• Scanning electron

microscopy
• Energy dispersive X-ray

Sarayu
et

al.2016
[50]

97–85 vol%
Mp 114 ◦C, Vicat
softening
temperature 96 ◦C

- -
Polymer/Styrene
Butadiene Rubber
(SBR)

• Mechanical properties of an epoxy/basalt
polymer concrete at 24, 50, 75, & 100 ◦C
were investigated

• Increase in the amount of epoxy resin to
25 wt % enhanced mechanical properties
of this concrete

• Increase in temperature resulted in more
ductility, but mechanical properties
deterioration and stiffness loss

• Decrease in aggregate size resulted in
higher flexural & splitting tensile & lower
compressive strengths

(0, 70, 72.5, 75, 77.5, &
80) Vol%

- 1–5 -
Crushed Basalt
(aggregate)

• ASTM (C39/C39M,
C580, C496/C496M)

• 50 × 100 cylinder
• 25 × 25 × 54 prism

7
&

28

• Uniaxial compressive test
• Uniaxial tensile test
• Flexural compressive test

Scanning electron
microscopy

N
iakiet

al.2017
[36]

2. Materials and Methods

2.1. Materials

Materials including aggregates, BF, SA, and two-part epoxy resin for this experiment
were provided by a local supplier. Basalt fiber, SA, and epoxy resin were productions
originally from the U.S., Iran, and Germany, respectively. Triplicate cubic concrete samples
of 50 × 50 × 50 mm were tested for the compressive strength of each mix composition.
According to ASTM C117 and E11, the aggregates for the mortar were sieved through sieve
number 4 to provide relatively fine aggregates of size less than 4.75 mm. The fineness
modulus of the used aggregates was 2.72. Size distribution curve for aggregate used in
the present research is shown in Figure 1. The review of the literature presented in Table 2
showed that the length of the BF considered in the table for production of polymer and
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cementitious composites is ranged from 6 to 45 mm. Shorter chopped lengths fibers are
more effective for appropriate fiber distribution while longer chopped lengths are more
effective in crack bridging action [68]. μ
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Figure 1. Size distribution curve for aggregate used in the present research.

In order to achieve the objectives of this study and in light of the findings reported in
previous studies, together with the literature review discussed in the introduction section,
the average length of the chopped BF in the mortar mixtures is considered 10 mm for this
study. Moreover, the amount of investigated fiber content reported in previous studies
and literature review is ranged between 0.15% and 2% of the total volume of the PC. In
this study, the content of the chopped BF in the mortar mixtures was considered 2% of
the total volume, which is consistent with the literature. BF is another admixture in the
composite to improve the thermal resistance of the composite. Nonetheless, the addition
of BF into the mixtures may improve the fresh properties of the composite, it reduces the
compressive strength of the hardened mortar specimens. In order to restrict the adverse
effect and take advantage of BF in improving thermal resistance and rhetorical properties,
a lower proportion of SA compared to that used in literature was incorporated. BF amount
used in this study occupied only 0.1% of the total mortar volume. The geometrical and
mechanical properties of the BF used in the present study are shown in Table 5. The fine
fraction of aggregates 0–150 µm were excluded.

Table 5. Properties of BF used in the experiment.

Cutting Length (mm) 10

Diameter (µm) 17
Density (gr/cm3) 2.65

Elastic modulus (GPa) 93–110
Tensile strength (MPa) 4100–4800

Elongation (%) 1.3–3.2
Softening point (◦C) 1050
Water absorption (%) <0.5

Two-part epoxy resin with a specific weight of 1.1 gr/cm3 was used in the experiment.
In this process, a low viscous epoxy, known as saturant resin (Part A) and hardener (Part
B), was mixed to obtain a homogeneous mixture. Epoxy resins are the most widely used
PC compounds [69]. Epoxy concrete is composed of two parts of the epoxy and aggregate
blend. The curing of the epoxy resin systems is an exothermic reaction. The aggregates
were checked to be dry and free of dirt, debris, and organic materials using sieving and
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oven drying. The mix proportion of the saturant resin and hardener with the trading name
of Araks FK20 was as per the guidelines of the manufacturer. Generally, epoxy formulations
are skin sensitizers, and handling precautions should be taken carefully [69]. In order to
determine the general proportions of selected materials in the experimental study, two
amounts of 13% and 15% of the total mortar volume were used for epoxy content in the
mix design stage. SA occupied 0.1% of the total mortar volume.

The curing time and temperature for PC are affected by parameters such as the epoxy
formulation, mix proportions of PC composition, and mass volume. Generally, PC mortar
cures in hours after casting while complete curing of the cement-based materials takes
days or weeks.

2.2. Mix Designs and Preparation of Specimens

The experimental study was conducted in two phases, one aimed to obtain appropriate
proportions and the other is to investigate the main objective of this research. In the first
phase of the experimental program, two epoxy concrete mixes made of aggregate and
epoxy resin without the inclusion of BF and SA were tested. The results of the compressive
strength for the epoxy resin contents of 13% and 15% were 41.9 MPa and 39.7 MPa. For the
second phase, different mix designs of PC were determined to have aggregate, epoxy resin,
FB, and SA in the composition of the mix. The resin amount, in the PC mix designs, was
constant and equal to 13% of the total concrete volume. The mix design for SA-based BF-
reinforced mortar subjected to 0 ◦C and elevated temperatures of 100 ◦C, 150 ◦C, and 180
◦C is presented in Table 6. Zero temperature in these tables that is room-curing temperature
without heating was a reference before heating of samples. The hardened mortar specimens
were exposed to three elevated temperatures of 100 ◦C, 150 ◦C and 180 ◦C for a duration of
three hours. Then, the compressive strength of samples was tested and compared for each
mix design under raised temperature conditions. To test compressive strength, PC samples
were placed in the oven for three hours under the intended temperature after 7 days of
curing. In order to prevent cooling shock, samples were left at room temperature to cool
down gradually before applying compressive load in the testing machine.

Table 6. Details of PC in the main study.

Name ** BF (%) * SA (%) * Evaluation Temperature (◦C)

MPT0 - - 0
MPT100 - - 100
MPT150 - - 150
MPT180 - - 180
MPBT0 0.2 - 0

MPBT100 0.2 - 100
MPBT150 0.2 - 150
MPBT180 0.2 - 180
MPAT0 - 0.1 0

MPAT100 - 0.1 100
MPAT150 - 0.1 150
MPAT180 - 0.1 180
MPBAT0 0.2 0.1 0

MPBAT100 0.2 0.1 100
MPBAT150 0.2 0.1 150
MPBAT180 0.2 0.1 180

* of the total weight; ** MPT, MPBT, MPAT, MPBAT are PC with no SA and BF, with BF only, with SA only, and

with SA and BF, respectively.

2.3. Compressive Strength Testing

The compressive strength tests of the specimens were carried out according to ASTM
C109-08. For each mixture, three 50 × 50 × 50 mm cubic specimens of each mix were
tested after 3 days. In order to determine the ultimate load-carrying capacity under pure
compression, the axial compressive load was applied continuously with a rate of 2.4 kN/sec
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according to ASTM C31 by a compression machine with 2000 kN capacity. The load was
applied until the rupture of the specimen which means that the failure of the specimen at
the point, the reading of the load in kN, and stress in MPa were recorded from the dial
gauge.

3. Result and Discussions

Compressive tests were performed to investigate the temperature resistance of PC
mortar and the effect of the inclusion of chopped BF and SA on the mechanical strength of
PC. The results of the ultimate load-carrying capacity of the mortar specimens for different
mix designs are shown in Table 7. The result shows that incorporation of BF and/or SA
into PC reduced the compressive strength to 33.8, 34.3, and 35.3, which is consistent with
the observation published by Dias and Thaumaturgo [34] and Niaki et al. [36], that BF
reduces the compressive strength of PC.

Table 7. Compressive strength for the PC with/without SA and BF.

Name
f
′

c(MPa) Variation to
MPT0 (%)

Variation after Heating (%)

7-Day

MPT0 43.7 - -

𝒇𝒄
-  
.31 
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−
−
−
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P
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MPT100 47.33 +8.31 +8.31
MPT150 46.3 +5.95 +5.95
MPT180 39.85 −8.81 −8.81

MPBT0 33.8 −21.10 -

𝒇𝒄
− −
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−
−

−
−
−
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T
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MPBT100 39.33 −10.00 +16.36
MPBT150 41.5 −5.03 +22.78
MPBT180 41.15 −5.83 +21.75

MPAT0 34.3 −21.51 -

𝒇𝒄
− −
−
−
−
−
− .51 -  

− 08 

 

 

−
−
−
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P
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T
0 

 

MPAT100 41.53 −4.97 +21.08
MPAT150 44.4 +1.60 +29.45
MPAT180 44.8 +2.52 +30.61

MPBAT0 35.3 −19.22 -

𝒇𝒄
− −
−
−
−
−
−
−

− .22 -  

− .50 

− 53 

 

 
 

 

C
o

m
p

ared
 

to
 M

P
B

A
T

0 

MPBAT100 38.3 −12.36 +8.50
MPBAT150 42.9 −1.83 +21.53
MPBAT180 44.5 +1.83 +26.06

Figure 2 shows the variation in the compressive strength of different mix designs
compared to the reference state. The analysis of the results obtained by the compressive
strength test of the samples maintained at room temperature revealed that the addition of
BF and SA to the reference mix design decreased compressive strength. A lower decrease
in compressive strength was observed for the mortar mix containing sodium alginate
(SA) compared to those with only alginate. The samples with sodium alginate pose lower
compressive strength due to the amount and size of voids in the structure of the hardened
composite compared to the control mortar [24]. This weakening of compressive strength
may ascribe to forming voids by the addition of the fibers into the matrix, which is in
agreement with test results by Reis [30], Kabay [59], and Sun et al. [66]. However, the
observation during uniaxial compressive loading indicated that the inclusion of FB leads
to the absorption of a large amount of plastic energy before failure that is indicated also
in other research studies. He and Lu [70] and Donker and Obonyo [71]. The analysis of
the results obtained by the compressive strength test for polymer mortar containing BF
and SA revealed that the addition of BF and SA to the reference mix design enhanced
compressive strength growth in elevated temperatures. The cure of an epoxy resin is an
exothermic process; however, the observation of an experimental investigation on curing
temperature of epoxy resin conducted by Lahouar et al. [72] reported absorption of energy
between 20 ◦C and 80 ◦C representing an endothermic peak due to possible phase change
in curing state of the resin. Variations in the compressive strength after heating of the PC
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containing either BF or SA alone or both together indicate improving the effectiveness
of these additives. The obtained results are not in agreement with those of either two
works of Reis et al. [35] and [30], indicating a sharp increase (up to 50%) or drastic drop of
compressive strength due to temperature elevation.

MPT MPBT MPAT MPBAT

100°C 8% 16% 21% 8%

150°C 6% 23% 29% 22%

180°C -9% 22% 31% 26%
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Figure 2. Failure of samples under compression test (all tests were conducted in triplicate).

The negative percentage for variation of compressive strength of MPT specimens is in
agreement with previous studies that indicated the adverse effect of elevated temperature
on the hardened specimens. The increase in the variation of compressive strength in
MPBT, MPAT, and MPBAT supports the finding of this research that the addition of BF
and SA enhances the compressive strength of PC. The highest positive influence by raised
temperature is corresponding to the mixture including SA alone that with an increase in the
temperature from room temperature to 100 ◦C then 150 ◦C and finally to 180 ◦C, growth
in the compressive strength became 21.08%, 29.45%, and 30.61%, respectively. A lower
increase of the compressive strength of the BF-reinforced PC is due to the entrapped voids
because of fiber addition. The obtained results about enhanced temperature resistance of
SA-based mortar specimens also conform to the finding of DeBrouse [23].

Utilization of both BF and SA together in the PC has been with a lower increase from
room temperature to 100 ◦C until 180 ◦C, compared to the individual application of these
materials. However, it can be seen that heating of PC for 3 h under 180 ◦C resulted in
strength reduction, while together or individual effectiveness of BF and SA in the PC is
remarkable on the improvement in the compressive strength after heating for all the three
temperatures. From Table 6, the highest compressive strength for samples of PC after 3
days of air curing was higher than the cement concrete samples. A comparison between the
obtained compressive strength of polymer and cement concretes with BF and SA indicated
that the elevated temperature had a greater influence on polymer concrete than that of
cement concrete. The rate of increase was around 20% for polymer concrete, while it was
around 5% for cement concrete for temperature rise from room temperature to 180 ◦C.
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Polymer concrete samples after failure under compression test are shown in Figure 3.
It should be demonstrated that PC samples exhibited no obvious crack on the surface
when the applied load was released after failure under compression. The produced
polymer concrete can be considered as a composition of two phases of polymer mortars
and aggregates. Through applying the load displacement into the specimens, it was
observed that the failure was initiated by the creation of interphase microcracks between
polymer mortars and aggregates. By increasing the compressive load, longitudinal cracks
were propagated along the jaws’ direction, which was similar to those that happen in
normal concrete. It was observed that the time between crack initiation and total failure of
the specimens was lower than that of cementitious concrete specimens [24,73].

 (b) BF-reinforced PC (c) SA-based PC (d) SA-based BF-reforced PC (a) PC 

Figure 3. Failure of samples under compression test.

The compressive load was applied until the mortar specimens of each mix reached
their ultimate load-bearing capacity and failure occurred. High plastic deformation of the
polymer concrete was observed corresponding to the applied load.

4. Conclusions

In order to investigate the effectiveness of the addition of BF with the natural source
and/or SA as a waste material to reduce the strength degradation of polymer concretes
after exposure to raised temperatures of 100 ◦C, 150 ◦C, and 180 ◦C, an experimental pro-
gram was conducted in two phases including primary study and main study. The addition
of BF and/or SA decreases concrete compressive strength under room temperature, but the
addition of BF and SA each alone leads to compressive strength increase during exposure
to heat. An increase in the temperature to 180 ◦C showed an almost positive effect on
the compressive strength. The highest positive influence by raised temperature is corre-
sponding to the mixture including SA alone that, with an increase in the temperature from
room temperature to 100 ◦C then 150 ◦C and finally to 180 ◦C, growth in the compressive
strength became 21.08%, 29.45%, and 30.61%, respectively. The addition of BF and SA both
together increases the rate of strength growth of polymer concrete under heat from 100 ◦C
to 180 ◦C. In view of these conclusions, the addition of BF and SA results in a decrease of
compressive strength of polymer concretes under room temperature, but it is obvious that
these materials are positive to improve the resistance of PC. However, the most important
outcome of this research may be a natural source of BF and waste material SA to prevent
PC compressive strength degradation under elevated temperature. Increase of compressive
strength up to 30%, that when noticed to the cement amount with the energy-wasting
process to be produced, is a very valuable finding.
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Abstract: Following the global trend toward a cyclic economy, the development of a fully biodegrad-

able active packaging film is the target of this work. An innovative process to improve the mechanical,

antioxidant, and barrier properties of Poly(L-Lactic Acid)/Chitosan films is presented using essential

basil oil extract. A Chitosan/Basil oil blend was prepared via a green evaporation/adsorption

method as a precursor for the development of the Poly(L-Lactic Acid)/Chitosan/Basil Oil active

packaging film. This Chitosan/Basil Oil blend was incorporated directly in the Poly(L-Lactic Acid)

matrix with various concentrations. Modification of the chitosan with the Basil Oil improves the

blending with the Poly(L-Lactic Acid) matrix via a melt-extrusion process. The obtained Poly(L-

Lactic Acid)/Chitosan/Basil Oil composite films exhibited advanced food packaging properties

compared to those of the Poly(L-Lactic Acid)/Chitosan films without Basil Oil addition. The films

with 5%wt and 10%wt Chitosan/Basil Oil loadings exhibited better thermal, mechanical, and barrier

behavior and significant antioxidant activity. Thus, PLLA/CS/BO5 and PLLA/CS/BO10 are the

most promising films to potentially be used for active packaging applications.

Keywords: PLLA; chitosan; basil oil; active packaging; films; barrier properties; antioxidant proper-

ties

1. Introduction

Nowadays, the global trend towards a cyclic economy, sustainability, green econ-
omy, and nanotechnology suggests the use of by-products, biomass, and/or bio-wastes
which have zero environmental fingerprints as raw materials for the development of novel
biodegradable active packaging materials. One of the most promising and widely used
bio-based polymers which has already been commercialized, is Poly(L-Lactic Acid) (PLLA).
PLLA is produced by the polymerization of the L-Lactic Acid monomer, which is produced
through fermentation of sugars. Such sugars are extracted from biomass sources (e.g., corn
starch, tapioca, sugar cane, or sugar beet) [1,2]. Compared with petroleum-based polymer
production, the PLLA production process requires about 50% less energy consumption [3].
Moreover, PLLA is not only bio-based but also compostable and biodegradable through hy-
drolysis by microorganisms [4]. Thus, PLLA could be a green alternative to some common
thermoplastic polymers such as polyethylene (PE), polypropylene (PP), polystyrene (PS),
and polyethylene terephthalate (PET) [5,6]. Its mechanical properties make this polymer
suitable for use in various production processes. However, its high elastic modulus makes
its plastic deformation limited, and thus, it becomes brittle.

109



Processes 2021, 9, 88

Chitosan (CS) is another biopolymer promising for food packaging applications. CS
is a linear polysaccharide that is produced by treating a food by-product, i.e., the chitin
shells of crustaceans [7]. CS exhibits high barrier values, significant antioxidant properties,
and antimicrobial activity. Such properties give this material great potential for use as
packaging material [8]. The main disadvantages of CS are the weak tensile properties and
the disability to blend in extruders with other materials that are commonly used in the
industry for packaging film production.

Researchers developed composite membranes to overcome the disadvantages of
various biopolymers. Blending Poly(L-Lactic Acid) (PLLA) with CS to produce a composite
membrane is an attractive procedure for the production of new polymeric materials with
controlled properties [9–15]. One more advantage of the polymer blending procedure
is the production of materials exhibiting versatility, simplicity, and cost-effectiveness.
The physicochemical and mechanical properties of the material which is produced after
blending are dependent on the state of the mixture (i.e., solid or liquid) and the miscibility
of the components.

On the other hand, the recent trend in food production processes is the development
of active/bioactive packaging films using the advantages of nanotechnology [16–19]. In
this way, researchers are using various methods to intrude natural antioxidants, such
as essential oils [16] or natural extracts [19], in packaging films. The replacement of
synthetic antioxidants (e.g., butyl-hydroxytoluene (BHT), butyl-hydroxyanisole (BHA),
and tert-butyl hydroxyquinone (TBHQ) which exhibit bad effects on consumers health)
with natural antioxidants in active/bioactive packaging films enhances the shelf-life of
food and increases the positive environmental fingerprint.

The novel biodegradable composite active packaging film developed during this
work was made with (1) PLLA, (2) CS, and (3) Basil essential Oil (BO). Modification of
CS with BO via an easy green method before mixing with PLLA was the main innovation
of the proposed process. This modification led to a CS/BO blend. Sequentially, this
novel CS/BO blend was mixed with the PLLA polymeric matrix in four different %w/w
concentrations (i.e., 5, 10, 20, and 30%w/w) and melt-extruded. The CS/BO blend and all
the PLLA/CS/BO active packaging films were characterized via various techniques. More
specifically, parameters such as tensile properties, water and oxygen barrier properties,
water sorption, and antioxidant activity were measured for the obtained packaging films.

2. Materials and Methods

2.1. Materials

PLLA was supplied by NatureWorks, Minnetonka, MN, US, with the trade name
IngeoTM Biopolymer 3052D. CS with medium molecular weight and deacetylation degree
at 90% was supplied from Flurochem, Hadfield, Derbyshire, United Kingdom (cat. no.
FCB051814). Basil essential oil (BO) was purchased from Esperis spa., Binda, Milano, Italy
and according to the attached safety data sheets, the % mass composition was 70–80%
estragole, 7.5–10% linalool, 1–3% eucalyptol, 0.5–1.0% eugenol, and 0.5–1.0% D-limonene.

2.2. Preparation Methods

2.2.1. Preparation of CS/BO Hybrid Blend

The CS/BO blend was prepared according to the adsorption/evaporation process
which is described in our previous publication [20]. Briefly, 5 g of CS was spread in an
aluminum beaker. A small quartz beaker was placed in the middle of the aluminum beaker
and was filled with 5 g of BO. The whole “apparatus” was sealed and put in an oven at
130 ◦C for 24 h. Under these conditions, the volatile components of the BO were evaporated
and adsorbed into the CS. Following this innovative preparation method, we successfully
encapsulated the most volatile, the most active, and the less toxic fraction of extraction
oils. The obtained CS/BO hybrid blend could be easily mixed as a component for active
packaging film production.
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2.2.2. Preparation of PLLA/CS/BO Films

PLLA/CS/BO films of 300–350 µm average thickness were developed by the melt-
mixing method (see Figure 1) using a minilab twin co-rotating extruder (D516 mm, L/D524).
PLLA/CS films were also prepared for comparison reasons. PLLA pellets were dried in
an oven under vacuum at 98 ◦C for 2 h before their use. For 5 min of total melt process
time, the temperature was kept stable at 170 ◦C, and the screw rotation speed was 100 rpm.
Samples were prepared by the addition of the CS/BO hybrid blend into PLLA. The CS/BO
blend composition was fixed at 5, 10, 20, and 30% w/w Different samples were also
prepared by the addition of pure CS into PLLA with the same previous compositions.
The melted strands were exported from the extruder machine and cut into small granules
with a granulated machine. Films were produced using a hydraulic press with heated
platens. Hot-pressing of approximately 1 g of the obtained granules at 110 ◦C under
2.0 MPa constant pressure for 3 min provided the final product. These products were kept
in a desiccator under 25 ◦C temperature and relative humidity of 50% RH. Finally, for
comparison reasons, a “blank” film of PLLA without the addition of pure CS or CS/BO
was also prepared following the same procedure. The code names of all samples are
listed in Table 1. The amount of PLLA and CS/BO used in the preparation stage of the
PLLA/CS/BO active films as well as the process conditions at the melting extrusion stage
are listed in Table 1.

μ

 

Figure 1. Scheme with the extrusion process used for the preparation of Poly(L-Lactic Acid)
(PLLA)/chitosan (CS) and PLLA/CS/BO composites films: (a) “blank” PLLA, (b) PLLA/CS/BO5,
(c) PLLA/CS/BO10, (d) PLLA/CS/BO20, and (e) PLLA/CS/BO30.

2.3. XRD Analysis

The morphological evaluation of the PLLA/CS and PLLA/CS/BO films was in-
vestigated via XRD patterns obtained using a Brüker D8 Advance X-ray diffractometer
(Bruker, Analytical Instruments, S.A., Athens, Greece) equipped with a LINXEYE XE High-
Resolution Energy-Dispersive detector. Typical scanning parameters were set as follows:
two theta range 2–30◦, increment 0.03◦, and PSD 0.764.
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Table 1. Code names, amounts of PLLA and CS/BO used, and extrusion processing conditions for
all prepared active films.

