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Editorial: Advanced Polymer Composite Materials: Processing,
Modeling, Properties and Applications II
Giorgio Luciano * and Maurizio Vignolo *

National Research Council of Italy—Institute of Chemical Sciences and Technologies “Giulio Natta” CNR
SCITEC, Via De Marini 6, 16149 Genova, Italy
* Correspondence: giorgio.luciano@scitec.cnr.it (G.L.); maurizio.vignolo@scitec.cnr.it (M.V.)

Building on the success of our first Special Issue, we are pleased to present this second
collection dedicated to the multifaceted world of composite materials. The application of
these materials continues to span numerous domains of human endeavor, from agriculture
and industry to environmental protection, biomedicine, and transportation [1–18]. In the
face of ongoing energy and climate challenges, the importance of research into polymer-
based composite materials has become increasingly evident. Such studies have the potential
to profoundly impact our current society and, more critically, shape a sustainable future for
generations to come.

This second Special Issue further showcases the evolving landscape of composite
materials research, presenting a diverse array of high-quality scientific contributions. The
selected articles cover a wide spectrum of topics, from fundamental materials science
to practical applications, highlighting the versatility and indispensability of composite
materials in our daily lives.

A notable feature of this collection, building upon themes explored in our first issue,
is the increased focus on biopolymers, such as chitosan and polylactic acid [6,10]. This
reflects the growing trend towards sustainable and environmentally friendly materials.
These biopolymer-based composites offer promising solutions for various applications,
including water treatment, drug delivery, and biodegradable packaging.

The variety of applications explored in this second issue is truly remarkable and
expands upon the foundations laid in our previous collection. We see innovative compos-
ite materials being developed for electronic applications, such as flexible antennas and
smart windows [8,13], showcasing the potential of these materials in the realm of next-
generation technologies. In the field of construction and civil engineering, novel composite
reinforcements for concrete structures are presented, offering improved durability and
performance [5,14].

Environmental applications continue to be well-represented, with studies on compos-
ite materials [2,3,5,10,17]. In the energy sector, we find exciting developments in materials
for solar cells and thermal management, addressing crucial challenges in renewable energy
and energy efficiency [4].

The breadth of characterization techniques and methodologies employed in these
studies, from advanced microscopy to molecular dynamics simulations, further emphasizes
the multidisciplinary approach required in modern materials science [2,5].

This second Special Issue not only demonstrates the current state-of-the-art in com-
posite materials research but also highlights the rapid progress being made in the field
since our first issue. It points towards future directions and challenges, showing how
the landscape of composite materials is continuously evolving. It is our hope that this
collection will inspire further interdisciplinary collaborations and innovations, driving
the development of next-generation composite materials that can address the complex
challenges of our time [14].
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16. Žiganova, M.; Merijs-Meri, R.; Zicāns, J.; Bochkov, I.; Ivanova, T.; Vı̄gants, A.; Ence, E.; Štrausa, E. Visco-Elastic and Thermal
Properties of Microbiologically Synthesized Polyhydroxyalkanoate Plasticized with Triethyl Citrate. Polymers 2023, 15, 2896.
[CrossRef] [PubMed]

17. Ibrahim, A.M.H.; Idrees, M.; Tekerek, E.; Kontsos, A.; Palmese, G.R.; Alvarez, N.J. Engineered Interleaved Random Glass Fiber
Composites Using Additive Manufacturing: Effect of Mat Properties, Resin Chemistry, and Resin-Rich Layer Thickness. Polymers
2023, 15, 3189. [CrossRef] [PubMed]

18. Rojas-Muñoz, Y.V.; Santagapita, P.R.; Quintanilla-Carvajal, M.X. Probiotic Encapsulation: Bead Design Improves Bacterial
Performance during In Vitro Digestion. Polymers 2023, 15, 4296. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

2



Citation: Rojas-Muñoz, Y.V.;

Santagapita, P.R.; Quintanilla-Carvajal,

M.X. Probiotic Encapsulation: Bead

Design Improves Bacterial

Performance during In Vitro Digestion.

Polymers 2023, 15, 4296. https://

doi.org/10.3390/polym15214296

Academic Editors: Giorgio Luciano

and Maurizio Vignolo

Received: 20 September 2023

Revised: 14 October 2023

Accepted: 17 October 2023

Published: 1 November 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

polymers

Article

Probiotic Encapsulation: Bead Design Improves Bacterial
Performance during In Vitro Digestion
Yesica Vanesa Rojas-Muñoz 1 , Patricio Román Santagapita 2 and María Ximena Quintanilla-Carvajal 1,3,*

1 Maestría en Diseño y Gestión de Procesos, Facultad de Ingeniería, Campus Universitario del Puente del Común,
Universidad de La Sabana, Chía 250001, Colombia; yesicaromu@unisabana.edu.co

2 Departamento de Química Orgánica, Facultad de Ciencias Exactas y Naturales, Universidad de Buenos
Aires & Centro de Investigación en Hidratos de Carbono (CIHIDECAR, UBA-CONICET),
Buenos Aires 1428, Argentina; patricio.santagapita@qo.fcen.uba.ar

3 Grupo de Investigación de Procesos Agroindustriales (GIPA), Facultad de Ingeniería,
Campus Universitario del Puente del Común, Universidad de La Sabana, Chía 250001, Colombia

* Correspondence: maria.quintanilla1@unisabana.edu.co

Abstract: The stability and release properties of all bioactive capsules are strongly related to the
composition of the wall material. This study aimed to evaluate the effect of the wall materials during
the encapsulation process by ionotropic gelation on the viability of Lactobacillus fermentum K73, a lactic
acid bacterium that has hypocholesterolemia probiotic potential. A response surface methodology
experimental design was performed to improve bacterial survival during the synthesis process and
under simulated gastrointestinal conditions by tuning the wall material composition (gelatin 25% w/v,
sweet whey 8% v/v, and sodium alginate 1.5% w/v). An optimal mixture formulation determined
that the optimal mixture must contain a volume ratio of 0.39/0.61 v/v sweet whey and sodium
alginate, respectively, without gelatin, with a final bacterial concentration of 9.20 log10 CFU/mL. The
mean particle diameter was 1.6 ± 0.2 mm, and the experimental encapsulation yield was 95 ± 3%.
The INFOGEST model was used to evaluate the survival of probiotic beads in gastrointestinal tract
conditions. Upon exposure to in the vitro conditions of oral, gastric, and intestinal phases, the
encapsulated cells of L. fermentum decreased only by 0.32, 0.48, and 1.53 log10 CFU/mL, respectively,
by employing the optimized formulation, thereby improving the survival of probiotic bacteria during
both the encapsulation process and under gastrointestinal conditions compared to free cells. Beads
were characterized using SEM and ATR-FTIR techniques.

Keywords: probiotic; encapsulation; ionotropic gelation; functional food; INFOGEST

1. Introduction

Currently, consumer awareness is increasingly interested in the health impact of
food consumption [1]. Consequently, some foods have added bioactives in their matrix,
potentially reducing the risk of suffering specific diseases and providing better health
benefits. This is the definition of functional foods. Some examples include products
enriched with vitamins, minerals, or fiber, or supplemented with probiotics [2,3]. The most
widely accepted definition of a probiotic is “live microorganisms that, when administered
in adequate amounts, confer a benefit for the health of the host” [4,5]. The global probiotics
market size was estimated at USD 40 billion in 2017, and it is projected to reach USD
65.87 billion by 2024 [6].

The most used probiotics are lactic acid bacteria (LAB) of the Lactobacillus and
Bifidobacterium genera [7,8]. Lactobacillus fermentum K73 is a LAB isolated from fermented
food consumed on the Colombian Atlantic coast. According to studies performed in vitro,
L. fermentum has probiotic and hypocholesterolemic potential [9]. Probiotic foods are
required to have a minimum of 1 × 106 CFU/g of viable bacteria until the end of their
shelf life [10]. However, producing probiotic foods on a large scale presents a significant

Polymers 2023, 15, 4296. https://doi.org/10.3390/polym15214296 https://www.mdpi.com/journal/polymers3
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challenge as probiotic strains require special handling and production methods to maintain
their viability and functionality. The production process can potentially damage the pro-
biotic cells, affecting the final concentration of viable bacteria in the food product [11]. In
addition, for probiotics to be effective, they must survive the harsh physiological conditions
of the gastrointestinal tract [12,13]. Therefore, ensuring the viability and functionality of
probiotic cells in functional food is critical for the food industry. To overcome this challenge,
one strategy is the encapsulation of cells by using a carrier system that protects and releases
them at the site of action [14,15].

Currently, the main encapsulation technologies for probiotics in the food industry are
extrusion, emulsion, and spray-drying. The extrusion technique has been well received
by the industry due to the benefits it brings at low cost, such as the avoidance of elevated
temperatures or organic solvents, and most of the materials that can be used being GRAS
(generally recognized as safe) [16]. In its simplest form, the encapsulation process is based
on a gelling solution of a biopolymer mixed directly with the bioactive system of interest,
which is then added into a gelling solution to form beads via a crosslinking reaction
between the ion and the polyelectrolyte [17,18]. Wall materials are often polymers that
aim to separate the internal phase from the surrounding matrix. There is a wide spectrum
for the selection of food-grade polymers suitable for application in microencapsulation by
extrusion, among which are sodium alginate, chitosan, milk proteins, and gums [15,19].
Sodium alginate is a linear anionic and hydrophilic biopolymer of natural origin. Its
compatibility, biodegradability, and low-cost characteristics have made it the most widely
used material in the extrusion technique. It is composed of blocks of β-D-mannuronic acid
(M) and α-L glucuronic acid (G). In solution, sodium alginate forms a cross-linked structure
in which its anionic acid groups can react with divalent (Zn2+, Ca2+, Ba2+, and others)
or polyvalent cations, forming alginate hydrogels with a structure commonly known as
“egg-box” [20,21].

The development of Ca-alginate beads for encapsulating bioactive has been a major
research focus. However, these beads have several drawbacks, including high porosity,
susceptibility to acidic environments, and scaling problems. To address these issues and
optimize the encapsulation process, researchers have developed beads by incorporating
other polymers to achieve a synergistic effect [22]. In previous studies in which probiotics
have been encapsulated using this technique, the unitary operation of centrifugation has
been used to concentrate bacterial biomass, which is later mixed with encapsulating mate-
rials [22–24]. However, this operation increases production costs, making it challenging
for the food industry to scale up production of functional foods based on probiotics. This
study presents a novel approach where the whey culture medium in which L. fermentum
K73 grows is used as the bead wall material, eliminating the need for centrifugation [25].

The objective of this work was to evaluate the effect of the formulation of wall materials
in the extrusion encapsulation process on the viability of Lactobacillus fermentum K73,
improving the performance of the bacterial counts in their passage through the simulated
model of gastrointestinal conditions (INFOGEST). The results obtained from the optimal
mixture response surface methodology (RSM) allowed for the selection of the volume ratio
of each wall material evaluated (type A gelatin, sweet whey, sodium alginate) in the optimal
formulation, and the beads were subsequently characterized. This approach represents a
significant advance in the development of encapsulation techniques for probiotics, with
potential applications in functional foods.

2. Materials and Methods
2.1. Materials

The materials used in the present study were de Man Rogosa and Sharpe (MRS)
agar, MRS broth, peptone water, and yeast extract obtained from Scharlau Microbiol-
ogy (Barcelona, Spain). Glycerol and di-hydrated calcium chloride (CaCl2·2H2O) were
purchased from PanReac AppliChem (Barcelona, Spain). Sodium alginate (M/G 0.9;
MW 1.40 × 104 g/mol) and the enzymes used in the in vitro digestion assays (pancre-

4



Polymers 2023, 15, 4296

atin P7545, lipase L3126, and ox-bile extract 70168) were acquired from Sigma-Aldrich
(Saint Louis, MI, USA). Sweet whey (crude protein 11%, crude fat 1.5%, and lactose 61%)
was obtained from Saputo Ingredients (Lincolnshire, IL, USA), and gelatin (type A, Bloom
270 g, and MW~100 kDa) was obtained from Cimpa S.A.S. (Bogotá, Colombia).

2.2. Methods
2.2.1. Strain and Bacterial Conservation

The strain L. fermentum K73 used in this work was obtained from the collection Usab-
Bio of the Department of Engineering, Universidad de La Sabana (Colombia). To preserve
the stock cultures, 2 mL vials containing MRS broth and glycerol as a cryoprotective
agent, at 40% (v/v) in a volume ratio of 1:1, were stored at −80 ◦C (Ultra-freezer, Precisa,
Hangzhou, China). Prior to use, the bacterial culture was incubated in MRS broth for 12 h
at 37 ◦C under static aerobic conditions [9].