Code Name PLLA(g)
CS
(g)

CS/BO
(g)

Extruder
Tempera-

ture
(◦C)

Extruder
Rotation

Speed
(rpm)

Extruder
Total

Processing
Time
(min)

PLLA 5.00 - 170 150 5
PLLA/CS5 4.75 0.25 - 170 150 5
PLLA/CS10 4.50 0.50 - 170 150 5
PLLA/CS20 3.00 1.00 - 170 150 5
PLLA/CS30 3.50 1.50 - 170 150 5

PLLA/CS/BO5 4.75 - 0.25 170 150 5
PLLA/CS/BO10 4.50 - 0.50 170 150 5
PLLA/CS/BO20 3.00 - 1.00 170 150 5
PLLA/CS/BO30 3.50 - 1.50 170 150 5

2.4. FT-IR Spectrometry

The chemical structure of the PLLA/CS and PLLA/CS/BO films were investigated
via IR spectra measurements. Infrared (FT-IR) spectra, which were the average of 32 scans
at 2 cm−1 resolution, were measured using an FT/IR-6000 JASCO Fourier transform spec-
trometer (JASCO, Interlab, S.A., Athens, Greece). Scans were carried out in the frequency
range 4000–400 cm−1.

2.5. Thermogravimetric/Differential Thermal Analysis (TG-DTA)

Thermogravimetric (TGA) and differential thermal analysis (DTA) measurements
were performed on PLLA/CS/BO samples. The results were compared with the same
type of measurements on PLLA/CS samples. A Perkin-Elmer Pyris Diamond TGA/DTA
instrument (Interlab, S.A., Athens, Greece) was used for such measurements. Samples of
approximately 5 mg were heated under nitrogen atmosphere from 25 to 700 ◦C and with
an increasing temperature rate of 5 ◦C/min.

2.6. Tensile Properties

Tensile measurements were carried out according to the ASTM D638 method on
PLLA/CS and PLLA/CS/BO films as well as on a “blank” PLLA film (used for compar-
ison reasons). Measurements were performed using a Simantzü AX-G 5kNt instrument
(Simantzu. Asteriadis, S.A., Athens, Greece). Three to five samples of each film were
tensioned at an across head speed of 2 mm/min. The samples were cut in dumb-bell shape
with gauge dimensions of 10 mm × 3 mm × 0.22 mm. Force (N) and deformation (mm)
were recorded during the test. Stress, stain, and modulus of elasticity were calculated
based on these measurements and the gauge dimensions.

2.7. Water Sorption

Films were cut into small pieces (12 mm × 12 mm), desiccated overnight under
vacuum, and weighed to determine their dry mass. The weighed films were placed in
closed beakers containing 30 mL of water (pH = 7) and stored at T = 25 ◦C. The sorption
versus time plots were developed by periodical weighting of the samples until equilibrium
was reached and according to the following equation:

W.S. (%) = (mWet × mDry)/mDry × 100 (1)

where mWet and mDry are the weights of the wet and dry films, respectively, and W.S. is the
water sorption.
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2.8. Water Vapor Permeability (WVTR)

Water vapor permeability of the PLLA/CS/BO films as well as of the “blank” PLLA
film were determined at 38 ◦C and 50% RH according to the ASTM E96/E 96M-05 method.
Measurements were carried out using a handmade apparatus and following the methodol-
ogy described extensively in our previous publications [21–23].

2.9. Oxygen Permeability (OP)

The Oxygen Transition Rates (OTRs) of the PLLA/CS/BO films as well as of the
“blank” PLLA film were measured using an oxygen permeation analyzer (8001, Systech
Illinois Instruments Co., Johnsburg, IL, USA). Tests were carried out at 23 ◦C and 0% RH
according to the ASTM D 3985 method. OTR values were measured in cc O2/m2/day. The
OP values of the tested samples were calculated by multiplying the OTR values with the
average film thickness, which was approximately 300–350 µm. The mean OTR value for
each kind of film resulted from the measurements of three samples.

2.10. Antioxidant Activity

The antioxidant activity of films was evaluated using 500 mg of small pieces (ap-
proximately 3 mm × 3 mm) of each film. The sample was placed in a dark-colored glass
bottle with a plastic screw cap and filled with 10 mL of DPPH ethanolic solution at 50 ppm
concentration. After incubation for 24 h at 25 ◦C in darkness, the % antioxidant activity of
the films was calculated according to Equation (2):

% Antioxidant activity = (Abscontrol × Abssample)/Abscontrol) × 100 (2)

2.11. Statistical Analysis

All measurements were carried out measuring three samples at least for each kind
of film. The statistical analysis was performed using the Statistical Software SPSS 20 for
windows (SPSS Inc., Chicago, IL, USA). The results for mean values and standard deviation
are presented below in Tables 2 and 3. A detailed discussion for the statistical analysis is
presented in the Results section.

Table 2. Modulus of elasticity (E), tensile strength (σuts), and % elongation at break (εb) of all the
tested PLLA/CS and PLLA/CS/Basil essential Oil (BO) films as well as the “blank” PLLA film.

Code Name
Tensile E
(St. Dev.)

(MPa)

σuts (MPa)
(St. Dev.)

%ε

(St. Dev.)

PLLA 2891.3(61.9) 33.9(4.9) 1.4(0.5)
PLLA/CS5 2877.3(125.3) 32.2(5.4) 1.3(0.3)

PLLA/CS10 2557.5(137.8) 28.2(6.0) 1.1(0.3)
PLLA/CS20 2006.3(225.4) 16.1(6.3) 0.8(0.2)
PLLA/CS30 1446.7(298.5) 6.1(2.4) 0.5(0.1)

PLLA/CS/BO5 2690.7(285.3) 40.3(7.9) 2.0(0.4)
PLLA/CS/BO10 2913.4(121.7) 36.3(3.7) 1.6(0.3)
PLLA/CS/BO20 3060.2(184.5) 21.5(4.0) 0.8(0.1)
PLLA/CS/BO30 3226.5(188.6) 20.9(4.4) 0.7(0.3)
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Table 3. Water vapor transmission rate (WVTR), Oxygen Permeability (OP), water sorption, and antioxidant activity values
of all tested PLLA/CS and PLLA/CS/BO composite films.

Code Name
WVTR

(St. Dev.)
(g/m2·day)

OP
(St. Dev.)

cm3·mm/m2·day

% Water Sorption
(St. Dev.)

Antioxidant Activity
after 24 h
(St. Dev.)

PLLA 13.80(3.5) 541.6(2.4) 1.85(0.22) n.d.
PLLA/CS5 14.2(2.8) 538.7(2.8) 2.92(0.25) 2.6(0.9)

PLLA/CS10 16.3(3.1) 548.3(3.5) 5.04(1.65) 5.8(1.2)
PLLA/CS20 24.4(3.4) 569.5(4.3) 9.23(1.55) 11.3(1.4)
PLLA/CS30 35.1(3.8) 586.4(5.2) 26.57(2.96) 16.4(1.5)

PLLA/CS/BO5 12.74(2.5) 468.2(1.5) 1.81(0.35) 7.8(0.9)
PLLA/CS/BO10 13.54(3.2) 518.5(2.1) 1.94(1.75) 12.8(1.2)
PLLA/CS/BO20 20.22(2.8) 552.7(2.9) 6.23(1.85) 24.4(1.4)
PLLA/CS/BO30 30.41(4.2) 562.4(3.5) 20.57(2.86) 34.6(1.5)

3. Results

3.1. XRD Analysis

Figure 2 presents the XRD plots of the PLLA/CS and the PLLA/CS/BO films as well
as of the “blank” PLLA film. The most intense diffraction peaks of the XRD measurement
of the PLLA film is at 2 θ; values of 16.6◦ and 18.96◦. This result is in agreement with
previous reports [24,25]. By increasing the CS and CS/BO contents in the PLLA/CS and
PLLA/CS/BO mixtures, the corresponding PLLA characteristic peaks of the FT-IR plots are
decreased and shifted in smaller angles. Moreover, at a more careful glance, it is observed
that the characteristic broad peak of CS at around 20◦ is increased by increasing the CS and
CS/BO contents. These observations indicate effective blending of the PLLA chains with
both the CS and CS/BO blends.
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Figure 2. XRD plots of (a) (2) PLLA/CS5, (3) PLLA/CS10, (4) PLLA/CS20, and (5) PLLA/CS30 as well as (b) (2)
PLLA/CS/BO5, (3) PLLA/CS/BO10, (4) PLLA/CS/BO20, and (5) PLLA/CSB/O30: in the upper part of both graphs (line
(1)) is the corresponding “blank” PLLA XRD plot for comparison.
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3.2. FT-IR

Figure 3 presents the FT-IR spectra of the PLLA/CS and the PLLA/CS/BO films as
well as the FT-IR spectra of the “blank” PLLA film. Figure 3c presents the magnified spectra
of the PLLA, PLLA/CS30, and PLLA/CS/BO30 films. The main characteristic peaks of
both the PLLA and the CS material are observed in all spectra. For the PLLA/CS/BO30
film (see Figure 3c, spectrum (3)), the band at approximately 1511 cm−1 can be attributed
to the BO vibrations [20] and indicates effective mixing of the CS/BO blend with the PLLA
chains. As it is denoted with the dot lines (see Figure 3a–c), the OH stretch band of the
PLLA is presented at the wavenumber value 3510 cm−1. At wavenumber values of 2941
and 2993 cm−1, the CH and CH3 stretching bands are visible, whereas the characteristic
band of the CO ester group is observed at 1750 cm−1 [26].
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Figure 3. FT-IR spectra plots of (a) (1) PLLA (2) PLLA/CS5, (3) PLLA/CS10, (4) PLLA/CS20, and
(5) PLLA/CS30; (b) (1) PLLA (2) PLLA/CS/BO5, (3) PLLA/CS/BO10, (4) PLLA/CS/BO20, and (5)
PLLA/CS/BO30; and (c) (1) PLLA, (2) PLLA/CS30, and (3) PLLA/CS/BO30.

Furthermore, the broadband at the wavenumber value around 3400 cm−1 corresponds
to the OH and NH stretch of CS. For the CS material, the band at the wavenumber value
1650 cm−1 corresponds to the amide I band. On the other hand, the amide III band [26,27]
was not detected. This happens probably because of the low transmittance of the films in
the wavenumber range 1050–1300 cm−1. By increasing the CS and the CS/BO contents in
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the PLLA/CS and PLLA/CS/BO films, the characteristic peaks of the FT-IR plots, which
correspond to the PLLA material, decreased. This fact indicated effective blending of the
PLLA chains with the CS chains and the CS/BO blend. Furthermore, no PLLA peak shift
is observed in PLLA/CS or in PLLA/CS/BO films. This fact indicates that no interaction
exists between PLLA and CS chemical groups [28].

3.3. TG-DTA

Figure 4a shows the TG plots for pure PLLA and CS and for all the PLLA/CS blends.
Figure 4b shows the TG plots for pure PLLA and CS/BO and for all the PLLA/CS/BO
blends. Pure CS (see Figure 4a) and the CS/BO blend (see Figure 4b) exhibit two weight-
loss steps. The first weight-loss step starts at around 100 ◦C and ends at around 200 ◦C and
occurs due to elimination of the adsorbed moisture. The second weight-loss step starts at
approximately 230 ◦C, ends at approximately 550 ◦C, and occurs because of decomposition
of the CS chains [29]. Thus, the modification of CS with BO does not cause remarkable
changes to the thermal behavior of the obtained CS/BO blend.
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Figure 4. Thermogravimetric (TG) (a,b) and Differential Thermal Analysis (DTA) (c,d) plots of
all PLLA/CS (a,c) and PLLA/CS/BO composite films as well as blank PLLA film, and pure
CS and modified CS/BO powders: in Figure 4a,c (1) PLLA, (2) PLLA/CS5, (3) PLLA/CS10, (4)
PLLA/CS20, (5) PLLA/CS30, and (6) CS are shown, and in Figure 4b,d, (1) PLLA, (2) PLLA/CS/BO5,
(3) PLLA/CS/BO10, (4) PLLA/CS/BO20, (5) PLLA/CS/BO30, and (6) CS/BO are shown.

The TG plot of the pure PLLA (see Figure 4a,b line 1) shows one weight-loss step,
which starts at around 310 ◦C [28,30]. Incorporation of pure CS in the PLLA chains causes
a decrease in the decomposition temperature compared to that of the pure PLLA. After
such mixing, the decomposition starting step occurs at lower temperature values. The
same observation occurs in cases of 10%wt, 20%wt, and 30%wt CS/BO loading in the
PLLA matrix. On the contrary, the incorporation of 5%wt of the CS/BO blend in the
PLLA matrix shifts the decomposition temperature to higher values. These decompo-
sition temperatures are better depicted in the DTA plots of the PLLA/CS samples (see
Figure 4c) and the PLLA/CS/BO samples (see Figure 4d). According to these values, the
PLLA/CS/BO films exhibit higher thermal stability than the corresponding PLLA/CS
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films. The PLLA/CS/BO5 sample exhibits the highest decomposition temperature value,
which is also higher that of the “blank” PLLA film. Concluding, we could say that the
thermogravimetric analysis experiments showed an enhancement of the thermal stability
of the PLLA/CS/BO composite films compared to the thermal stability of the PLLA/CS
composite films. The PLLA/CS/BO films with a composition of 5%w/w CS/BO blend in
the PLLA matrix exhibited the highest thermal stability.

3.4. Tensile Properties

Figure 5a,b shows the stress–strain curves of the PLLA/CS and the PLLA/CS/BO
composite films correspondingly. The average value, the standard deviation of Young’s
Modulus (E) as well as of the tensile strength (σuts), and the elongation at break (εb) were
calculated. The results are presented in Table 2. A decrease in Young’s Modulus and in
tensile strength, and the elongation at break values are observed for all the PLLA/CS films
compared to the respective values of the “blank” PLLA films. More specifically, as the
CS content increased in the PLLA/CS films, the obtained Young’s Modulus, the tensile
strength, and the elongation at break values decreased further. This result is consistent with
previous reports where the CS was blended with PLLA [9,11]. This happens because mixing
of the thermoplastic polymer PLLA and CS is thermodynamically prohibited. Moreover,
the two polymers are inherently incompatible [11,27].
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Figure 5. Strain–stress curves of (a) (1) PLLA, (2) PLLA/CS5, (3) PLLA/CS10, (4) PLLA/CS20, and
(5) PLLA/CS30 and (b) (1) PLLA, (2) PLLA/CS/BO5, (3) PLLA/CS/BO10, (4) PLLA/CS/BO20, and
(5) PLLA/CS/BO30, and (c) %variation of tensile strength (σ) values and %elongation at break—(%ε)
values are for all tested PLLA/CS and PLLA/CS/BO active packaging films.

On the contrary, the modified CS/BO blend exhibited better compatibility with PLLA.
For PLLA/CS/BO5 and PLLA/CS/BO10 films (see Table 2), higher values of Young’s
Modulus, tensile strength, and elongation at break were obtained compared to the re-
spective values of the “blank” PLLA films. Comparing the mechanical properties of the
PLLA/CS/BO20 and the PLLA/CS/BO30 films with the relevant properties of the “blank”
PLLA film, Young’s Modulus values are still higher but the tensile strength and the elon-
gation at break values decreased. To the best of our knowledge, it is the first reference

117



Processes 2021, 9, 88

that PLLA/CS blends exhibit enhanced tensile strength and elongation at break values.
This result is illustrated better in Figure 5c, where the %variation of tensile strength and
elongation at break values of all PLLA/CS, PLLA/CS/BO, and “blank” PLLA films are
plotted. From this figure, it is obvious that the CS/BO blends exhibited higher compatibility
with the PLLA matrix in the cases of 5%w/w and 10%w/w nominal concentrations. This
result indicates the use of the novel CS/BO blend as a compatibilizer agent.

3.5. Water Sorption

Calculated water sorption values are listed in Table 3. The addition of both CS and
CS/BO in the PLLA matrixes increased the water sorption values because of the higher
hydrophilicity of CS [9,11]. Hydrophobic modification of the CS with BO led to lower
water sorption values for PLLA/CS/BO films as compared to the respective water sorption
values of the PLLA/CS films. The lowest water sorption values were obtained for the
PLLLA/CS/BO5 and PLLA/CS/BO10 samples.

3.6. Water Barrier Properties

Calculated WVTR values are shown in Table 3. The PLLA/CS films exhibited higher
WVTR values than the “blank” PLLA film, which is consistent with previous studies, [9,11].
This phenomenon is caused by the greater hydrophilicity of CS, which allows the diffusion
of water molecules through the film. As the CS content increased, the WVTR values of
the obtained PLLA/CS films increased further. On the contrary, the PLLA/CS/BO films
exhibited lower WVTR values than the PLLA/CS films. The hydrophobic behavior of
the BO makes the PLLA/CS/BO5 and PLLA/CS/BO10 films show lower WVTR values
compared to the “blank” PLLA film. This result indicates that the hydrophobicity of the
CS/BO blend prevails over the hydrophilicity of the pure CS material. This is supported by
the TG and FTIR experiments which were discussed above. Thus, the BO in the modified
CS/BO blend acts as a compatibilizer between the PLLA and the CS chains. Moreover, it
acts as a hydrophobic barrier agent.

3.7. Oxygen Permeability (OP)

The calculated OP values for all the tested PLLA/CS, PLLA/CS/BO, and “blank”
PLLA samples are listed in Table 3. The OP values exhibited a similar trend to that of the
WVTR values. The PLLA/CS/BO films exhibited lower OP values than the PLLA/CS
films. This result indicates that CS modification with BO led to more effective blending of
the CS/BO blend with the PLLA matrix. Furthermore, it enhances the tortuosity of paths
which are followed by the oxygen molecules inside the PLLA/CS/BO composite matrix.
The PLLA/CS/BO5 and PLLA/CS/BO10 samples exhibited lower OP values compared to
the respective values of the PLLA film.

This result in combination with the WVTR values and the % water sorption values
could support the conclusion that 5%wt and 10%w/w CS/BO loading is optimal for such
PLLA/CS/BO composite films.

3.8. Antioxidant Activity

Antioxidant activity values for the tested composite films are listed in Table 3. Con-
sidering the PLLA/CS films, such values were found to increase when the CS content
increased. The PLLA/CS5 material exhibited values around 7.8%, the PLLA/CS10 exhib-
ited values around 12.8%, and the PLLA/CS20 as well as the PLLA/CS30 exhibited values
around 16.4%. It is known [30] that CS inhibits reactive oxygen species and prevents lipid
oxidation of food. Antioxidant activity values increased further when the CS/BO blend
was added to the PLLA matrix. The antioxidant activity values in such cases were around
2.6% for PLLA/CS5, around 5.8% for PLLA/CS10, around 24.4% for the PLLA/CS20, and
around 34.6% for the PLLA/CS30 sample. This result indicates successful use of the BO
molecules as an antioxidant agent in the modified CS/BO blend.
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3.9. Statistical Analysis of the Experimental Data

All the experimental data, i.e., E, σuts, %ε, WVP, % water sorption, OP, and % an-
tioxidant activity after 24 h, were statistically treated using the statistical software SPSS,
IBM, Chicago, IL, USA, ver. 20. More specifically, for all statistical tests, we assumed a
confidence interval (C.I.) of 95%, which is the most common value used for such analyses.
Thus, the value of the statistical significance level is p = 0.05. The results for mean values
and standard deviation of the abovementioned parameters are presented in Tables 2 and 3.

Furthermore, for each one of the abovementioned properties, the hypothesis H0 (mean
values could be assumed as equal) was examined for all the combinations of samples. This
was performed for supporting the hypothesis that, considering different samples, every
property has a statistically different mean value. The normality tests for data sets indicated
that some of them cannot be assumed as normal distributions. Also, variance homogeneity
tests, according to Levene’s criterion, showed that, in some cases of films, we did not
have homogeneity of variance. Thus, we could not use the ANOVA method for testing
the mean equalities. Instead, we used the nonparametric Kruskal–Wallis method. The
results are presented in Table 4. The (Sig.) values which are presented in this table were
compared with the significance level (p). It is obvious from these comparisons that, in
all cases, the (Sig.) values are smaller than the significance level (p) values. Thus, in all
cases and for all parameters, mean values are statistically different. The smaller the (Sig.)
value, compared to significance level value (p), the more assured that the mean values are
statistically unequal. For Sig. = 0, the inequality of means is 100% statistically assured. For
(Sig.) close to (p) values, the inequality of means is limitedly assured. According to the
clarifications mentioned above, we developed the empirical Equation (3) for calculation
of an empirical factor we call “inequality assurance” (IA). This factor is the percentage of
deviation of (Sig.) from (p) values toward 0. The “inequality assurance” (IA) is calculated
as follows:

IA =
p − Sig.

p
∗ 100 (3)

It is obvious from Table 4 that, in all cases, the inequality of mean values is statistically
assured strongly (IA ≥ 88%).

Table 4. Mean values inequality test of modulus of elasticity (E), tensile strength (σuts), % elongation
at break (εb), water vapor permeability WVTR, % water sorption, oxygen permeability (OP), and %
antioxidant activity after 24 h of all tested films.

Sig. IA

E 0.002 96
Σuts 0.005 90
%ε 0.003 94

WVTR 0.005 90
% water sorption 0.005 90

OP 0.004 92
% Antioxidant activity after 24 h 0.001 98

4. Conclusions

Following the spirit of cyclic economy in this work, we developed a fully bio-based
and biodegradable active packaging film using the fully biodegradable PLLA polymer
in combination with a by-product of the food industry, i.e., chitosan (CS), and a natural
antioxidant, i.e., the basil-oil extract (BO). Concluding the previous analysis, we could
say that the modification of CS with BO molecules via a “green” adsorption/desorption
process leads successfully to a novel hydrophobic CS/BO bioactive blend which could be
used as a masterbatch in extrusion molding processes. The development of PLLA/CS/BO
active packaging films exhibits enhanced tensile, barrier, and antioxidant properties. The
most promising films in this work were the composite PLLA films loaded with a CS/BO
blend in compositions from 5%w/w to 10%w/w The last films showed enhanced tensile
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properties, the lowest % water sorption, enhanced water/oxygen barrier properties, and
significant antioxidant activity. According to these results, the composite PLLA/CS/BO5
and PLLA/CS/BO10 films could be novel, promising, active packaging films. Moreover,
the novel and promising results of this study could be used as a guide for the encapsulation
of other EOs in such PLLA/CS films with more improved characteristics.
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Abstract: The study aims to prepare a smart copolymeric for controlled delivery of Galantamine
hydrobromide. The synthesis of the hydrogel was executed through free radical polymerization
using HPMC (Hydroxypropyl methylcellulose) and pectin as polymers and acrylic acid as monomer.
Cross-linking was performed by methylene bisacrylamide (MBA). HPMC-pectin-co-acrylic acid
hydrogel was loaded with Galantamine hydrobromide (antidementia drug) as a model drug for
treatment of Alzheimer based dementia. Formulated hydrogels (SN1–SN9) were characterized for
Fourier transform-infrared spectroscopy, differential scanning calorimetry, thermogravimetric analysis,
X-ray diffraction, and energy dispersive X-ray. Drug loading efficiency, gel fraction, measurements
of porosity, and tensile strength were reported. Swelling and release studies were performed at
pH 1.2 and 7.4. Drug liberation mechanism was evaluated by applying different release kinetic
models. Galantamine hydrobromide was released from prepared hydrogels by Fickian release
mechanism. Swelling, gel fraction, porosity, and drug release percentages were found to be dependent
on hydroxypropyl methylcellulose, pectin, acrylic acid, and methylene bisacrylamide concentrations.
By increasing HPMC amount, swelling was increased from 76.7% to 95.9%. Toxicity studies were
conducted on albino male rabbits for a period of 14 days. Hematological and histopathological studies
were carried out to evaluate safety level of hydrogel. Successfully prepared HPMC-pectin-co-acrylic
acid hydrogel showed good swelling and release kinetics, which may help greatly in providing
controlled release drug effect leading to enhanced patient compliance for dementia patients.