2.2.2. Biomass Production

Biomass production was carried out in a 1.3 L bioreactor (BioFlo 110; New Brunswick
Scientific Co., Enfield, CT, USA). Operational conditions were the following: temperature
at 37 ◦C and agitation speed of 100 rpm for 10 h. The culture medium was prepared with
8% (w/v) sweet whey and 0.22% (w/v) yeast extract adjusted to a final pH of 5.5 with
1 M HCl. After sterilizing the culture medium at 121 ◦C for 15 min, L. fermentum K73 was
inoculated at 10% (v/v) [25].

2.3. Formulation of Wall Materials
2.3.1. Preparing Solutions

Sodium alginate 1.5% (w/w) and gelatin type A at 25% (w/w) solutions were prepared
with deionized water at 90 ◦C for 30 min under magnetic stirring (250 rpm) [24,26]. Calcium
chloride hardener solution (100 mM) was prepared with deionized water, and it was
adjusted to a final pH of 4.5 according to preliminary assays. All solutions were sterilized.

2.3.2. Mixture Design

The experimental design for the formulation of the bead wall materials was per-
formed using an Optimal Mixture response surface methodology (RSM) through Design-
Expert software version 11.0.0 (Stat-Ease Inc., Minneapolis, MN, USA). The design in-
cluded 16 runs (as shown in Table 1) with 5 replicas. The response variable was viability
(log10 CFU/mL). The following numerical factors were wall materials volume ratios:
sodium alginate (0.40–0.90), gelatin type A (0.00–0.50), and sweet whey (0.00–0.50). Each
mixture was inoculated at 20% (v/v). The ranges of the proportion of each material were
selected according to preliminary evaluations.

The RSM was used to determine the optimal mix of bead wall materials while consid-
ering the maximization of probiotic viability (results are included in Table 1). The suggested
optimal mixture was replicated in the laboratory, and the error between the predicted and
observed response variable was calculated using Equation (1).

%Error =
Predicted variable − Observed variable

Predicted variable
× 100 (1)

Table 1. Optimal bead wall material selection using a mixture experimental design.

Run
Factors Response Variable

A: Alginate B: Gelatin C: Sweet Whey Viability (log10 CFU/mL)

1 0.80 0.02 0.18 9.12
2 0.50 0.26 0.24 9.05
3 0.55 0.00 0.45 9.11
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Table 1. Cont.

Run
Factors Response Variable

A: Alginate B: Gelatin C: Sweet Whey Viability (log10 CFU/mL)

4 0.40 0.10 0.50 8.91
5 0.66 0.34 0.00 9.14
6 0.90 0.06 0.04 8.47
7 0.50 0.26 0.24 8.95
8 0.52 0.37 0.11 9.18
9 0.66 0.34 0.00 9.04
10 0.40 0.50 0.10 8.38
11 0.65 0.15 0.20 9.05
12 0.40 0.10 0.50 8.91
13 0.76 0.18 0.06 8.87
14 0.50 0.26 0.24 9.04
15 0.68 0.00 0.32 9.26
16 0.40 0.50 0.10 8.65

2.4. Probiotic Encapsulation

The encapsulation process consisted of loading the mixture into a syringe with a
0.6 mm diameter needle. The resulting string of drops was dropped into the hardener
solution at a height of 3 cm. The instantly formed beads were left stirring in a CaCl2 solution
with gentle magnetic agitation for 30 min to promote efficient gelling of the particles and
the resulting beads were rinsed with distilled water [14].

2.4.1. Cell Release

The release of the probiotic cells from the bead matrix was achieved using the tech-
nique documented by (Bevilacqua et al., 2020 [27]). Briefly, 5.0 g of beads was mixed with a
5.0% (w/v) sodium citrate solution at a dilution ratio of 1:10 (v/v) and homogenized using
a vortex VG 3 (IKA, Werke, Germany) at 800 rpm for 60 s until the beads were completely
dissolved. Subsequently, cell viability was determined using the plate count method.

2.4.2. Cell Viability

The cell count of L. fermentum K73 for all the proposed experiments was carried out by
making 1:10 (v/v) serial dilutions in peptone water 0.1% (w/v). Plating was performed on
MRS agar from dilution 1 to 7 in triplicate. Incubation conditions were 37 ◦C for 24 h under
aerobic conditions. Plates containing up to 250 colonies were numbered. The result was
reported as the logarithm of the final colony-forming units per milliliter (CFU/mL).

2.4.3. Encapsulation Efficiency (EE)

Cell entrapment efficiency was calculated as the difference between viable cell count
before and after the microencapsulation process (Graff et al., 2008 [28]).

EE% =
(

log(CFU / mL)N2
/ log(CFU / mL)N1

)
× 100 (2)

where N1 and N2 indicate the number of viable bacteria in the mixture and released from
the beads, respectively.

2.5. Characterization of Beads
2.5.1. Attenuated Total Reflectance–Fourier Transform-Infrared Spectroscopy (ATR-FTIR)

Fourier Transform Infrared (FTIR) spectra were acquired using a spectrometer (Varian
model 630-IR, Agilent-Tech Inc., Santa Clara, CA, USA), with 16 scans collected from 675
to 4000 cm−1 at 4 cm−1. All samples were studied using a single reflection ATR system
(Cary 630 ATR-TIR Instrument, Agilent-Tech Inc., Santa Clara, CA, USA) of Ge crystal and
with an incident angle of 45◦. Control reagents (sodium alginate and prepared culture
medium) and beads were freeze-dried prior to measurement.
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Data were processed by using the free-license Spectragryph v1.2.15 software (devel-
oped by Dr. Friedrich Menges, Oberstdorf, Germany). Spectra were baseline-corrected
(adaptative correction; coarseness: 50; offset 10), and were normalized between 0 and 1 and
smoothed (Savitzky-Golay, 15 points, 2) for figure presentation. The FWHM (full width at
half maximum) of the peak was calculated by using the software tool.

2.5.2. Scanning Electron Microscopy (SEM)

Some morphological parameters of the beads were observed by scanning electron
microscopy (FE-MEB LYRA3 Tescan, Bollebergen, Belgium). Samples were subjected to
freeze-drying and air-drying to compare bead morphological changes between drying
methods. For the freeze-drying process, beads were washed and frozen at −80 ◦C for 24 h,
then were placed in the freeze-dryer (Labconco, FreeZone 4.5L, Fullerton, CA, USA) at
−40 ◦C and 0.05 mbar pressure for 24 h. For the air-drying process, beads were ventilated
in an air chamber at 40 ◦C for 4 h. Dried beads were stored in desiccators over phosphorus
pentoxide (P2O5) for two days and were coated with gold before observation. SEM was
operated at 10 kV and 60–5000× magnification. In addition, wet beads were observed
using a high-performance scanning electron microscope (JSM-6490LV, JEOL, Zaventem,
Belgium) in low vacuum mode.

2.5.3. Particle Size

One hundred fresh beads were randomly selected and placed on dark paper, and a
digital camera (Canon EOS 70D) was used to photograph them. The diameter of the beads
was determined by processing the images in ImageJ software (V 1.50i, National Institutes
of Health, Bethesda, MD, USA) [21].

2.6. Probiotic Cell Viability under INFOGEST Simulated Gastrointestinal Model

The INFOGEST protocol was used to simulate the conditions of the gastrointestinal
tract proposed by [29,30]. Briefly, the oral phase was prepared by mixing 5 g of the sample
(beads) and 5 mL of simulated salivary fluid (SSF). The final oral phase pH was brought
to 7.0 and was shaken (100 rpm) at 37 ◦C for 2 min. Then, the gastric phase consisted of
adding 10 mL of simulated gastric fluid (SGF) to the oral phase and adjusting it to a final pH
of 3.0 with the required volume of HCl (1 M). The sample was under agitation (100 rpm) for
2 h at 37 ◦C. Finally, the intestinal phase was performed by mixing the gastric phase, 20 mL
simulated intestinal fluid (SIF), and enzymes bile extract (10 mM), pancreatin (100 U/mL),
and pancreatic lipase (2000 U/mL). The final pH of the intestinal phase was adjusted to
7.0, and it was incubated under the same conditions as the gastric phase. After each phase,
a viability assay was carried out according to the 2.4.1 numeral. Bacteria survival was
determined according to Equation (3).

Survival% =
(

log(CFU/mL) f inal/log(CFU/mL)initial

)
× 100 (3)

2.7. Statistical Analysis

The significant test of the designs was performed by analysis of variance (ANOVA)
with a confidence level of 95%. The coefficient of determination (R2) was used to evaluate
the fit of the measurements to the regression models. Three replications were performed
in all assays and the data were presented as the mean ± standard deviation. The RSM
Optimal Mixture design was performed using the Design-Expert software (version 8.1.0,
Stat-Ease Inc., Minneapolis, MN, USA). For the optimization of the response variable, the
desirability criterion of the specialized software was used.

3. Results and Discussion
3.1. Formulation of Wall Materials: Mixture Design

The selection of suitable wall materials for the probiotic cell encapsulation process is
closely related to the viability, stability, and release of the bioactive, since these materials
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protect the compound of interest from external factors, such as processing, storage, and
conditions of the GI tract [15,31,32]. In the present study, the mixture’s optimal ratio
between gelatin, sodium alginate, and sweet whey as bead wall materials was evaluated.
The results of the experimental design of the mixture (Table 1) were adjusted to a statistically
significant quadratic model (p ≤ 0.05). The coefficient of determination (R2) was 0.80,
and the lack of fit of the model was not significant (p ≥ 0.05), as shown in Table 2. The
analysis of variance (ANOVA) of the regression for the response variable “viability” showed
two statistically significant double interactions between the sodium alginate and the other
two materials.

Table 2. ANOVA of the mixture design for the response variable: viability (log10 CFU/mL).

Sum of Squares Degrees of Freedom p-Value

Model 0.751 5 0.003
Linear 0.126 2 0.078

AB 0.491 1 0.005
AC 0.359 1 0.001
BC 0.001 1 0.834

Residuals 0.190 10
Lack of fit 0.149 6 0.208
Pure Error 0.041 4

R2 0.80

The second order polynomial equation in terms of the coded factors is:

Y = 7.96A + 8.46B + 8.91C − 3.31AB − 2.98AC + 0.18BC (4)

where Y is the predicted response variable (viability), and A, B, and C are the coded values
of the proportion of alginate, gelatin, and whey in the mixture, respectively.

Figure 1 shows the graphic optimization of the effect of the different wall materials
on bacterial viability. The region between sodium alginate and sweet whey (A–C) shows
a strong interaction with maximum viability. In the numerical optimization, alginate is
present in a high proportion at the optimal point, and the alginate–whey mixture presents
the maximum value of the response variable. This may be because increasing the pro-
portion of alginate would allow for more Ca2+ ion binding sites and, consequently, for
a greater number of alginate strands to be held together in the microcapsule structure,
effectively protecting bacterial cells [33]. Moreover, an increasing sodium alginate con-
centration leads to higher retention of bioactive assuring the microstructural stability of
the beads [34]. On the other hand, milk proteins are a wall material capable of forming
gels. They can also have interactions with other polymers to form complexes, in this case
with alginate [35]. The model obtained from the experimental mixture design allowed for
selection of the optimal ratio for the formulation of the wall materials based on the desir-
ability criterion. The optimal point was a mixture composed of sweet milk whey (0.604)
and sodium alginate (0.396) with a predicted viability of 9.261 log10 CFU/mL. The optimal
point was replicated experimentally as a validation run to evaluate the predictive capacity
of the model, obtaining a low error rate (0.63%) considering the experimental viability of
9.20 log10 CFU/mL. This observation is consistent with the study of [36], in which the wall
materials were studied individually (whey protein and alginate) and in a mixture, with the
finding that the optimal proportion that maximized the viability of the microorganism was
0.62/0.38, respectively. Dehkordi et al., (2020) [37] investigated the increase in the viability
of L. acidophilus encapsulated in alginate–sweet whey capsules compared to alginate–whey
protein isolate (WPI) capsules. In their study, the cell suspension was centrifuged at
3000× g for 15 min, washed with saline solution, and then resuspended in deionized water.
However, in the present article, this step is not required due to the novel composition of the
L. fermentum culture medium used. Moreover, WPI contains 93% protein content, which
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can increase the final cost of the capsule. In contrast, sweet milk whey is an agro-industrial
waste and could potentially be a more economical option.
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In addition, the encapsulation efficiency of the extruded beads with the optimal mix-
ture in this study was 94.8%, a value consistent with the existing literature. Donthidi et al.
(2010) [38] reported that encapsulation with alginate and whey protein enhanced the
survival of probiotics with a 90.9% encapsulation efficiency. In another study [39], microen-
capsulated L. bulgaricus cells in alginate–milk microspheres using vibratory technology
reported a high encapsulation yield (99%).
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It is interesting to highlight that gelatin was excluded from the optimal point by the
model since its inclusion reduced the encapsulation efficiency at any of the assayed concen-
trations, even though the encapsulation efficiency values were rather high (as an absolute
value). Gelatin has been used in the food industry as a vehicle for probiotic encapsulation
in alginate–gelatin beads [40,41] and was an excellent excipient for the encapsulation of
Lactobacillus fermentum K73 by electrospinning. However, gelatin-containing beads were
more challenging to produce since the viscosity of gelatin changes with temperature, and
since the probiotic bacteria is mesophilic, it was encapsulated with gelatin at 37 ◦C. The
addition of secondary components and their interaction is critical to tune the fine structure of
Ca(II)-alginate beads [42,43] since the interactions among them could affect the network, its
pore size, and the interactions established within the wall materials the cells. The interaction
among the materials and the characteristics of the beads are included in the next section.