Keywords: HPMC; galantamine hydrobromide (GH); pectin; hydrogel; methylene bisacrylamide; dementia

1. Introduction

Innovative approaches and advancements in biomedical science help in providing improved drug
delivery systems. Formulation of advanced and productive drug delivery systems are a necessity to
provide better treatment of different diseases [1]. Oral route is the most acceptable route of drug delivery
for the greatest number of patients mainly because of its low cost compared to other dosage forms.
Moreover, it is a safe route with an effective outcome and also oral dosage forms are easily ingested.
Conventional immediate release oral dosage forms require frequent daily dosing leading to fluctuation
of drug level in plasma, which imparts a negative effect on the drug efficacy. Controlled release (CR)
tablets are developed not only to surmount the demerits of older oral dosage forms but also to provide
other useful advantages [2]. CR systems maintain steady state concentration of drug in plasma and
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thereby reduce the frequency of daily dose. CR tablets usually face the problem of dose dumping
when they undergo disintegration process, which results in severe toxicity. Such demerits are usually
overcome by using diverse polymers in controlled release systems. Utilization of polymers has highly
impacted the advancement of modern medicine and has led towards increased patient compliance [3,4].
Biocompatible polymers are widely employed in controlled release systems, which can release drug
over long intervals of time. Polymeric based drug carriers display lesser side effects and also provide
potential for site specific drug delivery [5].

Polymers that display changes in their physical characteristics when external stimuli are applied are
termed as stimuli-responsive polymers [6]. Such polymers can be employedtoachieveanyparticular targeted
area drug release [7]. They are also employed in hydrogels fabrication [8,9]. Hydrogels are 3D polymeric
cross-linked network like structures displaying high hydrophilicity. They are also termed as smart or
intelligent systems as they are engineered to be sensitive to environmental stimuli. Hydrogels are widely
applicable in diverse biomedical, environmental, and pharmaceutical fields, such as tissue engineering,
contact lens, immune-therapy, and most importantly in controlled drug release. Their attractive feature
of displaying swelling behavior and releasing entrapped drug molecules upon change in pH and
other stimuli such as temperature, light, pressure, and electric field makes them compatible for usage
in controlled and targeted drug delivery systems [10]. Free radical polymerization is a widely used
method for cross-linking the hydrogels structure [11,12].

Hydroxypropyl methylcellulose (HPMC) is a cellulose derivative, which is water soluble in nature.
It is widely employed in many industries like food, plastic, and most importantly, the pharmaceutical
industry. Many grades of HPMC are used in formulation of several oral dosage forms. HPMC finds
its diverse applications in oral dosages due to its biocompatibility, biodegradability, hydrophilicity,
and swelling ability [13].

Pectin is a naturally occurring polysaccharide having a complex structure with hydrophilic characteristic.
Pectin is nontoxic, biocompatible, and economic in cost, which is why it has many applications in
biotechnology and pharmaceuticals. It has been generally used as stabilizer and gelling agent as well
as polymer in hydrogel formation [14].

Galantamine hydrobromide (GH) is an antidementia drug, which is used in treatment of Alzheimer
based dementia. Because of its short half-life of 7 h, it is administrated two times a day. Dementia is
a neurodegenerative syndrome related to memory loss, mental confusion, and motor dysfunctions.
The pharmacological class of Galantamine hydrobromide is cholinesterase inhibitor. It is a reversible
competitive inhibitor of acetylcholine esterase. It is metabolized by cytochrome P450, 2D6, and 3A4
enzymes. Drugs that are metabolized through these enzymes affect the pharmacokinetics of Galantamine
hydrobromide if they are coadministered [15].

Hydrogels are three dimensional networks that have the ability to absorb a large amount water.
These have resemblance to natural tissues because of their soft, elastic nature and low interfacial
tension. These are widely employed in the pharmaceutical, agriculture, and medical sector because
of their tunable properties, biocompatibility, and gel forming ability. These intelligent networks can
be prepared by a number of techniques, but the most widely used approach is aqueous free radical
polymerization [16].

In this study, MBA cross-linked HPMC-pectin-co-acrylic acid hydrogels were fabricated by free
radical polymerization for controlled delivery of Galantamine hydrobromide. Controlled release oral
hydrogels of Galantamine hydrobromide can give a better and more efficient way of administrating the
therapeutic amount of drug as a single dose, thereby reducing the frequency of dosing. Such a system
shall maintain the steady state drug plasma levels, which would be beneficial for dementia patients as
they are much more reluctant to take their medications and also often forget to take their medicines
because of their mental condition. In this study, nine hydrogels formulations were prepared by varying
the amount of polymers, monomer, and cross-linker. The fabricated hydrogels were evaluated by
different characterization tests, and their in vitro drug release profile was studied.
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2. Materials and Methods

2.1. Materials

Hydroxypropyl methylcellulose (HPMC E-5), pectin, and acrylic acid were purchased from
Sigma Aldrich (Darmstadt, Germany). Methylene bis-acrylamide (MBA), ammonium persulfate
(APS), potassium phosphate (monobasic), hydrochloric acid, and ethanol were obtained from Merck-
(Darmstadt, Germany). Galantamine hydrobromide was received as a gift from Reko pharmaceutical
Multan road Lahore (Pakistan).

2.2. Methods

HPMC-pectin-co-acrylic acid hydrogels were formulated through free radical polymerization.
A total of 0.5 g of HPMC was added slowly to already warm 25 mL of distilled water. It was stirred
until formation of clear solution A. A total of 0.5 g of pectin was added in small divided portions to
10–15 mL distilled water to get clear solution B. Solution A and B were mixed together under continuous
stirring to obtain solution C. At the same time, solutions of ammonium per sulfate (APS) and methylene
bisacrylamide (MBA) were also prepared separately. A total of 0.2 g of APS was mixed in approximately
5 mL of distilled water. A total of 0.3 g of MBA was added into water to get a clear solution.

Approximately 15 mL of acrylic acid were added dropwise into already prepared solution C under
continuous stirring. Next, addition of APS solution followed by addition of MBA solution into solution
C. The prepared solution was kept under stirring for 5–10 min followed by sonication for 3–5 min at
5000 rpm. Sonication was done to eliminate any dissolved oxygen. Test tubes were filled with hydrogel
solution, which were sealed with aluminum foil and again sonicated to ensure complete removal of
dissolved oxygen. The test tubes were arranged in test tube stand, and this stand was placed in water
bath for heating. Firstly, the temperature was set at 45 ◦C for one hour. Later on, the temperature of
the bath was increased in the following sequence: 50 ◦C for two hours, 55 ◦C for three hours, 60 ◦C for
four hours, and 65 ◦C for the next twelve hours. During the above-mentioned time period, free radical
polymerization was completed, leading to formation of hydrogels. After twenty-four hours, the test
tube stand was removed from bath. Tubes were cooled down at room temperature followed by their
careful breakage to recover the prepared hydrogels. Hydrogels were cut by sharp edged blade into
discs of specific dimensions. The hydrogel discs were washed with ethanol: water (50:50) solution in
order to remove any unreacted species. Discs were transferred into petri dishes and dried at room
temperature. Different combinations were prepared by varying quantities of HPMC, pectin, acrylic acid,
and MBA (Table 1). Dried hydrogels were stored for further characterization and evaluation process.

Table 1. Composition of Hydroxypropyl methylcellulose (HPMC)-pectin-co-acrylic acid hydrogels
formulations (SN1–SN9).

Formulation Codes HPMC (g) Pectin (g) MBA (g) Acrylic Acid (mL) APS (g)

SN1 0.5 0.5 0.3 15 0.2
SN2 0.5 0.5 0.5 15 0.2
SN3 0.5 0.5 0.7 15 0.2
SN4 0.5 1 0.3 15 0.2
SN5 0.5 1.5 0.3 15 0.2
SN6 1 0.5 0.3 15 0.2
SN7 1.5 0.5 0.3 15 0.2
SN8 0.5 0.5 0.3 17 0.2
SN9 0.5 0.5 0.3 19 0.2

2.2.1. Drug Loading and Entrapment Efficiency

Drug loading efficiency of all hydrogel formulations was calculated. Drug was loaded into
hydrogels through post loading method in which the hydrogel discs were soaked into 1%w/v drug
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solution for approximately 1 week. After optimum swelling, discs were removed from the drug
solution. Blotting paper was used to remove excess solvent from their surface. Firstly, these swollen
discs were dried at room temperature and then dried in an oven at 40–45 ◦C for one week or complete
drying [16]. Drug loading was determined through the equation below:

Drug Loading (%) =

(

Wd −W0

Wd

)

× 100 (1)

where W0 and Wd refer to hydrogel weight before and after soaking, respectively.

2.2.2. Sol-Gel Fraction

Gel fraction of hydrogels was determined. Soxhlet extractor was used in which small dried
hydrogel preweighed pieces were placed with addition of deionized water. Temperature was set at
100 ◦C for 4 h. After extraction of uncross-linked polymer, the hydrogel pieces were removed from
Soxhlet apparatus and dried at 40 ◦C in an oven [16]. Weight of dried hydrogel pieces was noted.
Gel percentage was determined by using the following equations:

Gel f raction (%) =

(

W0 −Wi

W0

)

× 100 (2)

Sol f raction (%) = 100− gel f raction (3)

where W0 is initial weight of hydrogel pieces before extraction and Wi is weight of dried hydrogel
pieces after extraction.

2.2.3. Fourier Transform Infrared (FTIR) Spectroscopy

FTIR analysis of all ingredients, i.e., HPMC, pectin, acrylic acid, MBA, Galantamine hydrobromide,
and fabricated hydrogels was performed for confirmation of the identity and compatibility of ingredients.
Hydrogel discs were crushed and placed on crystal mark of FTIR apparatus. Little force was applied on
the sample to make a thin film for FTIR analysis. FTIR spectra of fabricated hydrogels and all employed
materials were recorded at 500–4000 cm−1 by using FTIR spectrophotometer (Bruker Tensor 27 series,
Bremen, Germany) [17].

2.2.4. Differential Scanning Calorimetry (DSC)

DSC test was performed to evaluate the thermal stability of hydrogel formulation over a specific
temperature range. Glass transition temperature (Tg) and nature of crystallization were evaluated in
DSC, which was performed using TA instrument (West, Sussex, UK). A 10 mg sample was placed on
aluminum pans. DSC was performed at heating range of 0–500 ◦C at heating rate of 20 ◦C/min using
constant nitrogen flow of 20 mL/min [18].

2.2.5. Thermogravimetric Analysis (TGA)

TGA was also carried out to check thermal stability in terms of weight loss percentage of sample by
providing heat flow, which reflects the physical and chemical nature of the sample. For TGA analysis,
10mg samples were analyzed using TA instrument SDT Q600 (West, UK). Grounded samples were
subjected to a temperature range of 0–500 ◦C and the heating rate was 10 ◦C/min under a nitrogen
purge (25 mL/min) [19].

2.2.6. Powered X-ray Diffraction (PXRD)

XRD was performed for determining the crystalline or amorphous nature of the samples (Galantamine
hydrobromide, HPMC, pectin, and prepared hydrogel) at room temperature under a voltage of 40 kV by
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using an X-ray diffractometer (Siemens model D500, Cu Ku Kɑ 

θ –

𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦 (%) = (𝑀2 − 𝑀1ρV ) × 100
ρ

3367, USA). Freshly prepared hydrogel was placed in UTM jaws and Young’

% 𝑜𝑓 𝑒𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚 𝑠𝑤𝑒𝑙𝑙𝑖𝑛𝑔 = (𝑊𝑠 − 𝑊𝑖W𝑠 ) × 100

radiation). Diffractogram was scanned at
2θ angle range of 60–50◦ at speed of 2◦/min [20].

2.2.7. Energy Dispersive X-ray (EDX) Spectroscopy

EDX was performed for identification of elemental composition of prepared hydrogels. Atoms of
each element emit specific X-rays, which were used for identification of elements of each sample. An EDX
analyzer (Model EX-400; Japan) was used for recording EDX peaks of Galantamine hydrobromide,
HPMC-pectin-co-acrylic acid hydrogel and Galantamine hydrobromide loaded HPMC-pectin-co-acrylic
acid hydrogel [21].

2.2.8. Porosity Test

To find the percentage of porosity, weight of hydrogel discs was noted and then dipped into
absolute ethanol overnight. Weight of disc was noted again after removing excess ethanol from discs.
Porosity % test was performed for all hydrogel formulations and calculated as:

Porosity (%) =

(

M2 −M1

ρV

)

× 100 (4)

where M1 and M2 are hydrogel mass before and after dipping into absolute ethanol respectively, ρ is
the absolute ethanol density, and V is the hydrogel disc volume.

2.2.9. Mechanical Strength

Mechanical strength test was performed by using universal testing machine (UTM) (Instron 3367,
Norwood, MA, USA). Freshly prepared hydrogel was placed in UTM jaws and Young’s modulus and
force in Newton (N) was noted at a point where hydrogel was broken [22].

2.2.10. Swelling Studies

Swelling studies were performed at two pH values, i.e., at 1.2 and 7.4. Dried hydrogel discs of all
formulations were weighed and dipped into 200 mL of respective pH buffer solutions. After specified
time intervals ranging from 0.5 to 72 h, the discs were taken out from buffer solutions and placed
onto filter paper for absorption of excessive buffer. Their weight was noted until constant weight was
reached. This process was carried out for all hydrogel formulations. Swelling study was conducted for
three consecutive days, and percentage was determined through the following formula:

% o f equilibrium swelling =
(

Ws −Wi

Ws

)

× 100 (5)

where Ws is the weight of swollen disc at a specific time interval and Wi is its dry weight.

2.2.11. Galantamine Hydrobromide Release Study

Release study of Galantamine hydrobromide from HPMC-pectin-co-acrylic acid hydrogel was
performed at pH 1.2 and 7.4. Dissolution apparatus II (USP) was used at 50 rpm, and a temperature of
37 ◦C was maintained. Drug loaded hydrogel discs were placed in 900 mL of buffer of respective pH,
and samples were withdrawn after definite time intervals ranging from 0.5 to 36 h. Absorbance was
measured by UV-spectrophotometer (UV-1800, Kyoto, Japan) at 287 nm [16].

2.2.12. Release Kinetics

Data obtained from in vitro drug release process were evaluated to determine the corresponding
kinetic model. Dissolution profile data can be interpreted by some mathematical functions, and each
function has its own features [23].
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Zero order kinetics:
Qt = Qo − Ko t (6)

First order kinetics:
LnQt = LnQo − K1t (7)

Higuchi Kinetics:
Qt = Kht1/2 (8)

Qo: Initial amount of drug in hydrogel microparticles,
Qt: Amount of drug after time ‘t’
Ko, K1, and Kh are rate constants.
Korsemeyer–Peppas kinetics:

Mt

Min f
= Kptn (9)

2.2.13. Acute Oral Toxicity Studies

Toxicity study was conducted as per organization for economic cooperation and development (OECD)
guidelines on rabbits for examining the safety profile of fabricated HPMC-pectin-co-acrylic acid hydrogels.
All the study protocols were reviewed and approved by Institutional Research Ethics Committee of
Faculty of Pharmacy, The University of Lahore notification no. IREC-2019-100. Twelve albino male rabbits
were divided into two groups named as controlled and tested groups. Each rabbit in both groups has
a weight ranging from 1.5 to 2 kg. Healthy food and water were supplied to both groups on a daily basis.
The tested group was given a dose of crushed carrier system according to dose of 2 g/kg. Weight and
physical activities were checked on daily basis for 2 weeks. After this time, blood samples were taken from
the two groups for different biochemical analysis tests. Then they were sacrificed to remove vital organs,
i.e., lungs, brain, heart, liver, small intestine, stomach, and spleen for histopathological examination [24].

3. Results and Discussion

3.1. FTIR Analysis

Pectin IR peaks are illustrated in Figure 1a. The spectrum has prominent and evident peaks at 3363, 1720,
1602, and at 1224 cm−1 representing –OH stretch, stretching of ester carbonyl group (>Carbon=Oxygen),
Carbon=Carbon, and Carbon–Oxygen stretching vibration, respectively. Pectin spectrum is confirmed by
a literature study conducted by Rehmani et al. [25], who developed semi-interpenetrating hydrogel for
delivery of active agents in control kinetics. They studied FTIR spectrum of pectin and found characteristic
peaks at 3368, 1737, 1227, and at 1605 cm−1.

FTIR spectrum of HPMC E-5 shown in Figure 1b, displays characteristics peaks at 3519, 2867, 1386,
and 1045 cm−1, revealing the presence of hydroxyl group (OH) stretching, C–H group, vibration of
hydroxyl group (OH), and C–O group stretching, respectively. Spectrum of HPMC is confirmed through
a literature study performed by Akhlaq et al. [26]. They observed characteristic peaks at 3421.48, 2891.10,
and at 1377 cm−1.

Galantamine hydrobromide FTIR spectrum illustrated in Figure 1c shows a prominent peak
at 3561.87 cm−1 because of O–H stretching of enol group (C=C–O–H). Another characteristic peak
occurring at 1623.769 cm−1 represented N–H bending. Peaks at 1141.625 and 600–700 cm−1 represent
C–N stretch and C–Br bond, respectively. Hanafy et al. [27] have prepared Galantamine hydrobromide
loaded chitosan nanoparticles administered through nasal routes for Alzheimer’s disease. FTIR analysis
showed characteristic peaks at 3559 cm−1 for O–H stretching.
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Figure 1. FTIRspectrumof(a)Pectin, (b)HPMC,(c)Galantaminehydrobromide, and(d)hydrogel formulation.

Peaks in IR spectrum of acrylic acid appearing at 1634.74 and 1705.45 cm−1 represented Carbon=Carbon
and C–O vibrations. These results are verified through literature in a study conducted by Feng et al. [28]
who prepared pH-sensitive particles based on polymeric systems for controlled delivery of rebar
inhibitor. They observed FTIR peaks of acrylic acid appearing at 1626 and 1707 cm−1.

Infrared spectrum of MBA given showed characteristic peaks at 3308.1, 1666.2, 1530.24, 1408.77,
1379.45, and 1220.25 cm−1. These peaks are caused by the presence of Carbon=Oxygen bond and
Nitrogen–Hydrogen groups. Similar results are reported by Ibrahim [29] who prepared grafted
polyacrylamide/chitosan-based hydrogel. They also found IR peaks of MBA at 3305.05, 1656.84, 1537.12,
1382.45, and 1224.89 cm−1.

IR Spectrum of unloaded formulation of HPMC-pectin-co-acrylic acid hydrogel is shown in
Figure 1d. It shows peaks at 786, 1157, 1444, 1693, and 2915 cm−1, respectively. There is an appearance
of new peaks, which confirmed the formation of hydrogel structure.

3.2. Swelling Studies

3.2.1. Influence of MBA on Swelling Percentage

Swelling studies of HPMC-pectin-co-acrylic acid hydrogel formulations were conducted at pH 7.4
and pH 1.2 for 72 h, which is the equilibrium stage of swelling for these hydrogels. Figure 2a shows
that by increasing MBA concentration from 0.5 to 0.7 g, swelling percentage was decreased from 84.62
to 48.25% at pH 7.4. A higher cross-linker amount resulted in formation of highly interlaced and
dense network having high crosslinking density, which displayed low swelling behavior. At pH 1.2,
the swelling percentage was only up to 10% because acrylic acid is a pH responsive monomer and
it undergoes ionization only at pH 7.4 and remains in unionized state at pH 1.2, thereby no chain
relaxation in terms of swelling was observed.
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Figure 2. Influence of variable amounts of (a) methylene bisacrylamide (MBA), (b) pectin, (c) HPMC,
and (d) acrylic acid on swelling percentage of fabricated hydrogels.

3.2.2. Influence of Pectin on Swelling Percentage

Figure 2b shows swelling behavior at pH 7.4 of formulations in which pectin amount was increased
from 0.5 to 1.5 g. Results had revealed that if higher pectin quantity was used, swelling percentage
was also increased from 79.58 to 92.62% at pH 7.4. There were two main reasons behind this increased
swelling pattern. Firstly, pectin contains carboxymethyl groups (–COOCH3), which has greater
tendency for ionization at pH 7.4. When (–COOCH3) groups become ionized, electrostatic repulsions
occur between them. Such repulsions cause expansion of hydrogel network. Secondly, high porosity
was observed by increasing pectin amount at pH 7.4. So, due to high porosity, more solvent influx
occurred into the hydrogel resulting in a high swelling percentage. At pH 1.2, it was observed that
swelling percentage was up to 10%, which was considered as a negligible result because at this pH,
carboxymethyl groups (–COOCH3) do not ionize, resulting in low to negligible swelling.

3.2.3. Influence of HPMC on Swelling Percentage

By increasing HPMC amount from 0.5 to 1.5 g (Figure 2c), swelling percentage was increased
from 76.68% to 95.89% at pH 7.4. Swelling was increased because of the hydrophilic nature of the
polymer, which in turn showed excellent swelling potentials. HPMC contains numerous hydroxyl
group (–OH), which promote swelling at pH 7.4. At pH 1.2, swelling percentage was observed up
to 10%, which was considered as negligible. Ionization of hydroxyl group (–OH) does not occur at
pH 1.2, leading to negligible swelling.

3.2.4. Influence of Acrylic Acid on Swelling Percentage

Figure 2d shows swelling of formulations in which the amount of acrylic acid was increased
gradually from 15 to 19 mL. Swelling percentage range was 78.69–94.38% at pH 7.4. Results had
revealed that increased swelling was seen at basic pH 7.4. Ionized carboxylic groups of acrylic acid had
triggered network swelling at higher pH, i.e., 7.4. So, by increasing acrylic acid amount, more carboxylic
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groups were obtained in ionized form at pH 7.4. At pH 1.2, very low swelling percentages were
observed, which was considered as negligible, as carboxylic groups do not ionize at acidic pH.

3.3. Drug Loading Efficiency

Drug loading efficiency was established to find out the drug percentage entrapped in hydrogel
discs. Impact of MBA, pectin, HPMC, and acrylic acid contents on drug loading efficiency is also
discussed below.

3.3.1. Influence of Cross-Linker on Drug Loading Efficiency

It was found that when concentration of cross-linker (MBA) was increased from 0.3 to 0.7 g,
entrapment efficiency was decreased from 89.59% to 64.25%, respectively (Figure 3a). The reason
behind this low entrapment efficiency was because of the decreasing space availability between
polymeric chains as the concentration of MBA increased. This compactness between two polymer
chains was due to high cross-linker contents. Extremely cross-linked hydrogels cannot expand much
(low swelling). Hence, hydrogels containing higher concentration of cross-linker displayed poor
swelling and less Galantamine hydrobromide loading.

 

Figure 3. Effect of amount (a) MBA, (b) pectin, (c) HPMC, and (d) acrylic acid on drug loading efficiency.

3.3.2. Influence of Pectin on Drug Loading Efficiency

The effect of increasing pectin concentration on drug loading efficiency was also investigated
(Figure 3b). It was found that loading efficiency of Galantamine hydrobromide was decreased from
90% to 63.51% as concentration of pectin was increased from 0.5 to 1.5 g. Generally, it is observed that
hydrogels displaying maximum/more swelling also display maximum/more drug loading efficiency,
but such findings were found to be not applicable in the case of pectin. By increasing pectin concentration,
even though swelling was increased, drug loading efficiency was decreased. Higher contents of pectin
result in a highly viscous diffusion control film/coat that offers resistance in transport of drug models
into the developed network. Moreover, the size of Galantamine hydrobromide molecule is larger than
water molecules, hence low drug loading was observed.
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3.3.3. Influence of HPMC on Drug Loading Efficiency

When concentration of HMPC was increased from 0.5 to 1.5 g, higher drug loading efficiency of
Galantamine hydrobromide was observed (Figure 3c). Drug loading efficiency was increased from
73.25% to 97.15% due to more hydrophilic character and high swelling capability of HPMC.