3.2. Characterization of Beads
3.2.1. Attenuated Total Reflectance–Fourier Transform-Infrared Spectroscopy (ATR-FTIR)

Figure 2A,B show the ATR-FTIR spectra of the beads and the wall materials. Con-
sidering the components of the beads, the culture medium (CM) shows the typical signal
corresponding to sweet whey, which is composed of lactose and oligosaccharides, proteins,
and fat [44]. Moreover, the symmetric and asymmetric stretching of carboxylic acids from
sodium alginate at 1593 and 1405 cm−1 are also observed, respectively (Figure 2A). Prior to
analyzing the spectrum of the beads, is important to keep in mind the type of interactions
that can be established among the wall constituents. Considering the pH of the optimal mix
solution prior to gelation (4.82), electrostatic interactions between sodium alginate (SA) and
sweet whey (SW) are expected. The isoelectric point of SW main protein (β-lactoalbumin)
is 5.1–5.2, given an overall positive charge in the protein, as also reported [45]. On the other
hand, sodium alginate is negatively charged at a pH higher than 3.65 [46]. Several peaks
shifted in the beads with respect to the plain components; the symmetric and asymmetric
stretching of carboxylic acids changed from 1593 to 1598 and 1405 to 1422 cm−1, respec-
tively, as shown in Figure 2B. There are also changes at 3000–3600 (OH stretching) in both
position and relative intensities, revealing rearrangements of the hydrogen bonds (which
change their average length) to 3235 from 3216 and 3267 cm−1 for SA or CM, respectively
(Figure 2A). Moreover, the FWHM (full width at half maximum) of the peak of SW-ALG
beads is thinner than those of SA or CM (380 vs. ~420 cm−1 for individual components),
which is linked to a higher degree of homogeneities of the intermolecular interactions,
which reduce the dispersion of the vibrational levels and higher conformational selectiv-
ity [47]. By comparing to sodium alginate (the main component), even though the increase
in wavenumber indicates a reduction in hydrogen-bond density and strength, this change
has also been linked to a decreased molecular packing, hence the greater protection in the
dried state [47].

Moreover, some changes were also observed in the main peaks of the sugars, partic-
ularly for C-O-C and C-O-H of the sugar ring, showing several displacements between
1200 and 800 cm−1: the maximum (COC stretching) was shifted from 1025 and 1017 (of
SA or CM, respectively) to 1011 cm−1 in beads; and the C-OH stretching from 1083 and
1068 to 1077 cm−1 (Figure 2B). Furthermore, a new peak at 939 from the bands at 947 and
933 cm−1 of CM and SA, respectively, and a shift from 989 (of CM) to 993 cm−1 in beads
were observed (Figure 2B), accounting for more interactions (mainly hydrogen bonding
and van der Waals forces) between components in the formulated beads.
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3.2.2. Particle Size and Morphological Characterization

The morphological characterization of the beads was performed immediately after
encapsulation. Fresh beads are shown in Figure 3A. The encapsulated probiotics were
characterized by performing image analysis. SW-SA beads showed spherical morphologies
with an average diameter (±standard deviation) of 1.6 ± 0.2 mm and high circularity
(0.8 ± 0.1). The obtained beads exhibited adequate mechanical stability under handling.
Different authors have reported that beads loaded with probiotics have diameter values
between 1.5 and 1.9 mm. However, these sizes vary widely depending on the encapsulation
materials and extrusion diameter [16]. Bifidobacterium longum encapsulated by [48] in
alginate–dairy matrices depicted varied sizes of microcapsules (2.3–3.1 mm) due to the
type of encapsulation material. Lopes et al. (2017) [49] extruded alginate–gelatin beads to
encapsulate L. rhamnosus, obtaining regular- and spherical-shape beads with a size ranging
between 1.53 and 1.90 mm.

The morphology of the wet and dried beads was observed by SEM (Figure 3). Wet
microcapsules showed a spherical shape without agglomerations and with a continuous
surface without hollow areas or deep-crack morphology (Figure 3B), confirming particle
size analysis. However, frozen and air-dried microcapsules slightly lose this spherical struc-
ture (Figure 3C,D, respectively), showing that the drying method affects the morphology
of the beads. These results are in line with another study [43], which found that the loss
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of water determines the morphology of the final structure in each drying, as revealed by
the contractions and small eruptions on the surface as a result of the massive loss of water
(from 0.98 to 0.04 g H2O/g dry weight). The encapsulated L. fermentum K73 cells on the
surface of the bead was directly observed to be covered by the matrix (Figure 3E).
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3.3. Probiotic Cell Viability under INFOGEST-Simulated Gastrointestinal Model

Probiotics play a significant role in human health by providing a protective effect on
the microbiota in the gastrointestinal tract. Thus, ensuring the minimum dose at which the
microorganism is capable of colonizing and exerting its beneficial activity is essential [50]. For
this reason, the viability of free and encapsulated L. fermentum K73 cells was evaluated under
the standardized static in vitro digestion protocol developed by the INFOGEST international
network, as shown in Figure 4, for each GI tract phase. The viability of free probiotic cells
significantly decreased (p ≤ 0.05) compared to encapsulated cells in SW-SA beads.
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Figure 4. Viability of free and encapsulated L. fermentum K73 cells during OP (oral phase: 2 min,
pH 7.0), GP (gastric phase: 120 min, pH 3.0), and IP (intestinal phase: 120 min, pH 7.0) according to
the INFOGEST in vitro model. The mean value ± standard deviation of at least three independent
measurements is included. (A–C) Different letters within the same treatment (encapsulated or free
cells) indicate statistical significance between in vitro digestion phases (p < 0.05). (a,b) Different
letters with the same in vitro digestion phase indicate statistical significance between treatments
(encapsulated or free cells) (p < 0.05).

Survival rates showed no significant decrease in the oral phase of the two treatments
evaluated, the viability of the encapsulated cells was 97.6% (0.21 log CFU/mL), and for
free cells, it was 92.1%, (0.69 log CFU/mL) compared with the initial bacteria viability.
After 2 h of incubation in the gastric phase (pH 3), free cells showed a significant decrease
(67.2% or 2.87 cycles) compared with SW-ALG encapsulated cells (92.1% or 0.69 cycles).
Encapsulation with alginate and sweet whey was effective in protecting probiotic cells since
the reduction in the viability of the encapsulated bacteria after digestion was significantly
lower (76.5%—1.91 log CFU/mL) than that observed in free cells (40.1%, 5.11 log CFU/mL).
These results agree with previously reported studies, where alginate encapsulation in
combination with other materials helped increase the viability of probiotic microorganisms
after subjecting them to adverse conditions [51–54]. Eckert et al. (2018) [55] found that the
non-encapsulated Lactobacillus spp. cells were sensitive to the conditions of the simulated
gastrointestinal tract, and some even died after the gastric phase. However, the reduction
in viability of whey–pectin–alginate probiotic microparticles during digestion was 2–3 log
cycles, showing that encapsulation effectively protected cells by keeping viability above
the requirements for probiotic foods. Lee et al. (2019) [17] encapsulated L. acidophilus
KBL409 with alginate and chitosan, and observed a dramatic decrease in the survival
rate (46.5%—4.95 log reduction) of free cells, while more than 80% of chitosan–alginate
encapsulated cells were viable after digestion.
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In addition, it is important to point out that the count of viable encapsulated cells in
the intestinal phase was 6.7 CFU/mL, which is higher than the limit required to classify
a product as a probiotic (>6 log CFU/mL). This result highlights the protective effect
of the optimal mixture of the beads under the digestion conditions. Considering the
wall components and the established interactions among them (Figure 2), it seems that
a favorable barrier against rapid degradation and/or diffusion at the periphery of the
microspheres between whey–alginate may occur, protecting the microorganisms from the
GI conditions and producing probiotic particles of high encapsulation efficiency.

4. Conclusions

In conclusion, the encapsulation of Lactobacillus fermentum K73 by ionotropic gelation
using sodium alginate and sweet whey as wall materials was successful. The optimization
process leads to a combination of two widely and well-known materials with the advantage
of using the same culture medium as one of the wall materials. Bead design provided
an additional barrier that led to obtaining a high viability and encapsulation yield of the
probiotic (9.261 log10 CFU/mL, with a 94.8% of encapsulation efficiency). The particles
produced with the optimal mixture exhibited improved structure and enhancements to pro-
biotic toleration to simulated gastrointestinal conditions, conforming to the requirements
for probiotic foods.
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Abstract: Current technology development ensures a variety of advanced materials and options for
reinforcing concrete structures. However, the absence of a uniform testing methodology complicates
the quantification and comparative analysis of the mechanical performance of the composite systems.
The repeated mechanical loads further complicate the issue. This research extends the recently
developed residual stiffness assessment concept to the repeated loading case. It provides an engineer
with a simplified testing layout and analytical model to quantify the residual flexural stiffness of
standardized laboratory specimens subjected to repeated cycling loads. This model explicitly relates
the particular moment and curvature values, requiring neither iterative calculations nor the load
history. Thus, this feature allows residual stiffness quantification under repeated loading conditions,
including complete reloading of the beam samples imitating the structural strengthening procedure;
the proposed technique is equally efficient in quantifying the residual stiffness of the beam samples
with any combinations of fiber-reinforced polymer (FRP) reinforcements, i.e., embedded bars, near-
surface-mounted strips, and externally bonded sheets. This study employs 12 flexural elements
with various reinforcement and loading layouts to illustrate the proposed methodology’s efficiency
in quantifying the residual strength of the tension concrete, which estimates the efficiency of the
reinforcement system. The explicit quantifying of the residual resistance of the FRP reinforcement
systems under repeated load cycles describes the essential novelty of this work.

Keywords: reinforced concrete; fiber-reinforced polymer (FRP); bending test; analytical model;
residual strength; repeated loads