3.3.4. Influence of Acrylic Acid on Drug Loading Efficiency

Similarly, when the amount of acrylic acid was increased from 15 to 19 mL, drug loading efficiency
was increased from 71.26% to 95.64%, as represented in Figure 3d. Such higher entrapment efficiency
was because of higher swelling capability of acrylic acid at pH 7.4.

3.4. Sol-Gel Fraction

Influence of variable amounts of MBA, pectin, HPMC, and acrylic acid on sol-gel fraction was
investigated, and the results are reported in Figure 4. It was found that increased amount of MBA,
pectin, HPMC, and acrylic acid caused increased gel fraction. Figure 4a shows that when MBA amount
was increased from 0.3 to 0.7 g, gel fraction was also proportionally increased due to more physical
entanglement between polymeric chains leading to eventual more gel formation (83.56–94.25%).
When the pectin amount was increased from 0.5 to 1.5 g, gel fraction was also increased from 82.61% to
92.36%, as illustrated in Figure 4b. Gelling ability of pectin is the main reason of this increased gel
fraction by increasing pectin concentration. Figure 4c shows that when HPMC amount was increased
from 0.5g to 1.5g, percentage of gel increases from 84.89 to 92.86%. Lastly, results also showed that
by increasing acrylic acid concentration, gel fraction was increased from 81.97 to 93.36% (Figure 4d)
because physical entanglement increased by increasing the monomer (acrylic acid) amount.

–

 

–

Figure 4. Influence of variable amounts of (a) MBA, (b) pectin, (c) HPMC, and (d) acrylic acid on gel
fraction of HPMC-pectin-co-acrylic acid hydrogel.

3.5. Thermal Analysis

Thermal analysis is a powerful tool that gives us information about thermal stability of drug, pectin,
and prepared hydrogel. DSC and TGA investigations were performed at 0–500 ◦C range. Figure 5 presents
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DSC thermograms of Galantamine hydrobromide, pectin, and fabricated hydrogel. Figure 5a displays
a small endothermic peak at 280 ◦C, which represents the melting point of Galantamine hydrobromide.
A sharp exothermic peak was shown at 295 ◦C due to degradation of drug molecules. DSC thermogram
of pectin (Figure 5b) presents first endothermic peak near 110 ◦C, which is Tg of pectin and is due
to moisture content. One more endothermic peak is observed at 185 ◦C due to its melting point.
Exothermic peak at 275 ◦C was due to complete degradation. Mittal and Kaur [30] reported similar
results of thermal analysis of pectin. Thermogram of HPMC-pectin-co-acrylic acid hydrogel is given in
Figure 5c. DSC results show that the first endothermic peak occurred at 200 ◦C and the second one at 285 ◦C.

 

–

Figure 5. Differential scanning calorimetry (DSC) thermogram of Galantamine hydrobromide (a), pectin,
(b) and formulated hydrogel (c).

Figure 6 represents TGA thermograms of Galantamine hydrobromide, pectin, and formulated hydrogel.
The TGA thermogram (Figure 6a) shows that Galantamine hydrobromide model drug reveals initial 10%
mass loss at 285 ◦C followed by 50% mass loss at 375 ◦C. It was observed from the TGA thermogram of
pectin (Figure 6b) that weight loss starts above 200 ◦C. Initial 10% weight loss is observed at 240 ◦C
because of breakage of polymer linkage. At 280 ◦C, almost 40% weight loss is noted. Above 300 ◦C,
60% weight loss is noted due to complete breakdown of polymer backbone. Hastuti et al. [31]
prepared pectin-carboxymethyl chitosan film. They found similar results in TGA analysis. Initial 10%
mass loss occurred at 170 ◦C, and major mass loss was observed at 285–350 ◦C. The thermogram of
HPMC-pectin-co-acrylic acid hydrogel is given in Figure 6c. The TGA thermogram reveals that the
first major weight loss started at 290 ◦C, and this weight loss continued until 500 ◦C where 10% weight
remained. It could easily be concluded that Galantamine hydrobromide loaded hydrogels were more
stable as compared to individual formulation ingredients.

3.6. X-ray Diffraction

XRD investigation of Galantamine hydrobromide, HPMC, pectin, and HPMC-pectin-co-acrylic
acid hydrogel formulation was performed, and the corresponding diffractogram is shown in Figure 7.
The Galantamine hydrobromide of diffractogram (Figure 7a) exhibits many characteristic sharp peaks
such as at 12.84◦, 13.56◦, 17.56◦, and 20.76◦. These peaks confirm the crystalline nature of the model
drug. Figure 7b shows the pectin diffractogram, which contains many crystalline sharp peaks at 7.08◦,
11.72◦, 13.16◦, 18.84◦, 19.48◦, 25.16◦, 27.72◦, and 40.28◦. Tan et al. [32] have prepared dual interlinked
pulp of sago/pectin hydrogel for drug targeting in colon region. Their XRD pectin diffractogram
also represents similar crystalline peaks at 8.8◦, 12.30◦, 20.2◦, 27.8◦, and 39.4◦. Figure 7c refers to
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HPMC diffractogram, which shows only two distinct peaks at 8.12◦ and 20.2◦. Similar results were
reported by Wang et al. [33] who had fabricated chitosan/HPMC/glycerol-based hydrogel. They also
observed only two peaks at 7.9◦ and 20.3◦ in XRD results of HPMC. Less numbers of crystalline
peaks confirmed the amorphous nature of HPMC powder. Figure 7d shows HPMC-pectin-co-acrylic
acid hydrogel diffractogram. All characteristic peaks exhibited by pure Galantamine hydrobromide,
HPMC, and pectin were observed to be missing from hydrogel diffractogram. This has confirmed that
crystalline nature of drug as well as other ingredients was transformed into amorphous nature.

 

Figure 6. TGA thermogram of Galantamine hydrobromide (a), pectin (b), and formulated hydrogel (c).

 

Figure 7. Diffractogram of Galantamine hydrobromide (a), pectin (b), HPMC (c), and formulated hydrogel (d).
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3.7. Energy Dispersive X-ray Spectrum (EDX) Spectroscopy

EDX was carried out to identify elemental composition of Galantamine hydrobromide, unloaded hydrogel,
and hydrogel loaded with Galantamine hydrobromide. Figure 8a shows EDX spectrum of Galantamine
hydrobromide having carbon, oxygen, and bromine elements. Generally, EDX spectrum shows not only
presence of particular element but also displays % weight of each element present in the compound.
It was noted that elements of drug were absent in unloaded hydrogels, but bromine was found in EDX
spectrum of Galantamine loaded hydrogels. Presence of bromine in case of Galantamine hydrobromide
loaded hydrogels ensured successful loading of drug. Percentage of each element is given in Table 2.

Figure 8. Energy dispersive X-ray (EDX) spectra of Galantamine hydrobromide (a), unloaded hydrogel (b),
and drug loaded hydrogel (c).

Table 2. Elemental composition of HPMC-pectin-co-acrylic acid hydrogel.

Type of Material Elements % Weight % Atomic

Galantamine hydrobromide

Carbon 51.96 76.81

Oxygen 10.83 12.01

Bromine 25.11 5.58

Nitrogen 3.64 4.61

Unloaded HPMC-pectin-co-acrylic acid
Carbon 51.77 59.08

Oxygen 47.09 40.35

Galantamine hydrobromide loaded
HPMC-pectin-co-acrylic acid

Carbon 52.83 73.82

Oxygen 39.99 73.82

Bromine 2.33 0.86

Sodium 0.76 0.98

Potassium 18.73 14.15

Phosphorous 10.68 10.19
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3.8. Porosity Measurements

Porosity of different formulations of HPMC-pectin-co-acrylic acid hydrogel is described in Figure 9.
By increasing MBA amount, porosity percentage was decreased from 40.85% to 29.64% (Figure 9a)
because of high cross-linking density. It was evident from the fact that total swollen volume decreases with
the rise of MBA contents, thus a dense and hard structure is achieved. As density has direct relationship with
viscosity, viscosity of the network was greatly improved in response to higher MBA contents. Similar findings
in respect of porosity, viscosity, and cross-linker feed have been observed in a study conducted by
Yoshinobu et al. [34]. By increasing HPMC amount, porosity percentage was increased from 35.02% to
48.25% (Figure 9c). By increasing pectin amount, porosity increased from 33.54% to 47.51% (Figure 9b).
When quantity of acrylic acid was increased, porosity percent increased from 32.89% to 44.89%
(Figure 9d). HPMC, pectin, and acrylic acid increase the hydrogel porosity because of increased
viscosity of the solution.

 

. Young’s modulus 

Figure 9. Influence of variable amounts of (a) MBA, (b) pectin, (c) HPMC, and (d) acrylic acid on
porosity percentage of formulated hydrogels.

3.9. Tensile Strength

Tensile strength of a selected formulation was evaluated by using universal testing machine (UTM)
to find out the force at a point where hydrogel breaks. Generally, it is proven from literature that
hydrogel formulation, which contains high amount of monomer, would always display the highest
amount of tensile strength. Formulation SN9 was selected for testing of tensile strength since it contains
the highest amount of acrylic acid (19mL) as compared to other prepared formulations. It is found that this
formulation displays 11.043 N/mm2 of tensile strength (Figure 10). Young’s modulus was 62.340 N/mm2

and percentage of total elongation was 26.464.
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Figure 10. Tensile strength of HPMC-pectin-co-acrylic acid hydrogel.

3.10. In Vitro Release % of Galantamine Hydrobromide from HPMC-Pectin-Co-acrylic Acid Hydrogel

3.10.1. Influence of MBA Amount on Drug Release Percentage

This investigation was carried out on dissolution apparatus II for all formulations of HPMC-pectin-co-acrylic
acid hydrogels. Drug loaded hydrogels discs were weighed and then immersed into 900 mL buffers
of pH 1.2 and 7.4 individually. Samples were withdrawn after definite time interval from 0 to 36 h
and scanned at 287 nm wavelength for absorbance. After applying software program DD solver,
release kinetics was calculated. The influence of variable amount of MBA on drug release percentage
(SN1–SN3) is represented in Figure 11. Drug release percentage was higher at alkaline pH as compared
to acidic. Results showed that when MBA amount was increased, percentage of drug release decreased
from 77% to 66% at pH 7.4. Increased cross-linker amount caused more physical entanglement resulting
in denser hydrogel structure, which hindered drug release from the polymeric network. At pH 1.2,
negligible amount of Galantamine hydrobromide was released as compared to pH 7.4.

3.10.2. Influence of Pectin Amount on Drug Release Percentage

Effect of variable pectin amount on percentage of drug release (SN4–SN5) was observed and
the results are displayed in Figure 11. As pectin amount increased from 0.5 to 1.5 g, drug release
percentage decreased from 78.09 to 66.35% at pH 7.4. This behavior was due to increased viscosity upon
increasing amount of pectin. There was a formation of gelatinous diffusion control layer, which created
a barrier for drug release from the hydrogel network. At pH 1.2, negligible amount of Galantamine
hydrobromide was released as compared to pH 7.4.

3.10.3. Influence of HPMC and Acrylic Acid Amount on Drug Release Percentage

HPMC (SN6–SN7) and acrylic acid (SN8–SN9) concentration influences the liberation percentage
of Galantamine hydrobromide as observed. Hydrogel discs, when subjected to dissolution studies,
were solid and having less volume, but with the passage of time, these were swollen as a result
of penetration of buffer media. Moreover, geometry of hydrogel discs remained intact even after
dissolution experiments. Formulations containing variable amount of HPMC revealed that as the
amount of HPMC was gradually increased from 0.5 to 1.5 g, drug release percentage also simultaneously
increased from 75.36 to 87.62% at pH 7.4. This is due to higher swell-ability and hydrophilic nature
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of HPMC at pH 7.4. With increase in concentration of HPMC, hydroxyl groups were increased,
which have more tendency to absorb water resulting in greater percentage of drug release. At acidic
pH, up to 8.3% Galantamine hydrobromide liberation was observed. Percentage release also increased
upon increasing amount of acrylic acid from 15 to 19 mL at pH 7.4 as compared to pH 1.2 because
acrylic acid has carboxylic groups, which led to higher ionization at pH 7.4 providing enhanced
swelling and drug release.

 

–

–

–
Based upon value of “n”

Figure 11. Galantamine hydrobromide release studies from hydrogels (SN1–SN9).

3.11. Assessment of Galantamine Hydrobromide Release through Kinetic Modeling

Kinetic modeling was carried out on Galantamine hydrobromide release data to find out release
order from HPMC-pectin-co-acrylic acid hydrogel formulations. Zero order, first order, Higuchi,
and Korsemeyer–Peppas models were applied for all formulations. Results are shown in Table 3.
It was clear from R2 values that Galantamine hydrobromide release from HPMC-pectin-co-acrylic acid
hydrogel followed zero order kinetics. First order release kinetics was not supported by the release
data. But the other two models, i.e., Higuchi and Korsemeyer–Peppas, supported release data of
fabricated hydrogels. Based upon value of “n”, i.e., 0.439, mechanism of release was Fickian diffusion
involving transport of Galantamine hydrobromide solution due to polymer chain relaxation [35].

3.12. Acute Oral Toxicity Study

Toxicity studies were carried out to find out the safety level of HPMC-pectin-co-acrylic acid hydrogel.
There was no sign of dermal and ocular toxicity and no mortality was observed on administration of
prepared hydrogel to tested group. The observation period was 14 days. During this period, no significant
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physical change was observed in both tested and control animals. Blood samples were withdrawn
from both groups of rabbits for obtaining complete blood count (CBC), uric acid, liver function test
(LFT), and renal function test (RFT) profile. Both sets of animals were sacrificed, and their vital organs
were removed for histopathological examination. Results of body weight, water, and food intake are
reported in Table 4. Hematological (Tables 5 and 6) and histopathological examination (Figure 12)
revealed that HPMC-pectin-co-acrylic acid hydrogel was nontoxic, and there was no specific change
observed in the controlled and tested group.

Table 3. Kinetic modeling of release data.

Formulation Code Zero Order First Order Higuchi Model Korsemeyer–Peppas

R2 R2 R2 R2 R2 n

SN1 0.9911 0.7241 0.9715 0.9887 0.431
SN2 0.9907 0.7585 0.9789 0.9902 0.426
SN3 0.9909 0.7909 0.9817 0.9917 0.433
SN4 0.9906 0.7001 0.9630 0.9878 0.440
SN5 0.9908 0.7392 0.9350 0.9848 0.405
SN6 0.9908 0.7921 0.9605 0.9874 0.436
SN7 0.9905 0.7133 0.9165 0.9883 0.389
SN8 0.9901 0.6769 0.9049 0.9852 0.377
SN9 0.9874 0.6679 0.8788 0.9873 0.358

Table 4. Clinical monitoring during oral toxicity studies.

Clinical Monitoring Control Animal Group (A) Tested Animal Group (B)

Signs of any illness None None
Body Weight (g)
Before treatment 1653.78 ± 0.40 1738.91 ± 0.40

On Day 1 1651.43 ± 0.60 1735.42 ± 0.60
On Day 7 1651.39 ± 0.50 1733.49 ± 0.40

On Day 14 1650.84 ± 0.20 1733.64 ± 0.50
Food consumption (g)

Before treatment 75.87 ± 3.045 74.28 ± 2.87
On Day 1 73.49 ± 2.183 77.93 ± 1.06
On Day 7 76.48 ± 4.184 67.85 ± 3.04

On Day 14 68.98 ± 3.789 72.48 ± 3.98
Water intake (mL)
Before treatment 200.52 ± 2.45 180.62 ± 2.90

On Day 1 190.48 ± 4.21 187.59 ± 1.60
On Day 7 195.82 ± 3.48 204.92 ± 3.10

On Day 14 203.26 ± 2.49 200.65 ± 2.40
Signs of skin allergy None None

Signs of ocular toxicity None None
Any mortality None None

For histopathological assessment, histology slide of each vital organ was prepared, and their
micrographs were recorded by single blind assessment method. No change was found in the tested
group as compared to the control group (Figure 12). Thus, HPMC-pectin-co-acrylic acid hydrogel
was found to be nontoxic and safe to living tissues. Cardiac tissues (control and tested) had normal
cardiomyocytes without any hypertrophy and inflammation. Liver section of both control and tested
groups showed no sign of inflammation and degradation in hepatic cells. Lung section and alveoli
were clear without any sign of inflammation and cellular damage. No accumulation of macrophages
and other defender cells was found. Spleen section was normal, and their normal shape was retained
in both groups of rabbits. In brain section, cells were observed to be normal and neurons were
visible with smooth myelin sheath around them. Kidney section revealed that kidneys were normal
in both groups. There was no accumulation of inflammatory cells with absence of cellular damage.
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Lastly, histomicrographs of small intestinal section also displayed normal results in both control and
tested group.

Table 5. Hematological and biochemical analysis of rabbit’s blood.

Finding Parameters Controlled Animal Group (A) Tested Animal Group (B)

White blood cells (× 103/µL) 4.50 ± 0.34 5.20 ± 0.25
Red blood cells (× 106/ µL) 3.98 ± 0.49 4.46 ± 0.51

Hemoglobin (g/dL) 11.93 ± 0.76 12.86 ± 0.69
Platelets (× 103/ µL) 42.63 ± 0.87 44.52 ± 0.47

Lymphocytes % 63.10 ± 0.58 68.70 ± 0.81
Monocytes % 3.10 ± 0.35 3.00 ± 0.21

Mean corpuscular volume (fL) 60.90 ± 2.90 61.40 ± 2.32
Mean corpuscular hemoglobin (pg) 19.90 ± 0.50 20.90 ± 0.10

Mean corpuscular hemoglobin
concentration (g/dL)

35.80 ± 1.41 33.90 ± 1.84

Table 6. LFT and RFT profile of rabbit blood sample.

Finding Parameters Controlled Animal Group (A) Tested Animal Group (B)

ALT(U/L) 52.45 ± 1.42 57.28 ± 1.59
AST (U/L) 126.00 ± 2.33 135.00 ± 2.84
ALP (U/L) 135.00 ± 1.46 148.20 ± 1.68
ALB (g/L) 5.17 ± 0.45 4.90 ± 0.82

Creatinine (mg/dL) 0.79 ± 0.11 0.60 ± 0.12
Uric acid (mg/dL) 2.40 ± 0.25 2.90 ± 0.21

Urea (mg/dL) 16.02 ± 0.15 13.50 ± 0.18

Figure 12. Cont.
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Figure 12. Histopathological examination of vital organs of rabbits.

4. Conclusions

HPMC-pectin-co-acrylic acid hydrogels were successfully fabricated through chemically cross-linked
method (free radical polymerization technique). Formulated hydrogels showed pH-dependent swelling
and release behavior for controlled delivery of Galantamine hydrobromide. Equilibrium swelling
percentage was high, i.e., 96.87% at pH 7.4, whereas, at pH 1.2, up to 10% swelling percentage was
observed. Swelling and release results depends on the amount of pectin, acrylic acid, HPMC, and MBA.
As HPMC and acrylic acid amount was increased, swelling and release percentages were observed to
be simultaneously increased but not in case of pectin. Higher pectin amount provided higher degree of
swelling but lower level of drug release. MBA produced an inverse effect on swelling and release kinetics.
The high amount of MBA leads to a lower amount of swelling and release. FTIR, DSC, TGA, and XRD
confirmed the complex formation of hydrogel, which was more thermally stable as compared to individual
ingredients. Gel fraction results were also directly proportional to HPMC, pectin, acrylic acid, and MBA
amount. Mechanical strength of HPMC-pectin-co-acrylic acid hydrogel was excellent having capability
to hold out against biological stress. EDX results confirmed loading of Galantamine hydrobromide into
formulated hydrogel. In toxicity studies, blood samples and histomicrographs showed that fabricated
hydrogel was safe, nontoxic, and compatible to living tissues. It was concluded that formulated
hydrogels displayed pH dependent behavior and smart response to their environmental conditions.
Thus, that is why they can be efficiently used in Alzheimer-related dementia where controlled delivery
of Galantamine hydrobromide would be provided. Hence, dosing frequency would be reduced,
which would ultimately lead to enhanced patient compliance.
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Abstract: The present work deals with the transferability of Friction Riveting joining technology

from laboratory equipment to adapted in-house, low-cost machinery. A G13 drilling machine was

modified for the requirements of the selected joining technique, and joints were performed using

polyethermide plates and AA2024 aluminum alloy rivets of 6 mm diameter. This diameter was

not previously reported for Friction Riveting. The produced joints were mechanically tested under

tensile loading (pullout tests) with ultimate tensile forces of 9500 ± 900 N. All tested specimens

failed through full-rivet pullout, which is the weakest reported joint in Friction Riveting. In order

to understand this behavior, FE models were created and analyzed. The models produced were

in agreement with the experimental results, with failure initiated within the polymer under stress

concentrations in the polymeric material above the deformed metallic anchor at an ultimate value of

the stress of 878 MPa at the surface of the joint. Stresses decreased to less than half of the maximum

value around the anchoring zone while the rivet was removed and towards the surface. The paper

thus demonstrates the potential ease of applying and reproducing Friction Riveting with simple

machinery, while contributing to an understanding of the mechanical behavior (initialization of

failure) of joints.

Keywords: Friction Riveting; metal-polymer hybrid joints; friction-based multi-material connections;

anchoring FE modelling; rivet failure modes

1. Introduction

The continuously increasing demand for cost reduction, together with high perfor-
mance product requirements, is leading to substantial research and engineering develop-
ments in new materials and tailored joining technologies [1]. The outcomes of these efforts
are mixed and hybrid structures in which the properties and performance of products are
improved through combining the properties and behaviors of each specific material [2]. Hy-
brid polymer–metal structures are used in such way in a several engineering applications,
as exemplified in Figure 1.

Due to strong dissimilarities in physical-chemical properties, hybrid joints between
metals and polymers are challenging, more so because of geometrical and design consid-
erations [2]. To overcome some of the limitations of the current state of the art in hybrid
joining, Friction Riveting (FricRiveting) has been developed at the Helmholtz-Zentrum
Geesthacht (now Helmholtz Zentrum Hereon) in Germany as a process for joining metallic
bolts (rivets) with polymeric plates [3]. This research studies the material combination of
aluminum AA204 with polyetherimide (PEI) to be joined via Friction Riveting. The feasibil-
ity of this combination has already been proven, and the joints have been characterized and
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optimized in a series of studies using the equipment available at the institute that holds
the patent for Friction Riveting [4–6].

 

Figure 1. Application examples of hybrid polymer–metal joints.

Friction Riveted metallic-insert/point-on-plate joints for polymer–metal hybrid struc-
tures could be used in transportation industries or civil engineering, as well as in lower-
scale electronics, in clips, stinger-skin connections, sandwich panels, or additional safety
connections to welded or adhesively bonded structures. Such joints can be applied both
to axial loads, whereby the rivet anchoring efficiency is of uttermost importance, and to
shear loads, in which the joint configuration is single-, or double-lapped [2]. The scope
of this research paper is to validate the previous experiments for Friction Riveting under
axial loading (anchoring efficiency) by using and partially adapting an existing drilling
machine, contributing thus to the industrial transferability of the technique. Furthermore,
the paper intends to generate new knowledge regarding the failure mode and fracture
initiation within the polymeric part resisting the removal of the anchored rivet.

2. Friction Riveting

In its basic process variant involving the so-called point-on-plate or metallic-insert
joint (Figure 2), Friction Riveting consists of a rotating cylindrical metallic rivet being
plastically deformed and subsequently anchored within a polymer or polymeric composite
plate. The joining occurs mainly through the mechanical interlocking and anchoring of
the plastically deformed tip of the metallic rivet inside the polymer part. The rotating
rivet widens its diameter inside the polymer because of the increasing heat due to the
friction, corroborated by heat concentration in the joint formation area due to the insulating
properties of polymers [7]. Adhesion between the partially softened or molten polymer
after its reconsolidation might also contribute to the joining mechanisms, as well as to
the micromechanical interlocking at the rivet–polymer interface. The softened/molten
polymeric material from the joining area, along the path of the inserting rivet, is expelled
during the process as flash material, which can be removed during or after the process by
cutting [8].

Despite significant studies and characterizations of different material combinations
in Friction Riveting, the technique was not applied outside of laboratory environments
and industrial machinery. The scope of this research paper is to validate the previous
experiments by using and partially adapting an existing drilling machine, contributing
thus to the industrial transferability of the technique and concomitantly to the modelling
of joint mechanical behavior for an improved understanding of the failure of such joints
under axial loading.
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Figure 2. Friction Riveting process steps shown on an aluminum–polycarbonate joint: (A) Clamp-
ing/positioning of joining partners, (B) Rivet rotation and insertion, (C) Rivet plastic deformation
and forging, (D) Joint consolidation/anchoring [7]. Reproduced with permission from [7].

3. Materials and Methods

3.1. Base Materials

Aluminum AA2024-T351 extruded rivets were joined with polyetherimide (PEI) plates,
the exact material combination and specifications as in [5,6]. Plain, featureless rivets were
used, with a diameter of 6 mm and 60 mm length. The choice of materials was based on
the process development of Friction Riveting, as this was the initial material combination
used for the process development and validation [2].

PEI is a high-performance thermoplastic amorphous polymer characterized by high
specific strength, increased rigidity under high temperatures, thermal stability, and good
electrical properties. It is used widely in electronics and medical devices as well as the
chemical and petroleum industries [9]. The AA2024-T3521 alloy is widely used in the
transportation industries due to its relatively high strength under both quasi-static and
dynamic loading, while its corrosion resistance is rather moderate.

3.2. Joining Equipment and Procedure

The equipment used in this study was a G13 drilling machine (producer, country),
presented in Figure 3. The G13 is a fixed-tool drilling machine for the small-series drilling
of steel up to Ø 13 mm, weighing a total of 162 kg.

As the maximum rotational speed of the G13 is 4000 rpm, it was by far not matching
the equipment used for previous work in FricRiveting, where rotational speeds of up to
23,400 rpm were applied to join the same combination of materials, with a reduced rivet
diameter indeed, of only 5 mm. Therefore, the equipment was modified by replacing the
original motor with a commercial, off-the-shelf motor capable of achieving 10,000 rpm
rotational speed. A hand-driven force of 1950 N was applied, constant for all trials. The
displacement of the rivet (penetration rate) was manually controlled via an indicator on the
drilling machine. The successfully anchored joints tested and reproduced were performed
using the maximum configuration of this adapted equipment, with any lower setting not
capable of obtaining sufficient deformation and anchoring.
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Figure 3. G13 drilling machine used for Friction Riveting.

3.3. Joint Mechanical Performance

Five specimens were produced via the described method, and their mechanical per-
formance was tested in terms of ultimate pull-out force using a Testwell/UTS universal
testing machine with a 260 kN load cell. Tests were performed at room temperature at a
testing speed of 1 mm/min. The testing configuration is shown in Figure 4.

 

Figure 4. Pullout tests of friction-riveted joints.

3.4. Numerical Simulation of Pullout Tests

The joints were modelled numerically via ANSYS v19.1 FEM software. First, the
joining partners were discretized and the material properties defined. Figure 5 shows the
cross section of a joint used for FE modelling in this study.

For the discretization of the model, tetrahedral elements were applied in the meshing.
In the anchoring zone/joining area, a coarse mesh was used for an improved evaluation
of the results. The mechanical properties in Table 1 were used as material inputs for the
FE model.
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Table 1. Mechanical properties of materials used in FE model.

Component Material
Density
(g/cm3)

E Modulus
(MPa)

ν

(-)
Rm

(MPa)
Rp0.2

(MPa)

Rivet AA 2024-T351 2.78 76,000 0.33 470 324
Base plate PEI 1.27 3500 0.44 129 129

 

ν

Figure 5. Friction riveted joint (A) cross section and (B) FE model.

4. Results and Discussion

As described in Section 3.2, AA2024-T351 rivets were successfully deformed and
anchored within PEI plates. The final joining parameters were a rotational speed of
10,000 rpm, a joining force of 1950 N, and displacement at friction manually controlled
as described in Section 3.2. Lower rotational speeds were tested but led to insufficient
deformation and thus no presence of rivet anchoring, while increased loads produced
either rivet buckling or full drilling of the PEI plate.

Four specimens were mechanically tested, as described in Section 3.3, leading to an
ultimate pullout force of 9500 ± 900 N. All tested samples failed by full rivet pullout, as
shown in Figure 6.

Figure 6. Tested specimens displaying full rivet pullout failure.
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One can observe that a certain volume of polymeric material is adhered to the rivet.
This consists of both the flash expelled during the friction riveting process, as well as a
narrow layer of polymer displaced from the composite plate’s surface, which corresponds
to the full rivet pullout failure observed by Pina Cipriano et al. [6] and first identified as
Type III failure of Friction Riveting joints by Rodriguez et al. [7].

For a better comprehension of the mechanical behavior of the anchored rivet under
tensile loading, the results of the mechanical tests were compared with the FE models.
Figure 7 presents a numerical model of the development of the deformations and Misses
stresses during the rivet displacement.

The ultimate failure (Figure 8) occurs in the experiments via complete removal of the
anchored rivet, without additional cracks in the polymeric material. The ultimate value of
the stress was 878 MPa, present only at the surface of the joint, indicating the weakening
of the polymeric material above the deformed rivet, leading to a lower resistance to the
removal of the metallic anchor. Deeper in the joining area, close to the actual anchoring, the
stresses decrease to less than a half of the surface value; therefore, the rivet does not achieve
the ultimate yield stress and is instead removed and shifts toward the surface. Furthermore,
the initialization of the removal of the rivet from the anchoring area can be observed.
Figure 9 compares the stress–stress curves of both the FE model and the experimental data,
showing their agreement. Pina Cipriano et al. previously investigated the correlation of
the anchoring deformation, ultimate tensile force, and subsequent joint failure for the same
material combination as in the present paper [5,6]. By addressing the anchoring efficiency in
terms of volumetric ratio and via statistical analysis, they showed that the most significant
process parameter is the joining force (friction force in their work). It has to be noted
that the work of Pina Cipriano et al. was performed on dedicated laboratory equipment,
specifically designed for Friction Riveting [5,6]. As also mentioned in their research report,
the joining force is of highest importance for joint formation, given sufficient heat input
provided by the parameters of rotational speed and the rotational speed–joining force
interaction. The current study shows to some extent that the rotational speed required
can be as low as 10,000 rpm for deformation and anchoring to occur. Indeed, increased
mechanical performance and an improved failure type still has to be accomplished when
transferring the technology to simpler devices. The recommendation would be to increase
the joining force and future research will have to confirm this. Nonetheless, factors such
as rivet buckling and oversized deformation (leading to weak anchoring) will have to be
considered in that case, as well as joining-energy efficiency.

Borges et al. analyzed previous FE models of PEI/AA2024 Friction Riveting joints [10],
which cannot be applied directly to the current work, as the joining conditions, equipment,
and most important, the mechanical behavior differ. In the work of Borges et al., optimized
joints were modelled with a final fracture within the shaft of the metallic rivet. The
disagreement between models and experiments of around 10% was supposedly due to
geometrical simplifications [10]. Moreover, the Johnson–Cook failure model was applied
to the rivet, which could not be the case in the present investigation, as the failure initiates
and finalizes within the polymeric material only (metallic rivet completely removed with
some adhesion and fracture at the PEI-AA2024 interface).
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Figure 7. FE model displaying the development of Misses stresses of the friction riveted joints under tensile loading.
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Figure 8. FE model of joint failure.

 

Figure 9. Comparison between experimental values and FE model of pullout tests.

A limited number of researchers have successfully attempted Friction Riveting.
Hynes et al. performed low-speed Friction Riveting of AA1100 threaded rivets with
polymethyl methacrylate (PMMA) using in-house adapted Friction Riveting equipment
with a spindle capable of up to 3000 rpm [11]. The authors also reported the Type III failure
for some of their joints, with SEM observations linking this to the rupture of the polymeric
material due to the applied tensile load, similar to the current work. This was indicated
by serrations on the surface of the molten PMMA [11]. Future research will investigate
changes in physical-chemical properties within the PEI-AA2024 interface as well as the
expelled flash material. Furthermore, the influence of threads on both joint formation and
mechanical performance will have to be analyzed and correlated with the microstructural
changes within the materials. Gagliardi et al. used an adapted milling machine for Friction
Riveting of titanium grade two-holed cylindrical rivets with both pure and GF-reinforced
polyamide 6 (PA6), showing that the spindle speed (referred as rotational speed in other
publications on Friction Riveting) is the main process parameter affecting the mechanical
performance/anchoring force [12].

5. Conclusions

The present paper demonstrated the transferability of Friction Riveting from dedicated
laboratory equipment to modified simple drilling machines using a commercially available
off-the-shelf motor for achieving relatively high rotational speeds and thus sufficient energy
for rivet tip deformation and anchoring. This investigation shows that Friction Riveting can
be performed with easy-to-achieve modification of low-cost machinery. FE models were
in agreement with the experimentally obtained data, with rivet failure at 9500 ± 900 N
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by full-rivet pullout. This failure type was previously reported for Friction Riveting as a
rather weak joint and is related to the ductile character of the material or insufficient rivet
tip deformation/anchoring. Further work on the optimization and characterization of the
rivet–polymer interface will clarify the nature of the failure and the possibilities for strength
increase. Increasing the heat input might improve the deformation and anchoring of the
rivet. This could be achieved by increasing the joining force while keeping the relatively
low rotational speed of the current study, as compared with previous published work. To
the best knowledge of the authors, this is the largest rivet diameter (Ø 6 mm) successfully
reported in Friction Riveting.
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Abstract: This study aims to evaluate the effect of functionalized multi-walled carbon nanotubes

(MWCNTs) on the performance of glass fiber (GF)-reinforced polypropylene (PP) for wind turbine

blades. Support for theoretical blade movement of horizontal axis wind turbines (HAWTs), sim-

ulation, and analysis were performed with the Ansys computer package to gain insight into the

durability of polypropylene-chopped E-glass for application in turbine blades under aerodynamic,

gravitational, and centrifugal loads. Typically, polymer nanocomposites are used for small-scale

wind turbine systems, such as for residential applications. Mechanical and physical properties of

material composites including tensile and melt flow indices were determined. Surface morphology

of polypropylene-chopped E-glass fiber and functionalized MWCNTs nanocomposites showed good

distribution of dispersed phase. The effect of fiber loading on the mechanical properties of the PP

nanocomposites was investigated in order to obtain the optimum composite composition and pro-

cessing conditions for manufacturing wind turbine blades. The results show that adding MWCNTs

to glass fiber-reinforced PP composites has a substantial influence on deflection reduction and adding

them to chopped-polypropylene E-glass has a significant effect on reducing the bias estimated by

finite element analysis.

Keywords: polymer nanocomposite; MWCNTs; horizontal axis wind turbine; finite element

analysis; Ansys

1. Introduction

Carbon dioxide and other greenhouse gases that contribute to global warming are
not released by renewable energy sources such as sun and wind [1]. In the power field,
composites are of benefit in the wind sector, especially in manufacturing of turbine blades
and the use of the finite element method. Finite element analysis is a feasible tool for simu-
lating/predicting how wind, heat, and solar radiation, centrifugal force, and gravitational
loading will affect the blades and the ideal geometry for turbine optimization [2–5]. A
wind turbine blade with a class 1 kW horizontal axis was constructed and investigated
by Park [6]. The wind turbine blade was fabricated using a natural flax fiber composite.
The design outcomes of areas of the flax/epoxy composite blade were compared with the
layout outcomes of glass/epoxy composite blade. To calculate the structural design of
the composite blade, a static finite element analysis was performed. Structural analysis
confirms that structural protection, blade tip deflection, structural integrity, resonance, and
weight are suitable for the engineered natural fiber reinforced polymer composites.
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A selection process for an airfoil and the aerodynamic design of a rotor blade were
addressed by Habali and Saleh [7]. To build the rotor blade, they used glass fiber rein-
forced plastic (GFRP) and performed a static resistance test to evaluate its load-bearing
potential. Sharma and Shukla [8] studied the impact of carbon nanotubes dispersion and
functionalization on the relevant properties of multigrade carbon epoxy composites. With
the addition of carbon nanotubes (CNTs) in plastic, Young’s modulus, interlayer shear
strength, and flexural modulus improved by 51.46, 39.62, and 38.04%, respectively.

Using finite element analysis, the structural response of a small composite wind
turbine blade subjected to gyroscopic load was studied by Costa et al. [9]. As a case study,
a 5 kW small wind turbine blade was used for aerogenesis. A finite element model of
the 2.5 m long composite blade was constructed, and the accuracy of its forecasts against
experimental data was verified. The predicted results indicated that gyroscopic loading
caused the blade to deflect in any direction of the fin and forward sheet, resulting in
relatively excessive stresses within the structure of the composite blade.

Ullah et al. [10] used a comprehensive finite element modeling to simulate structural
integrity and failure in composite blades using Ansys software. The outcomes confirmed
that the blade was subjected to high compressive force, causing local displacement of the
skin. In addition, the analysis outcomes indicated skin–spar debonding due to warping
on the adhesive surface. This is the preliminary failure mode that can lead to gradual
deterioration of the blade structure.

In terms of the mechanical properties of polymer composites, fibers play a crucial role.
They have qualities that are reinforcing [11–13]. In each case, however, there are certain
properties to be considered. Glass fibers (GFs), carbon fibers (CFs), and aramid fibers (AFs)
are the most widely used in the production of wind turbine blades [14–19]. Other examples
are nylon, polyester (PE), polytetrafluoroethylene (PTFE), jute, flax, and steel fibers, which
are used for specific purposes [4].

In contrast to carbon fibers, glass fibers have a less complex modulus and are usually
less costly. They have the advantage of being electrically non-conductive and hence the
metallic-based construction frame of the turbine blades, will not produce a galvanic cell
over time. In the fiber phase in the matrix, diverse characteristics include combinations of
different materials will be durable and able to withstand a range of influences the blade
material is exposed to.

In contrast to thermoset matrices, composites with thermoplastic matrices show
greater resistance to impact loads [20]. Thermoplastic composites exhibit ductile modes
of failure rather than brittle failure [21]. Unlike ruptures in thermosets, thermoplastic
composites undergo plastic deformation [22]. The strength of composites strengthened by
glass fibers depends on the interface between the glass fibers and the polymers. Due to their
high specific strength, impact resistance, infinite shelf life, high strain before failure, and
short processing time, glass fiber-reinforced thermoplastic composites are used in many
applications [23]. The physical and chemical properties depend upon the composition.
High compatibility makes GF material effective. The compatibility of GF with polymer
matrices can be increased by modifying the glass fiber surface or introducing additives in a
polymer matrix. However, application of this method is highly cost-dependent. E-glass
fibers are preferred in the plastic industry, as they are cheaper than available grades of
GFs [24].

With the application of heat, thermoplastics flow readily [25–27]. They are perfect
for manufacturing by extrusion or molding injection. It is a complex art to impregnate
thermoplastics with fibers. The term “semipreg” is used to explain how thermoplastics are
impregnated with fibers. This is because rather than impregnating, the resin acts more like
a coating.

Carbon nanotubes can be used to enhance the mechanical properties of wind blades.
However, when processing composites, CNTs tend to aggregate in bundles. The main
properties of CNTs are high modulus, on the order of 100 GPa; high tensile strength of
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approximately 50,000 MPa; and density of 1.33 g/cm3. Other properties include high
electrical conductivity, thermal conductivity, and insensitivity to thermal degradation [28].

Many factors are involved in the extrusion process to keep reinforcement undamaged,
e.g., the loading of reinforcing fibers, the dimensions of the extruder with respect to the
barrel, and the heating and opening of the die. High barrel pressure can reduce the tensile
strength; however, the orientation of fibers improve with higher injection speed, and thus
improve the mechanical properties [29–32]. In injection molding, fiber orientation is crucial,
as shear forces are present. Usually, orientation is ignored hence strength gained in one
direction is not attainable in another direction. Short-chopped fiber, particle whiskers, and
particles are common reinforcement tools used in injection molding. In general, the length
of reinforcement is not greater than the size of mold gate. The typical length of fibers
used in injection molding can be up to 25.4 mm. Fiber length is an important factor in the
mechanical properties of a part obtained from injection molding. The average length of
short fibers is 0.33 mm, whereas long fibers average 2.9 mm. The higher aspect ratio of
long fibers provides superior mechanical properties compared to short fibers [20].

In a study done by Crowson et al. [33], neat polypropylene (PP) was compared with
20 wt.% glass fiber-filled PP. Entrance pressure drop was found to increase six times in
the presence of glass fibers [34]. During injection molding processing, fibers are subjected
to high stresses in the viscous melt. This causes them to break and deform. By studying
fiber behavior under different flow conditions, adjustments can be made to maintain a
high aspect ratio. This will enhance the reinforcing capacity of fibers. There is a direct
relation between the loading level of glass fiber and the mechanical properties of GF/PP
composite. In one study, PP was loaded by 10, 20, 28, and 35 wt.% glass fiber in an injection
molding process. It was found that a higher percentage of glass fiber loading resulted in
lower reinforcement efficiency [35].

During polymer melting, fiber is subjected to high shear and bending forces. This
makes the bending load more than the failure load, and breakage occurs. Once the critical
stress value is reached, the glass fibers break, and natural fibers break by repeated defor-
mation cycles. Initially, reprocessing leads to increased fiber dispersal within the matrix,
but repeated reprocessing will cause a loss of mechanical properties.

Excessive reprocessing causes mechanical as well as thermal degradation of matrix
and reinforcement. The matrix is degraded by random chain scissions in the polymer
chain, which is likely to decrease the molecular weight of the polymer and cause a loss in
mechanical properties. In a study on the effect of molecular weight on interfacial properties
of GF/PP composites, it was found that recycled PP with lower molecular weight has low
viscosity that enables it to penetrate easily. This leads to higher interfacial strength between
GF and PP, resulting in more breakage of GF during tensile tests [36].

In this work, PP was chosen as the thermoplastic matrix material for a small wind
turbine blade used in residential applications because (i) it is relatively cheap, (ii) readily
available, and (iii) commercial PP blades are available for comparative analysis using
Ansys software. Fabrication of wind turbine rotor blades with thermoplastics is rarely
covered in the literature, but some examples are available. In this research, multi-walled
carbon nanotubes (MWCNTs) are mixed with polypropylene composite to improve the
mechanical properties. Moreover, an intensive study was conducted on the interfacial
force between PP and glass fiber in the presence of functionalized MWCNTs. This study
is aimed at evaluating the suitability of glass fiber (GF)-reinforced polypropylene (PP)
composites for wind turbine blades. The rotor blade length is in the range of 0.5 to 1.3 m,
typically used for small-scale wind turbine systems such as for residential applications.
To our knowledge, most researchers have studied fiber-reinforced thermoset (epoxy and
vinyl ester) nanocomposites for wind turbine blade fabrication, and no detailed study has
been conducted on glass fiber-reinforced thermoplastic-functionalized nanocomposites for
blade manufacture. Desirable properties of functional CNTs, including excellent electrical,
thermal conductivity, and mechanical properties, will help in enhancing the performance
of thermoplastic composites for wind blade applications.
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2. Materials and Methods

Glass fiber-reinforced polypropylene samples were fabricated in the presence of
MWCNTs. Different chopped glass fiber and MWCNT loadings were applied and tested.

2.1. Material Characterization

2.1.1. Glass Fiber

Glass fiber properties are provided according to the technical data sheet from the
supplier as listed in Table 1.

Table 1. Physical and mechanical properties of glass fiber.

Parameter Value

Tensile strength at break (MPa) Warp: 1555; weft: 1387
Moisture content 0.11%
Density (kg/m3) 2.55 × 103

Thermal conductivity (W/m ◦C) 1.3
Electrical resistivity (Ω·m) 1.0 × 1014

Length (mm) 2.5
Diameter (µm) 13

Density (kg/m3) 2600
Coupling agent Polyvinyl acetate with silane

2.1.2. Multi-Walled Carbon Nanotubes (MWCNTs)

The MWCNTs were received from Grafen (Ankara, Turkey). Surface morphology and
manufacturer’s specifications are listed in Table 2. It is found that the aspect ratio (ratio of
length to diameter) of MWCNTs is 170. The catalytic chemical vapor deposition technique
was used to produce CNTs. This process gives more than 90% carbon nanotubes and less
than 10% metal oxides [37].

Table 2. Specifications of multi-walled carbon nanotubes (MWCNTs).

Multi-Walled Carbon Nanotubes SEM _MWCNTs

Surface area 275 m2/g
Carbon purity > 90%

Diameter ~10 nm
Length ~1.7 µm

Metal oxides 9%

2.1.3. Synthesis of Glass Fiber-Reinforced Polypropylene-Carbon Nanotube Composites

Molding grade polypropylene (PP) was selected as the matrix material. For excellent
mold filling, good shine, high stiffness, and antistatic properties, a homopolymer (density
0.9 g/cm3) was applied. E-glass (UK) chopped strand with an alkali content of less than
1% and polyvinyl acetate coated with a silane binding agent was used. The density of the
glass fiber was 2.56 g/cm3, the mean length of the fiber was 2.5 mm, and the diameter was
10 µm, with an aspect ratio of 250.

Glass fiber-reinforced PP MWCNT composites were synthesized and manufactured
using extrusion and injection molding processes. The weight percentages of MWCNTs
varied between 0 and 8 wt./wt.%. Physical and mechanical properties were measured
using tensile tests. The effect of MWCNTs on the melt flow index (MFI) and mechanical
properties of PP-GF composites was studied. The fracture surface of PP composites was
examined using SEM analysis.
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2.1.4. PP-Nanocomposite Processing

Glass fiber (~10 wt.%) was mixed in a co-rotating twin extruder at 200 ◦C and 270 rpm
with PP-MWCNTs as a master batch (1–15%) and pristine PP. The composite was then
shredded and processed at 200 ◦C and 500 bar using injection molding (Allrounder, Arburg,
Germany) to produce tensile and sheet sample shapes. Specimens for determination
of tensile properties according to ISO 527-4 189 (multidirectional and fiber-reinforced
materials) were fabricated as rectangles with dimensions of 25 mm width, 250 mm length,
and 3 mm thickness. A tensile evaluation was carried out using a Zwick B066550 universal
testing machine (Germany). A 10 kN load cell was employed. The rate of tension at room
temperature was 2 mm/s. To investigate the effect of MWCNTs on the PP flow property,
the melt flow index was determined.