1. Introduction
1.1. Literature Review

Technology development provides various materials for reinforcing and strengthening
concrete structures [1,2]. Fiber-reinforced polymers (FRPs) are a promising steel alternative
because they are high-strength, lightweight, immune to corrosion, and electromagneti-
cally transparent [3–6]. Still, the relatively low resistance to ultraviolet radiation, elevated
temperatures, and humidity reduce the mechanical performance of FRP materials with
time [7–9]; the cycling loads complicate the issue, reducing the mechanical resistance of
the reinforcement systems even more [10,11]. Regarding FRP bars, most experimental
works consider the pull-out behavior under cyclic loads, e.g., Mohamed et al. [12], Kim and
Lee [13], Liu X. et al. [14], Shen et al. [15], Xiao et al. [16], Shi et al. [17], and Pan et al. [18],
which could transform into the structural analysis. However, this “transformation” de-
scribes a non-trivial problem mainly related to the local bond treatment. For instance, in the
tests [12–18], the bond length varied from 60 mm to 130 mm for the bar diameters 10 mm,
12 mm, 13 mm, and 14 mm. Notwithstanding the apparent efficiency in estimating the
bond performance, these test results are unrepresentative of structural elements, which
do not face such severe bond deformations in the service conditions [19]. Still, these tests
isolate a single bar behavior, which is unrealistic in most structural applications.
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Various FRP materials, i.e., embedded bars, near-surface mounted (NSM) strips, and
externally bonded reinforcement (EBR) sheets, exhibit diverse mechanical performances
when reinforcing composite systems. The literature has extensively documented these
performances [20]. Studies by Rimkus et al. [21] and Gribniak et al. [22] have shown that
combining FRPs with steel reinforcement effectively addresses engineering challenges.
Anas et al. [23] investigated the structural performance of square slab specimens reinforced
with different types of FRPs, and they found that samples with CFRP bars exhibited ex-
ceptional impact resistance. Using a four-point bending test, Yuan et al. [24] examined the
flexural behavior of reinforced concrete (RC) beams strengthened with GFRP tubes. The
results demonstrated that the strengthening solution improved the composite element’s
flexural strength and bending stiffness under investigation. Farahi et al. [25] conducted
three-point bending tests on concrete beams reinforced with composite materials, demon-
strating such beams’ ductility and energy dissipation potential under monotonic and
repeated loading. However, the variety of the specimen shapes and loading conditions
does not allow comparing the test outcomes to optimize the reinforcement parameters.
For instance, Godat et al. [26] concluded that the effective axial strains in composite rein-
forcement are higher in smaller specimens, while larger samples exhibit lower deformation
in the FRP component. Therefore, a unified testing procedure is necessary to compare
different reinforcement systems adequately.

Concrete structures often experience cyclic rather than static loading in practical
engineering applications. Li et al. [27] investigated the influence of concrete strength
and reinforcement parameters on the flexural behavior and ductility of concrete beams
reinforced with basalt FRP bars under repeated loading. The experimental results showed
a reduction in the peak load of the beams with an increase in the number of loading cycles
at a constant deflection. Previous research by Kargaran and Kheyroddin [28] and Sultani
et al. [29] supports the notion that repeated mechanical loading introduces complexities
in the behavior of structural composites. Therefore, it is crucial to examine the structural
performance of concrete beams reinforced with FRP bars under cyclic loading to advance
the development of composite reinforcement in concrete structures.

An alternative approach to studying the flexural behavior of RC specimens under
various loading conditions is using the acoustic emission method. Mat Saliah and Md
Nor [30] extensively investigated this method in the context of assessing the structural
integrity of concrete beams reinforced with composite materials. This technique evaluates
microscopic damage within concrete elements caused by different external loading condi-
tions. However, its predictive capability for the structural performance of the investigated
specimens is limited. Another approach is to predict flexural behavior using numerical
simulations. For example, Sun et al. [31] numerically studied the static and dynamic per-
formances of a concrete beam reinforced with FRP bars using a simplified spectral model.
This numerical approach shows promise for dynamic analysis by considering changes in
dynamic characteristics. However, it is not suitable for static analysis.

The absence of a standardized methodology for quantifying reinforcement efficiency
in composite systems subjected to repeated loads motivated this study. Several studies
have examined the behavior of RC beams with composite reinforcement under repeated
loading. For instance, Fathuldeen and Qissab [32] investigated the mechanical performance
of RC beams strengthened with a CFRP NSM system under low cycle repeated loads. This
study proved the efficiency of the hybrid reinforcement systems in resisting repeated load,
highlighting the optimization importance of the steel and CFRP reinforcement proportions.
These outcomes align with the monotonic loading test results and conclusions [21]. Zhu
et al. [33] investigated the fiber effect in improving the mechanical resistance of RC beams
with steel and FRP bars under repeated loads. The tests revealed the fiber efficiency in
improving the concrete’s tensile resistance and compression ductility. These results also
agree with the monotonic test outcomes [34]. The research in [33] also observed a substantial
decrease in the flexural strength (up to 90%) of the beams with FRP reinforcement after
increasing the load intensity. Song et al. [35] identified the adverse effect of cycling loads
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on the ultimate resistance of CFRP bars used in concrete frames in combination with
steel reinforcement. However, the repeated loading effect on the residual stiffness of RC
elements, which is predominant for normal (service) structural conditions, lacks adequate
attention in the literature.

1.2. The Proposed Standardized Analysis Concept

Unlike the structural analysis design, the proposed procedure focuses on the mechani-
cal performance of composite materials, particularly reinforcement systems. As described
in the previous section, recent achievements in engineering, developing advanced fibers
and reinforcement materials (steel and non-metallic), and other reinforcement solutions
caused problems in setting an efficient solution for a particular situation. Furthermore,
the combination of fibers and continuous reinforcement (either embedded bars, near-
surface-mounted strips, or externally bonded laminates) in hybrid systems (e.g., [10,11])
complicates the reinforcement efficiency analysis.

As mentioned in Section 1.1 and reported in references [4,36], the absence of a uniform
testing methodology complicates the comparative analysis of the efficiency of alternative
materials and reinforcement layouts reported in the literature. Furthermore, the analysis
of full-scale objects is possible but relevant only for the verification of particular solu-
tions. However, it is unpractically expensive for studies involving a variety of potentially
feasible solutions.

Therefore, Gribniak et al. [20,22] developed a “standardized” testing procedure to
ensure the comparative analysis and simulation of various possible loading situations to
select several feasible solutions for further investigation, e.g., full-scale tests. The monotonic
loading tests verified the adequacy and reliability of the developed testing layout, chosen
geometry of the sample, and analytical model, which explicitly quantifies the residual
stiffness of the reinforced specimen expressed in terms of equivalent stresses in the tension
concrete. Reaching zero, the latter value corresponds to the total loss of the bonding
performance of the reinforcement, also known as the composite action or tension-stiffening
effect [37]. Thus, the term “standardized” describes the peculiar geometry of the laboratory
samples and testing methodology developed to satisfy the simplified modeling assumption
(i.e., the rectangular distribution of stresses in the concrete in tension). In other words,
the “exact” average stress–average strain tension-stiffening diagram [38] has a rectangular
shape close to the rectangular approximation assumed in this study. Thus, the equivalent
stress–strain relationships do not represent analytical material models but a quantitative
estimate of the tension-stiffening effect.