2.2. Model Wind Turbine

Based on an optimization analysis, the HAWT geometry and its operating conditions
were chosen. More information on optimizing wind turbine performance is given below.
The HAWT variable is a three-bladed HAWT with a diameter of 1.26 to 2.83 m. Each
blade followed the profile of the NACA20015 airfoil and had a blade length between 0.5
and 1.3 m. This gave an aspect ratio of 3, 4, 5, 6, or 7 based on the ratio between the
diameter of the turbine and the length of the blade. The turbine rotates at 34.26 rad/s under
optimum conditions when the wind speed is 7 m/s. Table 3 shows the key parameters of
the optimized turbine. The 3D geometry and main dimensions of the optimized HAWT
are shown in Figure 1. The shape of the blade cross-section, comprising two shear webs, is
shown in Figure 2.

Table 3. Main parameters of optimized horizontal axis wind turbine (HAWT).

Parameters Values Unit

No. of blades 3
Radius of rotor (R) r + L m
Radius of hub (r) 0.13 m

Length of blade (L) 0.5, 0.7, 0.9, 1.1, 1.3 m
Rated speed of wind (Cw) 7 m/s

Rated speed of the rotor (ω) 34.26 rad/s
Airfoil NACA0015

Figure 1. 3D model of geometry of optimized HAWT.
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Figure 2. 3D model of geometry of optimized HAWT blade.

The tip speed ratio (TSR), which determines the relative wind speed and the blade
velocity, is shown in Equation (1):

TSR =
ωR
Cw

(1)

where ω is rotor speed (rad/s), R is radius (m), and Cw is wind speed (m/s).

3. Results and Discussion

3.1. Tensile Properties of GF-PP-MWCNT Composites

The glass fiber-reinforced PP-MWCNT system showed superior strength compared to
PP/GF composites. A substantial improvement (up to 36%) in the strength of GF-reinforced
PP was obtained in the presence of MWCNTs (2% wt./wt.) compared to neat polypropylene
(31 MPa). At higher CNT loading, the yield strength of GF-PP nanocomposites did not show
remarkable improvement, as shown in Figure 3. This can be attributed to the high affinity
of CNTs as they create tiny clusters/agglomerates and impact the composite structure.
The modulus of elasticity of PP-MWCNTs improved remarkably from 1.5 to 2.5 GPa in
the presence of MWCNTs (2% wt./wt), as observed in Figure 4. The loading of MWCNTs
showed significant improvement in modulus of elasticity behavior from 1 to 8% wt./wt. It
was shown that stiffness did not primarily depend on the filler–matrix interface, but more
on the absolute filler content in the direction of tensile loading, as the elastic modulus is
determined at low strain values (0.05–0.25%) as a tangent modulus, where no interfacial
de-bonding is considered to occur even in the event of weak adhesion [20]. Therefore,
the expected enhancement of the bonding of fillers/matrix does not affect the composite
stiffness/modulus of elasticity. Around 49% reduction in elongation in the presence of
2% wt./wt. of MWCNTs was recorded, as shown in Figure 5.
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Figure 3. Effect of MWCNTs on the yield strength of PP-GF composites.

Figure 4. Effect of MWCNTs on modulus of elasticity of PP-GF composites.

Figure 5. Effect of MWCNTs on elongation of PP-GF nanocomposites.
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3.2. Melt Flow Index of PP-Chopped E-Glass Fiber Composites

Since the PP composites were manufactured using injection molding, the melt flow
index (MFI) has a significant influence on their quality. The melt flow index is a single
point measurement that gives an indication of the ability of the polymer to flow. To this
end, MFI was measured according to ISO 1133 at a temperature of 230 ◦C and a weight of
2.16 kg. The average of 10 MFI values was considered.

The MFI of PP-MWCNT composites decreased with increased MWCNT %, as shown
in Table 4. Higher-density PP composites are obtained as MWCNTs are added. The MFI of
the neat PP is around 11 g/10 min. The PP-MWCNT composite samples had much lower
MFI values than the neat PP at higher concentrations. Higher MFI correlates with lower
viscosity at that fixed shear rate.

Table 4. Effect of MWCNTs on melt flow index (MFI) of polypropylene.

MWCNTs wt.% 0 1 2 4 6 8

MFI 11.0 8.4 6.20 3.30 0.47 0.03

Results are in agreement with previous studies that showed lower MFI in the presence
of fillers [38].

3.3. Surface Analysis of PP-Glass Fiber Composites

Figure 6 shows the direction and length of the glass fibers using digital microscopy
(Keyence VHX-500F, Osaka, Japan). When fiber length is greater than critical length, the
tension is expected to rise linearly. It is observed that the average fiber length was reduced
to 0.63 mm due to extrusion and injection processes. If the fiber length is less than the
critical length, fiber pull-out or matrix–fiber interfacial bond failure can occur. It was
reported that PP-glass fiber composite stiffness reached the maximum value with a fiber
length of 1 mm [39].

Figure 6. Glass fiber length and distribution in GF-PP composites using 3-D surface images.
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3.4. Surface Morphology

It is possible to visually detect the presence of interfacial adhesion due to chemical
coupling. The fracture surface can be investigated by scanning electron microscopy (SEM).
Surface morphology analysis can discriminate between uncoupled and chemically bound
composites. If the fiber surface is smooth, this means the surface did not adhere to the
matrix. There is also confirmation at the base of the glass fiber that de-bonding has
taken place.

The tensile fracture morphology of the PP–glass fiber interface was studied using SEM
at different chopped glass fiber and MWCNTs loadings (Figure 7). In the case of PP-GF
(Figure 7a,b), many cavities were observed. Some glass chopped fibers were observed
where the fiber pulled out. This indicates poor interfacial bonding between the matrix and
the dispersing phase. As the glass fiber content increases, the poor interfacial bonding and
the brittleness of the filler affect the tensile property (increasing the modulus). However,
the mechanical properties are significantly modified in the presence of modified MWCNTs.
Figure 7c,d shows fewer pores at the fracture surface, good glass fiber dispersibility, and ma-
trix layers covering the fiber surface, which reflects good adhesion between polypropylene,
glass fiber, and MWCNTs.

Figure 7. SEM PP composites: (a) cavities, (b) glass fiber surface, (c) PP-GF- modified MWCNTs, (d) fiber distribution in PP
GF–modified MWCNTs.
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3.5. Finite Element Method Modelling

The finite element method (FEM) simulation of the optimized HAWT with composite
blades was carried out using the Ansys Static Structural module, a widely used FEA
modeling program. To optimize the HAWT geometry, the FEM modeling procedure was
applied. A comprehensive overview of the geometry, meshing, materials, and boundary
conditions in the FEM model are included in this section.

3.5.1. Geometry

A shaft and three blades form the geometry of the built HAWT as stipulated. The
geometry in the SolidWorks software is generated. Figure 8 shows the shape of the HAWT
geometry. Table 5 lists the properties of the thermoplastic (PP) and two different composites
formulated based on it the FEM mode of the proposed HAWT.

Figure 8. Finite element analysis of mesh: (a) blade; (b) close view of blade tip.

Table 5. Various properties of glass fiber-reinforced thermoplastic composites.

Property PP
PP/GF (Short Fiber

Composite) at 10% wt./wt.
PP/GF/MWCNTs

Density (kg/m3) 900 1020 1030

Thermal expansion
coefficient (µstrain/◦C)

27.1 10.4 9.7

Thermal conductivity
(Wm−1k−1)

0.88 0.267 0.307

Specific heat capacity
(JKg−1k−1)

1932 1650 1700

Tensile strength (MPa) 32 34.5 42

Poisson’s ratio 0.43 0.32 0.30

Young’s modulus (GPa) 1.34 1.72 2.5

3.5.2. FEA Mesh

For meshing of the HAWT, the standardized mesh topology was used. The baseline
mesh for the entire turbine is shown in Figure 8a, and the standardized mesh for the
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turbine blade is shown in Figure 8b. In order to select a suitable mesh that would provide
good accuracy and have a fair computing cost, a mesh sensitivity analysis was carried out.
Three meshes were developed for this analysis: coarse mesh with 33,489 nodes, baseline
mesh with 96,700 nodes, and fine mesh with 137,467 nodes. Further details are available
in Table 6. Figure 9 shows the effect of mesh size using PP/GF material at the expected
maximum deflection for the highest rotational velocity of 26.22 rad/s. It is noted that the
baseline and fine mesh predictions were in strong agreement, while in the coarse mesh it is
significantly underestimated. The baseline mesh with 96,700 nodes and 20,100 elements
was therefore considered to be the appropriate mesh and was used for further research.

Table 6. Information on various meshes used in mesh sensitivity analysis.

Coarse Mesh Baseline Mesh Fine Mesh

Nodes 33,489 96,700 137,467

Elements 7210 20,100 27,523

Maximum deflection (mm) 3.652 6.322 6.721

Figure 9. Effect of mesh size using PP/GF material on expected maximum deflection for highest
rotational velocity of 26.22 rad/s.

3.5.3. Boundary Conditions

Horizontal axis wind turbines (HAWTs) are subjected to several loads, including aero-
dynamic, gravitational, and centrifugal loads. The current research focuses primarily on
the effects of the various structural materials on the blade deflection at different centrifugal
loads. Centrifugal loads correspond to the tip speed ratio (TSR). By applying the relevant
rotational velocity, these centrifugal loads are applied to the HAWT rotor in the Ansys
Static Structural program.

3.5.4. Solution and Post-Process Results

For the solution and post-processing of observations, the Ansys Static Structural
program was used. This software, including static and modal analysis, is capable of
numerous structural analyses. Several findings, such as blade deformation and stress
distribution, can be derived. In the present analysis, the blade deformation is derived from
simulations of the static structure.

The FEM structure analysis of an optimized HAWT was performed based on the
method described in Section 2. Graphical representations of the deformation of turbine
blades made with PP, glass fiber-reinforced PP, and glass fiber-reinforced PP-MWCNT
materials are shown in Figures 10–12, respectively, at an ideal TSR of 3. It was noted that
maximum deflections occurred at the blade ends, while strong deflections were observed
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at the blade midspan. In order to study the impact of applying different materials to
maximum deflection at different centrifugal loads, various experiments were carried
out. The maximum deflection of the blades at TSR of 7 for different materials is shown
in Figure 13.

Figure 10. Graphical representation of maximum turbine blade deformation with PP material at TSR = 3.

Figure 11. Graphical representation of maximum turbine blade deformation with PP/GF material at
TSR = 3.
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Figure 12. Graphical representation of maximum turbine blade deformation with PP/GF/MWCNT
content at TSR = 3.

Figure 13. Maximum deflection of blades with various materials at TSR = 7.

Figure 14 shows the maximum deflections found using the Ansys Static Structural
program. It can be seen that adding MWCNTs of 2% to glass fiber-reinforced PP composite
material leads a reduction in deflection by 10% compared with GF-reinforced PP.
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Figure 14. Maximum deflection of different blade material.

4. Conclusions

Glass fiber-reinforced polypropylene nanocomposites were fabricated using the injec-
tion molding process. Addition of 2 wt./wt.% MWCNTs and 10 wt./wt.% GF to polypropy-
lene yielded remarkable improvement in the tensile strength of polypropylene. Ansys
analysis showed enhancement of blade deflection using MWCNTs in wind blades of dif-
ferent lengths. Compared with GF-reinforced PP, the addition of 2 wt./wt.% MWCNTs to
glass fiber-reinforced PP composite material contributed to a 10% reduction in deflection.
It is found that short glass fiber-reinforced PP nanocomposites can be effectively used
to fabricate small/micro wind turbine blades. For larger wind blades, GF-reinforced PP
nanocomposites can be used with continuous glass fiber to synthesize hybrid materials
with superior mechanical properties.
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Abstract: Melt processing is considered one of the favored techniques to produce polymer nanocom-

posites with various inorganic fillers such as graphene and carbon nanotubes (CNTs). Due to their

superior conductivity and tensile properties, among others, CNTs have been applied in broad ap-

plications. When a low filler fraction is desired, a high degree of dispersion is required in order to

benefit from the intrinsic properties of CNTs. However, due to their high cohesive energy, dispersing

CNTs in polymer melts is a difficult task. This study employed the melt mixing technique with

a controlled residence time of 20 min to disperse single-walled carbon nanotubes (SWNTs) into a

polypropylene matrix. The composites were prepared by using a corotating twin-screw extruder

equipped with a back-conveying element with varying amounts of SWNTs from 0.29 to 6.56 wt.%.

Mechanical, electrical, morphological, and rheological properties were evaluated. Due to the filler

effect, storage, loss modulus, and complex viscosity increased with the SWNT content. Based on

the van Gurp–Palmen plot, 0.29 wt.% SWNTs was the rheological percolation threshold, and the

electrical property measurement revealed a 1.4 wt.% SWNT electrical percolation threshold based on

the statistical percolation theory. Relatively large agglomerates were found when the SWNT content

increased more than 1.28 wt.%.

Keywords: carbon nanotube; controlled residence time; melt mixing; polymer composites;

percolation network

1. Introduction

The development of new functional polymer materials is often accomplished by
several strategies, such as the mixing of a conventional matrix polymer with other polymer
components (polymer blends) and/or solid fillers (composites). The advantage of this
method and such composites has resulted in better conditions for market launch and higher
customer satisfaction compared to homopolymers [1].

Carbon nanotubes (CNTs) are prominent fillers. Following their first detailed descrip-
tion in the scientific literature in 1991, these “coaxial tubes of graphitic sheets” [2] attracted
the attention of the wider scientific community and found practical application due to their
outstanding performance, especially their electrical [3–8], thermal [9–12], and mechanical
properties [12–19].

Because of these excellent properties, CNTs are utilized in a variety of technologically
important applications, such as automotive and aerospace engineering, defense, electronics,
energy, and sporting goods [20]. With their popularity, the global production of CNTs
has already exceeded the kiloton level and is expected to more than double in the next 4
years due to the increasing production of existing manufacturers and the emergence of
new manufacturers [21].
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As CNTs tend to form strong agglomerates caused by physical interactions such
as van der Waals forces, several methods have been applied to disperse and distribute
these primary agglomerates in order to utilize the benefits of the properties of individual
CNTs. Depending on the nature of the polymer, various processing techniques, such as
high-shear mixing [22], electrospinning [23], surfactant-assisted processing [24], in situ
polymerization [25], latex fabrication [26], and melt processing [1,27–29], can be found in
the literature. Among these, melt processing is the preferred method for the processing of
thermoplastic-based composites and is highly relevant for industrial applications.

For industrial applications of the melt mixing process, two-step masterbatch (MB)
dilution is considered a favorable option over direct nanotube incorporation. In order to
create electrically percolated networks within CNT composites, the secondary agglomera-
tion of individualized CNTs is important and has been explained in many studies [27–31].
Secondary agglomeration, however, requires well-dispersed CNT masterbatches, which
should be generated from the masterbatch production step.

When it comes to the melt mixing process of masterbatches, processing conditions
need to be considered, namely rotation speed, residence time, and temperature profile.
Among these factors, it is often reported that rotation speed (shear stress) is highly signifi-
cant for better dispersion of CNTs in polymer matrices [1,22,27,32]. Kasaliwal et al. [27]
applied the response surface methodology to investigate the effect of temperature and
rotation speed on the dispersion of multiwalled CNTs (MWNTs) in polycarbonate (PC). It
was found that the dispersion of MWNTs improved linearly with increasing rotation speed,
whereas temperature was not significant. Villmow et al. [1] discussed the influence of extru-
sion conditions, screw configuration, throughput, and rotation speed. It was revealed that
rotation speed has a high influence on the macrodispersion of MWNTs in polycaprolactone
(PCL). Verma et al. [33] applied the melt recirculation approach to prepare MCNT/PPC
composites containing up to 15 wt.% of two different aspect ratios of MCNTs. It was found
that these composites display a very low percolation threshold and an improvement in
tensile strength.

Polypropylene (PP) homopolymer is a nonpolar partial crystalline polymer that has
a lower density, higher melting temperature, higher heat resistance, and higher stiffness
than low- and high-density polyethylene (LDPE and HDPE, respectively) [34]. Thus, PP
has been popularly used as a matrix to reinforce both single-walled CNTs (SWNTs) [35–37]
and MWNTs [38–40], whereas, due to their high interfacial energy with CNTs (≈10 mJ/m2)
compared to polar polymers such as polycarbonate (≈2.4 mJ/m2) [41], CNTs are difficult
to disperse in PP, resulting in the further physical or chemical modification of CNTs or
PP. Chemical or physical modifications of CNTs and PP, however, are not suitable for
industrial applications.

According to the aforementioned studies, it is well known that the most important
factors for achieving good dispersion of CNTs are high mixing energy and long residence
time, resulting in two dominant dispersion mechanisms: rupture and erosion [42,43]. In
particular, the long residence time induces an erosion mechanism toward the agglomeration
of CNTs. In order to utilize the benefits of the long residence time, in this study, a specially
designed corotating twin-screw compounder with a back-conveying element and a closed
plate is used. With a controlled residence time of 20 min, PP/SWNT composites with
varying amounts of SWNTs (0.29, 0.43, 0.62, 1.28, 2.94, 3.66, 4.29, 4.90, and 6.56 wt.%) were
prepared. To evaluate the dispersion state of SWNTs, rheological, morphological, electrical,
and mechanical properties were measured.

2. Materials and Methods

2.1. Materials

PP (HF 429, Samsung Total, Daesan, Korea) with a melt flow index of 8 g/10 min at
240 ◦C and a melting temperature of 239.4 ± 0.23 ◦C was used as the matrix. Nonfunctional-
ized, commercially available single-walled carbon nanotubes (TUBALLTM; OCSiAl Korea,
Incheon, Korea) were used without further purification. According to the specifications
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provided by the manufacturer, TUBALLTM has more than 85% carbon purity. The outer
mean nanotube diameter is 1.8 ± 0.4 nm and longer than the 5 µm length of the nanotube.

2.2. Sample Preparation

A schematic diagram of the sample preparation is illustrated in Figure 1. A Brabender
microcompounder TSC 42/6 (Brabender®, Duisburg, Germany), designed with a small-
scale, conical, counter-rotating twin-screw compounder with a barrel capacity of 50 g and a
screw diameter of 42 mm (L/D = 6), was used. Based on the PP specifications provided
by the manufacturer and preliminary experiments, PP/SWNT composites were produced
under a barrel temperature of 250 ◦C, a rotation speed of 50 rpm, and a residence time of
20 min. The concentrations of SWNTs in the PP matrix were 0.3, 0.5, 0.8, 1.2, 3, 3.5, 4, 5, and
7 wt.%.

 

τ − 𝑚
Figure 1. Schematic diagram of the sample preparation of the PP/SWNT composite for this study.

In order to estimate the shear stress of the composite melt inside the barrel, the specific
mechanical energy (SME) was calculated using Equation (1), where the drive torque τ (kJ),
rotation speed N (min−1), and throughput

.
m (kg/min) are involved. This parameter is

considered to explain the good characterization of the extrusion process.

SME =
τ · N

.
m

(kJ/kg) (1)

In this study, drive torque τ was obtained from the compounder, throughput
.

m was
averaged at 0.0017 ± 0.0002 kg/min, and rotation speed N was fixed at 50 min−1.

After pelletizing, the amount of CNTs in the composite granules was analyzed using
a thermogravimetric analyzer (TGA) (Model: TGA Q500, TA Instrument, New Castle, DE,
USA)). Pelletized granules were cryofractured to observe the dispersion state of SWNTs.
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After that, the composite granules were compression molded to measure morphologi-
cal and electrical properties and injection molded to measure mechanical and rheological
properties. Compression molding was performed using a QMESYS hot press (Model:
QM900A, Quality & Measurement System, Uiwang, Korea). Molding was carried out at
220 ◦C with a preheating time of 3 min, a pressing time of 1 min, and a cooling time of
3 min. For accurate characteristic measurement, it was necessary to prepare specimens
with a consistent shape and size. Thus, the composite granules were also injection molded
at 250 ◦C using the Xplore Micro 10cc Injection Molding Machine (Xplore Instruments,
Geleen, The Netherlands) into test samples with a disk shape diameter of 25.4 mm, a 1 mm
thickness, and a “dogbone” shape with size in accordance with ASTM D638.

2.3. Characterization

2.3.1. Rheological Measurements

Oscillatory shear measurements and stress relaxation in the linear viscoelastic (LVE)
region were carried out on an Anton Paar oscillation rheometer (Model: Physica MCR
302, Anton Paar GmbH, Graz, Austria) using a parallel plate geometry (diameter = 25 mm,
gap = 1 mm) at 200 ◦C on samples previously compression molded into a disk shape.
Frequency sweeps were performed after approximately 3 min of temperature equilibration
with decreasing frequency from 100 to 0.1 rad/s and strains at 1%. According to Kasaliwal
et al. [44], it was observed that increasing the matrix molecular weight produced larger
undispersed agglomerates. Thus, different residence times were tested to lower the molecu-
lar weight of PP, which was evaluated using the stress relaxation spectrum. The conversion
of the stress relaxation spectrum to MWD was performed using RheoCompassTM software
(v1.30.1064, Anton Paar GmbH, Graz, Austria). Specifically, it used one of the modulus
models, which can be expressed in terms of the relaxation modulus G(t). This model
converts the relaxation spectrum from the time domain to the molecular weight domain to
recover the MWD curve using a regularized integral inversion, as shown in Equation (2).

G(t)

G0
N

=







∞
∫

ln (Me)

F1/β(t, M)w(M)d(ln M)







β

(2)

where G0
N is the plateau modulus to normalize G(t), F(t,M) is a kernel function describing

the relaxation behavior of molecular weight M, and w(M) is the weight fraction of the
MWD function. The exponent β is a parameter that corresponds to the mixing behavior of
the chains. Me is the average molecular weight between entanglements. Based on material
and calculation parameters incorporated in the software, kernel functions β and Me of PP
were single exponentials, 2.5 and 3500 g/mol, respectively.

2.3.2. Morphological Measurements

The state of the macrodispersion of the compression-molded sample was analyzed
by optical microscopy. Light transmission microscopy (Model: KYENCE VK-X200K,
KEYENCE, Itasca, IL, USA) was performed using a 10× objective magnification and an
optical laser with a 408 nm violet laser. Particle analysis using the incorporated soft-
ware developed by KYENCE was performed in order to quantify the area fraction AA of
undispersed primary SWNT agglomerates according to Equation (3) [1].

AA(%) =
ACNT

A0
× 100 (3)

where ACNT is the area of primary SWNT agglomerates, and A0 is the overall micrograph
area. According to ISO 18553, agglomerates with diameters smaller than 5 µm were
neglected. In order to increase the analyzed size of the micrograph area, 3 different areas of
each sample were captured.
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Additionally, field emission scanning electron microscopy (Model: HITACHI-SU8020,
Hitachi, Ltd., Tokyo, Japan) was used for the direct observation of PP/SWNT composites.
Palletized composite granules were cryofractured after freezing in liquid nitrogen. A thin
layer of carbon was sputter deposited onto the sample. Measurement was performed
under high vacuum with an acceleration voltage of 2 kV.

2.3.3. Mechanical Measurements

Dog-bone-shaped samples were injection molded (50 mm in length, 4 mm in width,
and 2 mm in thickness) and were tested on an INSTRON 3367 (INSTRON, Norwood, MA,
USA) equipped with a 1 kN cell force, measuring force over displacement for each sample
at 10 mm/min. At least 3 samples were tested for each composite and tensile stress and
strain at yield point obtained from the raw data. One-way ANOVA and Tukey’s honestly
significant difference (HSD) test were performed to conduct the multiple comparisons of
each experimental data set (α = 0.05) with R software (version 3.0.2).

2.3.4. Electrical Measurements

In-plane electrical conductivity measurements were made on compression-molded
square plates in accordance with ASTM D4496-13. At least 10 measurements were made
on samples to obtain the geometric mean value with the associated standard deviation of
resistivity. The AiT resistivity measurement system (Model: CMT-SR1000N, Advanced
Instrument Technology, Suwon, Korea), equipped with a 4-point probe with a sheet resis-
tance measurement range between 1 m Ω/square and 2 M Ω/square and pin spacing of
20–50 mm, was used. The statistical percolation theory predicts the relationship between
the electrical resistivity of the composite and the filler concentration using Equation (4) [45]:

σ = σ0 · (Φ − ΦC)
t (4)

where σ is the composite volume resistivity, σ0 is the volume resistivity of the filler, and Φ,
ΦC, and t are the fraction of filler, percolation threshold, and critical exponent, respectively.
The critical exponent t is expected to depend on the system dimensionality with calculated
values of t ≈ 1.33 in two and t ≈ 2 in three dimensions [46,47]. By fitting the experimental
results in the linear regression of log σ and log (Φ − ΦC), the percolation threshold and the
critical exponent were calculated. In this study, the final critical exponent t was calculated
as 2.05, representing the three dimensions of the SWNT percolation network.

3. Results and Discussion

3.1. Processing Properties

Figure 2 explains the specific mechanical energy applied during the melt mixing
process to produce composite materials with different SWNT content. Due to the residue
of SWNTs in the compounder, after TGA analysis, the final amount of SWNTs in the
PP/SWNT nanocomposites was 0.29, 0.43, 0.62, 1.28, 2.94, 3.66, 4.29, 4.80, and 6.56 wt.%.

As the SWNT content increases in this composite system, the SME increases, possibly
due to the dominance of nanotube–nanotube interactions, which may affect the dispersion
of SWNTs in the composites. Adding more SWNTs results in higher shear stress for the
composites during melt mixing. This trend can be also found in the rheological properties
of the composites.

3.2. Rheological Properties of the Composites

As discussed earlier, polymers with a high molecular weight result in large agglom-
erates of composites. It is also known that a long residence time during the melt mixing
process may cause a polymer backbone scission resulting in reduced molecular weight. As
shown in Figure 3a, the molecular weight (MW) of PP decreased from a residence time to
10 min from 20 min. The weight-average MW, which is more sensitive to molecular size
than the number-average MW, reached a low level at a residence time of 20 min, indicating
a low polydispersity index. In other words, not only is the length of the molecule reduced,
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but it can also be evenly distributed at a residence time of 20 min. Thus, the polymer
melt infiltration into the primary agglomerates can be enhanced with lower viscosity and
molecular weight [42]. Figure 3b shows the storage and loss modulus of PP as a function
of residence time at 200 ◦C.

 

'

G
'' ω '

'

G
''

Figure 2. Specific mechanical energy applied to produce composites with different SWNT content.

'' '

 

'
G

''
Figure 3. (a) Number, weight-average molecular weight, and polydispersity index (PDI) of PP as
a function of residence time; (b) storage modulus G′ and loss modulus G′′ of PP as a function of
residence time at 200 ◦C.
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At low frequencies, PP without SWNT loading exhibits typical homopolymer-like
terminal behavior by full relaxation of the PP chain. PP chains have sufficient time to
free themselves from the constraints of entanglement. However, when the nanotube
loading reaches 0.29 wt.%, the terminal behavior becomes weak, and the dependence of
G′ and G′′ on ω is limited. As shown in Figure 4a, G′ begins to show a plateau at low
frequencies of 0.29 wt.% SWNT loading, which indicates a transition from liquid-like to
solid-like viscoelastic behavior [48]. As the SWNT content increases in the composite, G′

at low frequencies is increased and becomes independent of frequency. This behavior
can be explained by the formation of interconnected nanotube networks in the polymer.
While the low frequency dependency of G′′ shows a similar trend, as shown in Figure 4b,
the corresponding increase in the loss modulus G′′ is lower than the storage modulus
G′. According to Potschke et al. [49], this limited increase in the loss modulus as the
SWNT content increases is due to the insensitivity of the interfacial energy or compatibility
between the polymer and the SWNTs. Increasing the SWNT content also leads to an
increase in the complex viscosity. From 0.29 wt.%, a transition from liquid-like to solid-
like behavior appeared, which can be considered as the rheological percolation threshold,
as supported by the van Gurp–Palmen plot (Figure 4d). As shown in Figure 4d, the
curves approach a phase angle of 90◦ at 0 wt.%, indicating a viscous behavior, whereas
from 0.29 wt.%, the rheological behavior changes from a viscous fluid to an elastic solid,
indicating a percolation threshold [50].

 

'
G

''
ηFigure 4. (a) Storage modulus G′, (b) loss modulus G′′ , and (c) complex viscosity η of the composites with frequency sweep

as a function of SWNT content at 200 ◦C; (d) van Gurp–Palmen plot of the composites.

3.3. Morphological Properties of the Composites

Images of macrodispersion, size distribution, and area ratio of undispersed SWNT
agglomerates (AA) evaluated by light microscope for composites with varying amounts of
SWNTs are described in Figure 5. When it comes to the dispersion of any nanofillers, there
are two main mechanisms: erosion and rupture. The erosion mechanism is dominated
under low shear stresses with long mixing times, whereas SWNT agglomerates undergo
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dispersion mainly by the rupture mechanism at high shear stresses. Generally, longer
mixing times lead to better dispersion, but they may induce polymer degradation, resulting
in reduced viscosity or deteriorated properties of the matrix or the SWNTs. On the other
hand, high rotation speed for high shear stresses may cause undesired breakage of SWNTs,
reducing the aspect ratio and leading to higher electrical percolation thresholds and higher
resistivity values at a given nanotube concentration. Thus, it is important to balance the
shear stresses and mixing times for an optimal erosion and rupture mechanism.

 

.

Figure 5. Size distribution of undispersed SWNT agglomerates observed in composites; SWNT
content and total agglomerate area (AA) are described in each figure. (a) 6.56 wt.%; (b) 4.80 wt.%;
(c) 4.29 wt.%; (d) 3.66 wt.%; (e) 2.94 wt.%; (f) 1.28 wt.%; (g) 0.62 wt.%; (h) 0.43 wt.%; (i) 0.29 wt.%.
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In Figure 5, all composites show that the total area of undispersed SWNT agglomerates
is less than 3%, which may imply that both mechanisms of dispersion are applied during
the method employed in this study. Due to the amount of SWNTs inserted, the already-
dispersed nanotubes enhance the matrix viscosity, and thus, the shear stresses act on the
remaining initial agglomerates, which is also shown in Figure 2. In other words, as the
SWNT content increases, enough high shear stress is generated to rupture the primary
agglomerates into smaller agglomerates of different sizes. Given a controlled mixing time
of 20 min, an erosion mechanism may take place to erode the free tube, small fragments,
and agglomerates from the surface of the larger agglomerates.

It is generally observed that in composites prepared with high loading of SWNT
content of more than 1.28 wt.%, relatively large agglomerates (more than 200 µm) are
presented. As expected, the number of large agglomerates decreases with decreasing
SWNT content. The decrease in the number of agglomerates from the larger diameter
classes may indicate that this method may be effective in rupturing the large agglomerates
for composites up to approximately 1.28 wt.% SWNT content.

In order to observe the dispersion state of SWNTs in composites and their network
formation, FE-SEM was used to examine the composites. FE-SEM images of the composites
with the addition of 0.29 wt.%, 1.28 wt.%, and 6.56 wt.% SWNTs are shown in Figure 6.
FE-SEM images of the remaining composites are illustrated in Figures A1–A6. At low
SWNT content (Figure 6a), most of the SWNTs are dispersed individually in the PP matrix,
and some are formed as small aggregates. As confirmed from the results of the rheological
property measurement, despite the small amount of SWNTs introduced, the dispersion
state of SWNTs was good enough to transfer the mechanical momentum, resulting in a
rheological percolation threshold at 0.29 wt.% SWNTs. As the SWNT content increases
(Figure 6b), individual SWNTs gradually grow, and they start to form SWNT networks,
resulting in small interparticle distances. Figure 6c illustrates the SEM image of the highest
PP/SWNT composite in this study. At this high loading of SWNTs, the SWNT network
dominates the properties of the PP/SWNT composite, leading to solid-like behavior at low
frequencies of the rheological measurement in Figure 4.

3.4. Mechanical Properties of the Composites

Due to their enormous modulus and high aspect ratio, it is reasonable to expect
that the incorporation of SWNTs into polymers will be effective for the reinforcement of
polymers, i.e., mechanical properties. The nanometer dimension of the interfacial regions
surrounding the SWNTs allows the applied load to be easily transferred from the matrix to
the SWNTs.

It has been reported that the formation of large agglomerates as the nanotube content
increases acts as a mechanical failure concentrator. Thus, tensile strength and modulus
are increased with increasing nanotube content until a certain level, but these properties
are decreased when the nanotube content reaches a level where large agglomerates begin
to form [51,52]. However, as shown in the upper part of Figure 7, the tensile strength
increases almost linearly as the SWNT content increases with the coefficient of determina-
tion (R2) of 0.9. Even though the morphological analysis (Figure 5) reveals that relatively
large agglomerates are found when the SWNT content is more than 1.28 wt.%, it can be
speculated that there are no agglomerates large enough to induce stress cracking with high
loading of SWNTs in composites.

The Young’s modulus of the composites is described at the bottom of Figure 7. It
continuously increases with increasing SWNT content, revealing the reinforcement effect
of SWNTs.
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(a)

(b)

(c)

Figure 6. SEM images of (a) 0.29 wt.%, (b) 1.28 wt.%, and (c) 6.56 wt.% SWNT in the composite.

3.5. Electrical Properties of the Composites

One of the main advantages of CNTs is their electrical conductivity, and thus, their
inclusion into their PP matrix can construct conductive pathways and increase the electrical
conductivity of PP. Electrically conductive polymers based on CNTs and PP have been
widely studied [48,53–57]. Electrical percolation thresholds range widely from 0.07 to
2.62 wt.% depending on many factors, such as the processing method and type of CNT
(SWNT or MWNT). At these electrical percolation thresholds, the electrical conductivity
for PP/CNT composites varies from 10−8 to 10−2 S/m. Compared to this range, the
electrical conductivity in this study shows a profound improvement indicating that better
microstructure in the PP/SWNT composite can be achieved with the novel processing
technology without any additional additives and chemical treatments of PP or SWNTs.
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Figure 7. Tensile strength (top) and Young’s modulus (bottom) of the composites as a function of
SWNT content; different letters on the top or bottom of the error bar indicate a statistically significant
difference at the 95% confidence level.

As visible in Figure 8, the results of the statistical percolation theory show that the
electrical percolation threshold is 1.4 wt.% with the critical exponent t = 2.05. This result is
in parallel with the analysis of the FE-SEM image (Figure 6b), where the 1.28 wt.% SWNT
composite shows a well-grown SWNT network, resulting in efficient electron transport
through the network. On the other hand, the weight fraction of the rheological percola-
tion threshold (0.29 wt.%) is much lower than the electrical percolation threshold. This
different behavior may come from the difference between charge transfer and mechanical
momentum transfer. The electrical percolation threshold is mainly determined by the
CNT network and the connecting contacts, while the rheological percolation threshold
is predominantly related equally with the CNT network, the polymer matrix, and the
CNT–polymer network [42].
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− −

 

Figure 8. Electrical conductivity as a function of SWNT content.

4. Conclusions

This study discussed the mechanical, electrical, morphological, and rheological prop-
erties of SWNT/PP composites prepared by the melt mixing method with a controlled
residence time of 20 min. The composites were produced with varying SWNT content, and
thermal gravimetric analysis confirmed the SWNT content as 0.29, 0.43, 0.62, 1.28, 2.94,
3.66, 4.29, 4.80, and 6.56 wt.%.

In the rheological measurement, it was found that a residence time of 20 min showed
the lowest number-average MW and a low weight-average MW, resulting in a low polydis-
persity index. Therefore, based on the knowledge that polymer melt infiltration is enhanced
with low melt viscosity and molecular weight, a residence time of 20 min for PP was used
in this study. The storage modulus began to plateau at low frequencies at 0.29 wt.% loading
of SWNTs. As the SWNT content increased, the storage modulus also increased, indicating
the formation of interconnected nanotube networks. Based on the van Gurp–Palmen plot,
a weight fraction of 0.29 wt.% SWNTs showed the rheological percolation threshold.

Morphological properties were assessed by optical microscopy and FE-SEM. All
composites had less than 3% of their total area containing undispersed SWNT agglomerates.
Relatively large agglomerates greater than 200 µm were found for composites containing
more than 1.28 wt.% SWNTs. Additionally, FE-SEM analysis revealed that individual
SWNTs and their small agglomerates were found in the 0.29 wt.% SWNT composite. As
SWNT content increased in the PP matrix, the SWNT network also increased, forming an
efficient electrical percolation network at 1.28 wt.%.

Despite the large agglomerates found in the morphological measurement at high
loading of the SWNT composite, tensile strength and Young’s modulus increased linearly
with increasing SWNT content, which may imply that relatively large agglomerates were
not enough to induce stress cracking.

The result of the statistical percolation theory revealed that the electrical percolation
threshold was 1.4 wt.% with a critical exponent t of 2.05. Volume conductivity increased
with increasing SWNT content in the composites.

In summary, due to the controlled residence time and excellent dispersion state, an
improvement in the electrical conductivity of the SWNTs in the PP matrix was achieved
with the novel melt mixing process without further modifications, such as compatibilizers
or chemical treatment of CNTs. Rheological, morphological, and electrical measurements
supported that an optimized dispersion and electrical percolation network of SWNTs was
formed with around 1.28 wt.% SWNTs in PP. However, given the fact that SWNTs have
better properties than MWNTs, an electrical percolation threshold of around 1.28 wt.%
loading of SWNTs may not meet expectations. This may be because a possible filler
breakage, reducing the aspect ratio of SWNTs, occurred during the melt mixing process
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with a residence time of 20 min. This breakage, however, may help to form an efficient
electrical percolation network, generating high electrical conductivity. Further analysis
of SWNT length reduction by the melt mixing process and its effects will be needed to
confirm this statement.
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Appendix A

SEM images of varying amounts (0.43 wt.%, 0.62 wt.%, 2.94 wt.%, 3.66 wt.%, 4.29 wt.%,
and 4.90 wt.%) of SWNT-incorporated composites are shown below.

 

Figure A1. SEM image of the 0.43 wt.% SWNT/PP composite.
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Figure A2. SEM image of the 0.62 wt.% SWNT/PP composite.

 

Figure A3. SEM image of the 2.94 wt.% SWNT/PP composite.
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Figure A4. SEM image of the 3.66 wt.% SWNT/PP composite.
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Figure A5. SEM image of the 4.29 wt.% SWNT/PP composite.
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Figure A6. SEM image of the 4.90 wt.% SWNT/PP composite.
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Abstract: Given the high interest in promoting crosslinking efficiency of ultraviolet-initiated crosslink-

ing technique and ameliorating electrical resistance of crosslinked polyethylene (XLPE) materials,

we have developed the funcionalized-SiO2/XLPE nanocomposites by chemically grafting auxil-

iary crosslinkers onto nanosilica surfaces. Trimethylolpropane triacrylate (TMPTA) as an effective

auxiliary crosslinker for polyethylene is grafted successfully on nanosilica surfaces through thiolene-

click chemical reactions with coupling agents of sulfur silanes and 3-mercaptopropyl trimethoxy

silane (MPTMS), as characterized by nuclear magnetic resonance and Fourier transform infrared

spectroscopy. The functionalized SiO2 nanoparticles could be dispersively filled into polyethylene

matrix even at a high filling content that would generally produce agglomerations of neat SiO2

nanofillers. Ultraviolet-initiated polyethylene crosslinking reactions are efficiently stimulated by

TMPTA grafted onto surfaces of SiO2 nanofillers, averting thermal migrations out of polyethylene

matrix. Electrical-tree pathways and growth mechanism are specifically investigated by elucidating

the microscopic tree-morphology with fractal dimension and simulating electric field distributions

with finite-element method. Near nano-interfaces where the shielded-out electric fluxlines con-

centrate, the highly enhanced electric fields will stimulate partial discharging and thus lead to the

electrical-trees being able to propagate along the routes between nanofillers. Surface-modified SiO2

nanofillers evidently elongate the circuitous routes of electrical-tree growth to be restricted from

directly developing toward ground electrode, which accounts for the larger fractal dimension and

shorter length of electrical-trees in the functionlized-SiO2/XLPE nanocomposite compared with

XLPE and neat-SiO2/XLPE nanocomposite. Polar-groups on the modified nanosilica surfaces in-

hibit electrical-tree growth and simultaneously introduce deep traps impeding charge injections,

accounting for the significant improvements of electrical-tree resistance and dielectric breakdown

strength. Combining surface functionalization and nanodielectric technology, we propose a strategy

to develop XLPE materials with high electrical resistance.

Keywords: nanodielectrics; crosslinked polyethylene; auxiliary crosslinker; electrical tree; dielectric

breakdown strength

1. Introduction

Due to the prospective advantages of high production rate, low raw material cost,
and minimal radiation damage, ultraviolet (UV) crosslinking technology has attracted
considerable focus in present years [1–3]. Related researches for UV-initiated crosslink-
ing polyethylene (UV-XLPE) are now primarily focused on optimizing UV irradiation
light sources and developing photon-initiation systems to improve electrical insulation
performances [4,5]. In order to gain high photon-initiation yields in crosslinking process,
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effective photon-initiators are capable of efficiently absorbing UV irradiation at a specific
wavelength range consistent with UV irradiation spectra. The photon-initiation system con-
sisting of benzophenone (BP) and trimethylolpropane triacrylate (TMPTA) has be verified
to efficiently expedite polyethylene crosslinking reactions for the industrial manufacture
of high-voltage insulation cables [6]. However, given the low molecular weights and
poor compatibility with polyethylene molecules, photon-initiator and auxiliary-crosslinker
molecules can easily diffuse out of polymeric blends even at ambient temperature, leading
to reductions of UV-initiation efficiency and XLPE crosslinking degree [7]. Meanwhile,
photon-initiation systems of small molecules with high volatility are liable to be evapo-
rated and deposited on a UV-source lampshade at an elevated temperature in UV-initiated
crosslinking process, which will corrode irradiation instruments and abate UV-light trans-
mission efficiency [8]. It is thereby urgent to develop a novel photon-initiation system or
scheme with high polyethylene-compatibility and low thermal volatility for UV-initiation
technology in the manufacture of XLPE high-voltage cables.

Inorganic nanoparticles incorporated into polymer matrix (polymer dielectric nanocom-
posites, nanodielectrics) can comprehensively present amelioration in space charge charac-
teristics, electrical breakdown field, electrical-tree resistance, thermal conductivity, ther-
mostability, and mechanical properties [9,10]. Accordingly, the surface modification tech-
nology of nanodielectrics provides a strategy for further improving the electrical, thermal,
and mechanical properties of cable insulating materials [11]. Surface-modifications ensure a
high dispersion of nanofillers maintaining a small size in polymer matrix, which can highly
participate in dynamic exchange reactions, thus leading to improved mechanical properties
of nanocomposites [12]. By modifying nano-capsules in geometry and size to adjust their
interaction with electric field, the insulation defects caused by dielectric breakdown or
electrical-trees can be well repaired, which has been widely used in self-healing insulating
materials in recent years [13]. Attributed to the extensive source, large specific surface
area, high reactivity, non-toxic and pollution-free chemistry, and visible light transparency,
SiO2 nanoparticles have been comprehensively utilized for developing UV-cured nanocom-
posites such as SiO2/acrylic polyurethane, SiO2/epoxy resin, and SiO2/methacrylate to
improve the mechanical and electrical properties of polymers [14–16].

In the present paper, the migration and volatilization of small molecular photon-
crosslinking system are circumvented by utilizing SiO2 nanoparticles with the surfaces
being grafted by auxiliary crosslinker in combination with a large molecular photon-
initiator to improve crosslinking degree and insulation performances. Conforming to
thiolene-click chemistry and nano-surface modification [17,18], the auxiliary crosslinker
TMPTA is chemically grafted onto nanosilica surfaces to acquire an auxiliary crosslinking
function by using 3-mercaptopropyl trimethoxy silane (MPTMS). The dispersion of SiO2
nanofillers in polyethylene matrix could thereby be improved due to the well compati-
bility of TMPTA with polyethylene molecules. Accordingly, functionalized-SiO2/XLPE
nanocomposites have been developed in a combination of UV-initiation, chemical surface
modification, and nanodielectrics. After molecular and micro-structure characterizations
of nuclear magnetic resonance, infrared spectroscopy, and scanning electron microscopy,
the electrical-tree resistance and insulation performance of functionalized-SiO2/XLPE
nanocomposites are investigated together with finite-element electric field simulations and
fractal dimension analyses to elucidate the mechanism of improving electrical resistance.

2. Experimental Schemes

2.1. Material Preparations

Pristine materials of preparing nanocomposites are used as follows: linear low density
polyethylene (LLDPE, DFDA-7042, Petrochina Jilin Petrochemical Co. Ltd., Changchun,
China) as the matrix material; triallyl isocyanurate (TMPTA, chemically pure, Macklin
Biochemical Technology Co. Ltd., Shanghai, China) as the auxiliary crosslinker; 4-Hydroxyl
benzophenone laurate (BPL, chemically pure, Harbin University of Science and Technology,
Harbin, China) as the photon-initiator; pentaerythritol ester (Irganox1010, Shanyi Plas-
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tics Co. Ltd., Dongguan, China) as the antioxidant; 3-merraptnpropylt rimethnxysilane
(MPTMS, chemically pure, Jiangsu Heyuan Chemical Co. Ltd., Nanjing, China) as the
silane coupling-agent; dichloromethane (DCM), anhydrous ethanol (EtOH), triethylamine
(TEA), and silica (SiO2) 20 nm nanoparticles (Tianjin Fuyu Fine Chemical Co. Ltd., Tianjin,
China) for the nanosilica surface modifications.

The surface modification process of functionalizing SiO2 nanoparticles with an auxil-
iary crosslinker is schematically illustrated in Figure 1, and implemented as follows: 3.92 g
MPTMS (0.02 mol), 0.23 g TEA, and 4.98 g TMPTA (0.02 mol) are dissolved into a 10 mL
solvent of DCM in nitrogen protection and ice-water bath, and then warmed to room
temperature, persisting for 24 h in thermal insulation to finally obtain the liquid product
(MTMPTA) with 78% yield. Furthermore, the dried nanosilica of 10 g is homogeneously
blended into a 100 mL ethanol solution (3:1) by ultrasonic dispersion treatment for 30 min,
after which MTMPTA is instilled under pH = 4 with diluted hydrochloric acid. By filter-
ing the suspension and washing with ethanol three times, surface-modified nanosilica
(TMPTA-s-SiO2) is eventually achieved after being hot-degassed for 3 h at 60 ◦C in vacuum.

Figure 1. Schematic reactions of trimethylolpropane triacrylate (TMPTA) grafting onto the nanosilica surface.

According to the blending components listed in Table 1, four mixtures for preparing
pure and composite XLPE materials are uniformly blended and pressed into film samples
at 160 ◦C by a plate vulcanizer, in which pressure is increased from 0 to 15 MPa at a rate of
5 MPa/5 min to melt material. For photon-initiated crosslinking reactions, the obtained
melting films are irradiated by a light source array of UV LED units (NVSU233A-U365,
Riya Electronics Chemistry Co. Ltd., Shanghai, China) for 180 s under normal temperature
and pressure [19], in which the emitting power and light-wavelength are controlled at
1.0 w and 365 nm, respectively, with a light-incidence of a 60◦ angle to the film plane [20].
After hot-degassing in short-circuit for 24 h at 80 ◦C in vacuum to eliminate residual
chemical by-products and mechanical stresses, pure UV-XLPE and three kinds of UV-XLPE
nanocomposites are finally prepared, as listed in Table 1.

Table 1. Blending components (wt%) for preparing XLPE nanocomposites.

Materials LLDPE BPL TMPTA TMPTA-s-SiO2 SiO2 Antioxidant

XLPE 96.7 2.0 1.0 0 0 0.3
0.5wt%TMPTA-s-

SiO2/XLPE
97.2 2.0 0 0.5 0 0.3

1.5wt%TMPTA-s-
SiO2/XLPE

96.7 2.0 0 1.5 0 0.3

1.5wt%SiO2/XLPE 95.7 2.0 1.0 0 1.5 0.3

2.2. Material Characterization and Property Test

Nuclear magnetic resonance (Bruker-1, 1H-NMR) is utilized to determine the hydro-
gen (H) content according to the type and quantity of H detected in samples. A Fourier
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transform infrared spectrometer (FTIR-6100, Jiasco Trading Co. Ltd., Shenyang, China)
is utilized to characterize molecular structures of TMPTA-s-SiO2 samples. According to
ASTM-D 2675-2011 standard, the solvent-extracted gel contents of XLPE and nanocompos-
ite materials are tested to evaluate the crosslinking degree of XLPE matrix.

Brittlely fractured cross-sections of XLPE nanocomposites are observed by an ultra-
high-resolution scanning electron microscope (SEM, SU8020, Hitachi Co. Ltd., Tokyo,
Japan) adjusted to a magnification of 75 k under an acceleration voltage of 5~10 kV. SEM
samples need to be sputtered with thin gold layers covering all the fractured surfaces to
conduct out the undesirable charges introduced by electron impacts.

For electrical-tree inception and propagation, the sample with an inserted tungsten
needle (tip curvature radius = 3 µm) is immersed in silicone oil to avoid creepage discharge,
and then a needle electrode is applied with alternating current (AC) high-voltage power
at 50 Hz frequency. The step-up increasing voltage is adopted to reach 2.5 kV at 0.1 kV/s
persisting for 15 min, and then continuously rise up to 0.1 kV/s until electrical-tree appear-
ing. An optical system consisting of a charge-coupled device (CCD) camera and in situ
optical microscope are accessed through the computer interface to observe electrical-tree
morphology in time intervals of 5 min. The electrical-tree of 10 µm length is specified as
identifying tree inception and 10 samples are tested for each material in statistical analyses
with 2-parameter Weibull distribution. Electrical-tree propagation is further evaluated
though finite-element electrical field simulations under 50 Hz AC voltage.

Thermally stimulated currents (TSC, Harbin University of Science and Technology,
Harbin, China) are tested to evaluate the energy level distributions of charge traps. First,
the film samples in 100 µm thickness are applied with an electric field of 40 kV/mm for
30 min at room temperature. The sample-electrode system in short-circuit is swiftly cooled
down to −30 ◦C and stabilized for 10 min, after which TSC through short-circuit samples
is consecutively tested with a microcurrent meter when temperature rising from −30 to
175 ◦C at a heating rate of 3 ◦C/min.

Circular film samples with a diameter and thickness of 80 mm and 0.1 mm, respec-
tively, are fabricated to measure AC dielectric breakdown strength (DBS) with asymmetric
columnar electrodes (25 mm and 75 mm in diameter for high-voltage and ground elec-
trodes, respectively) at the same temperature as electrical-tree experiments. The applied
electric field is continuously increased at a rate of 4 kV/s until attaining the possible
maximum voltage that is recorded promptly just before electrical breakdown.

3. Results and Discussion

3.1. Material Characterization

As indicated from the 1H-NMR spectrum of MTMPTA molecules in Figure 2a, the
successfully synthesized MTMPTA is demonstrated by the peaks at δ = 5.82, 6.38, and
6.09 ppm identifying the chemical displacements of H atoms in –CH=CH2 group, and
δ = 2.74 and 2.61 ppm indicating the H atoms on –CH2– adjacent to sulfur atom (S).
FTIR spectra of the functionalized nanoparticles TMPTA-s-SiO2 grafted with auxiliary
crosslinkers are shown in Figure 2b. Infrared absorption peaks at 3438 cm−1, 2952 cm−1,
2841 cm−1, and 2561 cm−1 indicate the atomic vibrations of Si–OH on nanosilica surfaces,
methyl, methylene, and –SH in MPTMS molecules, respectively. Characteristic peaks at
1726 cm−1 and 1637 cm−1, respectively, originate from stretching vibrations of double-
bonds in –C=O and –CH=CH2 groups of TMPTA molecules. The simultaneously arising
peaks of methyl/methylene (2957 cm−1), carbonyl (1717 cm−1), and ethylene (1638 cm−1)
in the infrared spectrum of TMPTA-s-SiO2 verify that TMPTA has been substantially grafted
to nanosilica surfaces. The 1H-NMR and FTIR spectra imply that the grafting rate of TMPTA
on the surfaces of TMPTA-s-SiO2 nanoparticles can be adjusted by modifying MTMPTA
content in surface modification processes. Nevertheless, the density of TMPTA in TMPTA-
s-SiO2/XLPE nanocomposites can also be controlled by increasing the concentration of
TMPTA-s-SiO2 nanofillers to ameliorate the crosslinking degree and electrical resistance.
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Thereby, 30 wt% dosage of MTMPTA is specialized in the synthesis of TMPTA-s-SiO2
nanoparticles which are subsequently used to prepare XLPE nanocomposites.

Figure 2. (a) 1H-NMR spectrum of MTMPTA molecules and (b) Fourier transform infrared (FTIR) transmission spectra of
MPTMS, neat nanosilica, TMPTA, and TMPTA-s-SiO2 nanoparticles.

3.2. Crosslinking Degree

Identical photon-initiator content and irradiation time are applied for polyethylene
crosslinking reactions in preparations of UV-initiated XLPE nanocomposites to investigate
the effect of grafting TMPTA to nanosilica surface on the crosslinking degree of polyethy-
lene matrix, as illustrated by gel content (a general indicator of crosslinking degree) shown
in Figure 3. For the 0.5 wt% and 1.5 wt% filling content of TMPTA-s-SiO2, crosslinking
degrees are remarkably increased by 30% and 120%, respectively, compared with that of
pure XLPE. Furthermore, the XLPE nanocomposite prepared by filling neat SiO2 nanopar-
ticles (SiO2/XLPE nanocomposite) without TMPTA-functionalized surface shows a low
crosslinking degree almost identical to that of pure XLPE. As shown in Table 1, the content
of dissociative TMPTA added into polyethylene matrix to assist crosslinking reactions
approaches 1.0 wt% for pure XLPE and SiO2/XLPE nanocomposite, which is much higher
than the actual content of TMPTA grafted onto surfaces of SiO2 nanofillers in TMPTA-s-
SiO2/XLPE nanocomposites. Additionally, the surface functionalization of SiO2 nanofillers
by grafting TMPTA shows a great validity of fixing TMPTA molecules into XLPE matrix to
avoid thermal migrations out of crosslinking reaction system and promote the auxiliary
crosslinking efficiency. Moreover, the significantly further increment of crosslinking degree
by increasing filling content from 0.5 wt% to 1.5 wt% of TMPTA-s-SiO2/XLPE nanocompos-
ites is also a manifestation of the auxiliary function of TMPTA in crosslinking reactions to
improve crosslinking degree, which can be stably introduced into polyethylene crosslinking
system through additional nanosurface functionalization in nanodielectric technology.

3.3. Microscopic Morphology of Nanocomposites

The outmost TMPTA layer cladding SiO2 nanocore possesses a high compatibility
with polyethylene molecular-chain and determine the dispersivity and size of nanofillers
in XLPE matrix, which accordingly contributes to the acquired improvements in dielectric
properties of composite materials. It is indicated from cross-sectional SEM images illus-
trated in Figure 4 that the surface-modified nanofillers in TMPTA-s-SiO2/XLPE nanocom-
posites are majorly distributed in sizes of <80 nm with a favorable high dispersivity. It is
impossible to completely prevent nanofillers from agglomerating in polyethylene matrix
for the composite materials prepared with melting blend method, as shown in Figure 4c
for 1.5 wt%SiO2/XLPE nanocomposite with some SiO2 fillers larger than 150 nm in di-
ameter. Nevertheless, the surface-modified silica fillers remain in nanoscales even for
1.5 wt% filling content, as shown in Figure 4b, which means they fulfill successful nan-
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odielectrics. Compared with 0.5 wt% filling content, a higher density of TMPTA-s-SiO2
nanofillers with an almost identical size is uniformly dispersed in XLPE matrix without
any nanoparticle agglomeration.

Figure 3. Gel contents of XLPE and its nanocomposites filled with TMPTA-s-SiO2 or neat SiO2 nanoparticles.

Figure 4. Cross-sectional SEM images: (a) 0.5 wt%TMPTA-s-SiO2/XLPE, (b) 1.5 wt%TMPTA-s-SiO2/XLPE, and
(c) 1.5 wt%SiO2/XLPE nanocomposites.

3.4. Electrical Tree Development

Electrical-tree inception voltages are fitted by 2-parameter Weibull statistics for XLPE
and its nanocomposites, as shown in Figure 5. Characteristic inception voltages and
shape parameters are listed in Table 2. Despite the almost same shape parameters for all
the materials, the characteristic electrical-tree inception voltages of TMPTA-s-SiO2/XLPE
nanocomposites with 0.5 wt% and 1.5 wt% filling contents have been increased to 6.53 kV
and 7.15 kV, respectively, which are 9% and 19% higher than that of pure XLPE, while
SiO2/XLPE nanocomposite represents an almost identical inception voltage (2% higher)
to pure XLPE. Therefore, the evident improvement in electrical tree inception voltage is
dominantly attributed to the TMPTA-grafting layer on nanosilica surface. It is suggested
that the charge carriers (electrons or holes) injected from needle electrodes cannot be
accelerated when transporting through TMPTA-s-SiO2 nanofillers and will be scattered
to form divergent discharging channels in high electric field regions. Accordingly, the
carbonized discharging channels (tree like damages) will be inhibited from directly devel-
oping to the ground electrode plate, as manifested by the shorter electrical-tree length and
higher inception voltage (judged by the same standard of tree length) as shown in Figure 5
and Table 2.
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Figure 5. Weibull 2-parameter distributions of the electrical-tree inception voltages for XLPE and
its nanocomposites.

Table 2. Characteristic electrical-tree inception voltages at 63.2% probability and shape parameters of
2-parameter Weibull statistics at 95% confidence interval.

Materials
Characteristic Inception

Voltage/kV
Shape

Parameter
Increment/%

XLPE 5.99 12.37
0.5 wt%TMPTA-s-SiO2/XLPE 6.53 9.349 9
1.5 wt%TMPTA-s-SiO2/XLPE 7.15 10.17 19

1.5 wt%SiO2/XLPE 6.10 11.79 2

By applying an AC voltage for 7200 s, after which nearly no change can be observed
in tree morphology, the structure features of electrical-trees growing in XLPE and its
nanocomposites are pictured by optical microscopy, as shown in Figure 6. TMPTA-s-
SiO2/XLPE nanocomposites present electrical-trees in shapes of disperse, dense, and
short shrubbery, while the pure XLPE and SiO2/XLPE nanocomposite show pine-branch
like electrical-trees in the morphology of sparse branches concentrating around the long
main trunks.

Figure 6. The electrical-tree morphology after 7200 s in (a) XLPE and the nanocomposites of
(b) 0.5 wt%TMPTA-s-SiO2/XLPE, (c) 1.5 wt%TMPTA-s-SiO2/XLPE, and (d) 1.5 wt%SiO2/XLPE.
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Based on dielectric permittivity and electrical conductivity, the local electric field
distributions around needle tip (or considered as the front of electrical-tree) are simulated
with finite element method as implemented in COMSOL multi-physics software, with the
results being shown in Figure 7. The triangular region in white color represents electrode
needle-tip or tree-front. According to the nanofiller sizes observed from SEM images and
the molecule dimension of MTMPTA, we model TMPTA-s-SiO2 and neat SiO2 nanofillers
by the smaller shell-core structure and the larger neat sphere respectively, which are
dispersively put into the uniform background of XLPE matrix to simulate nanocomposites,
as shown in Figure 7b–d.

Figure 7. Electric field distributions around initiation tip (identical to tree front) simulated for (a) XLPE, (b) 0.5 wt%TMPTA-
s-SiO2/XLPE, (c) 1.5 wt%TMPTA-s-SiO2/XLPE, and (d) 1.5 wt%SiO2/XLPE nanocomposites.

The electric field in SiO2 core of the surface-modified nanofiller is remarkably lower
than that of XLPE matrix, leading to an evident concentration of electric fields near two
sides of the outer surfaces crossing electric fluxlines between the two adjacent nanofillers
as shown in Figure 7b,c. In contrast, the modeled particles of neat SiO2 nanofillers in
XLPE background show unconspicuous discrepancy of the electric fields inside and outside
nanosurfaces, as shown in Figure 7d. The dielectric permittivity of the surface-modified
MTMPTA shell is significantly higher than that of SiO2 core and XLPE matrix, so as to
expel the electric fluxlines out of nanofillers and accordingly intensify the electric fields
(concentrate the continuous electric fluxlines) at the outer surfaces where the electric
fluxlines enter and flow out through nanofillers. The much lower and higher electric fields
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in SiO2 core and outside MTMPTA shell respectively than the background electric field of
XLPE matrix could be comprehended as “dielectric shielding” and cannot be effectively
presented by the neat SiO2 nanofillers with a low dielectric permittivity as XLPE. It is
reasonably suggested that the electrical-trees will be apt to form and propagate along
the paths between TMPTA-s-SiO2 nanofillers due to the highly increased spontaneous
probability of partial discharge under high electric fields near the surfaces of TMPTA-s-
SiO2 nanofillers. Consequently, electrical-trees will be more possible to grow consecutively
along the network pathways through TMPTA-s-SiO2 nanofillers, which means a larger
numbers of circuitous routes for electrical-tree developing from high voltage to ground, as
manifested by the higher inception voltage and the larger fractal dimension with shorter
tree-length that will be demonstrated in follows.

Fractal structure of electrical-trees can be evaluated from the growth length L along
electric field and fractal dimension Df, in which growth quantity Y and tree length LB as a
function of growing time are formularized as follows [21]:

Y = (L/LB)
Df ,

L = LB
(1+1/Df)

[

ω
2π exp

(

αlπεE2−U0
kT

)]1/Df
t1/Df

(1)

where ω/2π symbolizes the intrinsic frequency of atomic vibrations in polymer materials;
U0 represents the activation energy of electrical-tree expansions; ε denotes dielectric per-
mittivity; E signifies local electric field; α indicates thermodynamic parameter of atomic
vibrations in polymer materials; l symbolizes the linear dimension of micro-cracks; and T
and k are thermodynamic temperature and Boltzmann constant, respectively. Specifically
for polyolefin materials such as XLPE, atomic-vibration frequency is predominately located
on ω/2π = 6.25 × 1012 Hz, and the molecular vibration parameter α = 6.68 × 10−16 is
determined from activation volume [22]. Meanwhile, the electric field should be calculated
approximately as following [22]:

E =
2U

r ln(1 + 4R/r)
(2)

where U = 6 kV indicates the electrical voltage applied on needle electrode; r = 3 µm
identifies the curvature radius of needle tip; and R = 3 mm denotes the distance from
bottom plate to needle tip.

Fractal dimension can quantitatively depict the spatial topological characteristics for
characterizing electrical-tree structure. As implemented with MATLAB programming,
box counting is performed on the electrical-tree images from optical microscope obser-
vations to evaluate the fractal dimension of electrical-trees produced in pure XLPE and
XLPE nanocomposites. Tree length versus fractal dimension of XLPE is calculated from
Equations (1) and (2) in comparison with experimental results observed from electrical-tree
morphology in pure XLPE and 1.5 wt%TMPTA-s-SiO2/XLPE nanocomposite, as shown in
Figure 8. In macroscopic scale, smaller fractal dimension of electrical-trees means a more
tree-development along electric field. For 1.5 wt%TMPTA-s-SiO2/XLPE nanocomposite,
the absolute variation slope of electrical-tree length vs. fractal dimension is significantly
smaller than theoretical values of XLPE (well consistent with experimental results). The
electrical-tree development directly towards to ground electrode (tree length) is signif-
icantly reduced by the partial discharging routes in the network of high electric fields
near the “dielectric shielding” surfaces of TMPTA-s-SiO2 nanofillers, leading to the ex-
pedition of electrical-tree developing along the more circuitous trajectories in dispersive
geometries, as indicated by the large fractal dimensions of electrical-trees produced in
TMPTA-s-SiO2/XLPE nanocomposites.
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Figure 8. Growth length versus fractal dimension of electrical-trees in pure XLPE and 1.5 wt%TMPTA-
s-SiO2/XLPE nanocomposite.

3.5. Charge Trapping Characteristics

In order to investigate the deep-trapping mechanism in TMPTA-s-SiO2/XLPE nanocom-
posites that can enhance dielectric breakdown strength, energy level distributions of charge
traps are evaluated from TSC results [23]. TSC testing temperatures from −30 to 175 ◦C
cover all of the required energies for thermal excitation of the charges captured in the deep
traps introduced by nanosurface-grafting. The measured TSC temperature spectra and
the derived trap densities as a function of trap energy level (trap level distributions) are
shown in Figure 9. The general peaks arising in trap levels of 0.9−1.0 eV originate from the
intrinsic shallow traps introduced by the structural defects between XLPE lamellae.

Figure 9. Thermally stimulated current (TSC) temperature spectra (left) and trap energy level distributions (right) of pure
XLPE and the XLPE nanocomposites filled with TMPTA-s-SiO2 and neat SiO2 nanoparticles, respectively.

Due to the deep traps introduced by TMPTA grafted onto surfaces of SiO2 nanofillers, a
characteristic peak with lower amplitude and smaller integral area than XLPE intrinsic peak
appears at 1.25 eV for TMPTA-s-SiO2/XLPE nanocomposites, which is observably higher
in peak intensity than that at 1.2eV for SiO2/XLPE nanocomposite which derives from dis-
charging traps at nano-SiO2/XLPE interfaces. Because charge carriers prefer to be captured
into deeper traps than shallower traps, no enough carriers have been trapped into intrinsic
traps of XLPE matrix under high-voltage electric field in TMPTA-s-SiO2/XLPE nanocom-
posites. Therefore, the amplitude and integral area of trap distributions at 0.9–1.0 eV are
significantly lower than that of pure XLPE. It is proved by TSC tests that the surface
functionalization of grafting TMPTA onto SiO2 nanoparticles has achieved deeper and
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higher density of charger traps in TMPTA-s-SiO2/XLPE nanocomposites than that in
pure XLPE and SiO2/XLPE nanocomposite, which will contribute to the improvement of
electrical resistance.

3.6. Dielectric Breakdown Strength

Two-parameter Weibull statistics is utilized to analyze electrical breakdown fields
under AC voltage, as shown in Figure 10. Scale parameter Eb characterizes the electri-
cal breakdown field with a probability of 63.2%, while shape parameter β indicates the
dispersivity of experimental data, as listed in Table 3.

Figure 10. Electrical breakdown fields under AC voltage fitted with 2-parameter Weibull distribution
for pure XLPE, TMPTA-s-SiO2/XLPE and SiO2/XLPE nanocomposites.

Table 3. Characteristic breakdown field Eb at 63.2% probability and shape parameter β obtained by
fitting experimental results of electrical breakdown fields with 2-parameter Weibull distribution at
95% confidence interval.

Materials Eb/(kV/mm) β

XLPE 87.74 25.74
0.5 wt%TMPTA-s-SiO2/XLPE 97.79 24.58
1.5 wt%TMPTA-s-SiO2/XLPE 101.83 24.42

1.5 wt%SiO2/XLPE 95.70 23.12

DBS results in Weibull distributions prove that electrical breakdown performances of
TMPTA-s-SiO2/XLPE nanocomposites are better than that of pure XLPE and SiO2/XLPE
nanocomposite. The relatively lower breakdown field of 1.5wt%SiO2/XLPE nanocomposite
than that of TMPTA-s-SiO2/XLPE nanocomposites can be primarily attributed to the lack of
“dielectric shielding” effects from nanosurface-modifications of grafting high polarizibility
molecules to prevent electrical-trees developing directly towards ground electrode. The
slightly increased breakdown field derives primiarily from the charge traps produced at
interfaces between neat nanosilica and XLPE matrix [24], which however has been abated
by the small specific surface area of the aggregated nanosilica caused by poor compatibility
of SiO2 with polyethylene molecules. Meanwhile, XLPE nanocomposites filled with neat
SiO2 nanoparticles will engender considerable particle agglomerations when filling content
exceeds 1.5 wt%. Furthermore, TMPTA molecules with polar-groups grafted on nanosilica
surface will not be evaporated in crosslinking reactions, thus retaining a high density of
effective polar-groups acting as deep traps to efficiently improve DBS under the charge
trapping and scattering mechanisms [6,19]. It is thus suggested a reasonable correlation of
DBS improvement with TMPTA surface-functionalization of nanosilica for XLPE-based
nanodielectrics. These results support the charge-trapping mechanism and demonstrate
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that TMPTA is an effective graft candidate to improve the electrical resistance performances
of polyethylene insulating materials.

4. Conclusions

In order to simultaneously ameliorate the crosslinking degree and electrical resistance
of UV-XLPE insulating materials, chemical modification and nanodielectric technology
are coordinately exploited by grafting auxiliary crosslink agent (TMPTA) onto nanosil-
ica surface. FTIR and 1H-NMR characterizations demonstrate that TMPTA molecules
have been successfully grafted onto nanosilica surfaces. TMPTA molecules being fixed on
the surface of TMPTA-s-SiO2 nanofillers disperse in polyethylene matrix acquire a high
crosslinking efficiency without evaporation in crosslinking reaction, which could be further
promoted by increasing the concentration of TMPTA-s-SiO2 nanofillers. Furthermore,
the larger sizes of neat SiO2-nanofillers in XLPE matrix is also a manifestation of inhibit-
ing particle agglomerations by functional surface-modifications. TMPTA-s-SiO2/XLPE
nanocomposites show a higher tree inception voltage by about 19% than pure XLPE and
SiO2/XLPE nanocomposite. The high polarizability layer of TMPTA covering SiO2 core can
eliminate electric field in SiO2 core and highly increase electric field near outer surface of
nanofillers, which can not be presented by neat SiO2 nanofillers. Due to the highly probable
discharge near TMPTA-s-SiO2 nanofiller surface, the electrical-trees are produced and
propagating with a fast speed along the long circuitous pathways between TMPTA-s-SiO2
nanofillers, which accounts for the improvements in the fractal dimension and inception
voltage of electrical-tree growth. In addition, polar-groups in TMPTA molecules grafted on
nano-silica surfaces introduce effective deep traps in high density to further enhance DBS.
TMPTA-s-SiO2/XLPE nanocomposites achieve comprehensive significant improvements
in crosslinking degree, electrical-tree resistance and AC electrical breakdown field.
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