At the same time, the comparative analysis of the equivalent stress–strain relation-
ships of alternative reinforcement systems can estimate the improvement of the reference
solution. For instance, Gribniak and Sokolov [36] evaluated the fiber-bridging effect in
the presence of bar reinforcement by comparing the plain concrete and fiber-reinforced
concrete “standardized” samples. The obtained difference between equivalent stress–strain
relationships determined the material model suitable for the numerical simulation of the
fiber-bridging effect in full-scale beams. The considered small-size samples can also verify
finite element models representing a peculiar geometry case [39]. However, notwithstand-
ing the apparent benefits of laboratory testing, reducing the length of the “standardized”
samples can cause reinforcement anchorage problems [17], which require particular care in
designing the test programs.

Jakubovskis et al. [40] transformed this approach to quantify the bacterial healing
effect in RC samples. It also can be extended to determining the residual strength of the
fiber-reinforced concrete with bar reinforcement [36]. Furthermore, this testing procedure
ensures the residual stiffness analysis of elements subjected to temperature (including an
open environment), ultraviolet radiation, and long-term (creep) effects [41]. In other words,
the proposed tool helps quantify the reinforced material performance in composite systems.
The term “composite” determines concrete with various combinations of reinforcements

19



Polymers 2023, 15, 3393

(e.g., steel and non-metallic fibers, embedded bars, near-surface-mounted strips, and
externally bonded reinforcement in different combinations).

This study adapts the proposed testing layout and the simplified analytical model to
analyze the residual flexural stiffness of the laboratory specimens subjected to repeated me-
chanical loads. It employs the concept of the equivalent residual stresses acting on concrete
in tension to measure the structural performance of alternative composite reinforcement
systems and their variation with the load cycles of various intensities. This analytical model
explicitly relates the bending moment and curvature values, quantifying the equivalent
stresses acting in the concrete under the assumption of the rectangular stress distribution.
This solution requires neither iterative calculations nor the load history definition.

At the same time, the simplified analytical model [22] does not define concrete’s
constitutive law in its traditional sense. The simplified nature of the model only ensures
approximating the equivalent stresses with a sufficient degree of accuracy—from the
analysis [22], the average approximation error regarding the exact solution [38] does not
exceed 7%. However, the latter inverse analysis procedure is inapplicable to the specimens
under cycled loads, making the proposed simplified analysis concept irreplaceable for
analyzing the repeated load effects. This experimental study employs the flexural test
results of 12 “standardized” beam samples with different arrangements and combinations
of FRP reinforcement. This manuscript provides only an illustrative example of the pro-
posed analysis procedure and tends to cover only some possible structural situations and
loading conditions. The explicit quantifying of the residual resistance of the composite
reinforcement systems under repeated load cycles describes this study’s essential novelty.

2. Testing Method and Analytical Model

The explicit nature of the analytical expressions, which do not require any additional
modifications regarding the previous publications [20,22,29], ensures the residual stiffness
analysis of elements facing the load repetitions. Therefore, Section 2.1 briefly describes the
simplified analytical model (Figure 1); reference [22] provides further explanations and the
model verification results. Still, the unloading repetitions generate residual (permanent)
deformations, which are mandatory for the proposed stiffness analysis procedure, as
Section 2.2 discusses in detail. Section 2.3 describes the experimental campaign, illustrating
the analysis technique.
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Figure 1. Analytical model of the stress distribution in the pure-bending zone [22]: (a) a transformed
cross-section; (b) the bending-induced strain distribution along the cross-section height; (c) the
corresponding stress distribution; (d) the equivalent stress approximation in the tension concrete
zone. Note: the blue color shows the approximation procedure.

2.1. Analytical Model

The model (Figure 1) considers the transformed reinforcement approach, which com-
bines different materials in one component (Figure 1a). The following equations define the
transformed reinforcement characteristics:

dr =
n
∑

i=1
Ei Aidi/

n
∑

i=1
Ei Ai , Ar =

1
Er

n
∑

i=1
Ei Ai, Er = E1, (1)
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where dr is the effective depth; Ar is the cross-section area; Er is the modulus of elasticity; n
is the number of the different reinforcement parts; Ei, Ai, and di are the modulus of elasticity,
cross-section area, and effective depth of the i-th reinforcement component.

The proposed analytical model uses the following assumptions:

• The strain distribution follows the Euler–Bernoulli hypothesis (Figure 1b). Numerous
literature sources proved the adequacy of this assumption for RC members (e.g., [42,43]).

• The smeared crack model describes the stress–strain behavior of the tension concrete
(Figure 1b,c). Various literature examples (e.g., [37,38,43]) proved the correctness of
this modeling concept.

• Idealized elastic material laws define the mechanical behavior of the reinforcement
and the compressed concrete. This modeling approach substantially simplifies the
mathematical expressions and ensures a straightforward solution.

• The rectangular distribution of the tensile stresses in concrete defines the equivalent
stress σ∗t (Figure 1d). This center simplification ensures formulating the exact relation-
ship between the bending moment and curvature and avoiding iterative solutions.

The latter two assumptions allow quantifying the stiffness of the beams subjected to
repeated loads with the solution expressed in terms of the equivalent tensile stresses. The
following equilibrium equations of internal forces and bending moments for the centroid
of the equivalent stress diagram (Figure 1d) define the analytical model:

F∗t + Fr − Fc = 0; Fr

(
dr − h+yc

2

)
+ Fc

(
h+yc

2 − yc
3

)
−Mext = 0, (2)

where F∗t is the equivalent resultant force in the tensile concrete; Fr and Fc are the internal
forces acting on the tensile reinforcement and the compressed concrete; dr is the efficient
depth of the transformed reinforcement (Equation 1); h and yc are the height and gravity
center coordinate of the cross-section in Figure 1. The model also allows the efficient depth
to exceed the cross-section height (i.e., the dr > h condition is acceptable).

The above equation system relates the internal forces and stresses acting on the cross-
section, employing the strain compatibility condition (Figure 1b). Reference [22] defines
the intermediate solution steps; the final equation describes the third-order polynomial of
the neutral axis coordinate yc for the particular curvature κ and bending moment Mext:

3

∑
i=0
Kiyi

c = 0, (3a)

with coefficients

K3 =
Ecb

6Er Ar
, K2 = 1 +

Ecbh
2Er Ar

, K1 = h− 3dr, K0 = 2d2
r − hdr −

2Mext

κEr Ar
, (3b)

where Ec is the modulus of elasticity of concrete; h and b are the height and width of the
cross-section in Figure 1; κ is the average curvature of the pure-bending zone subjected to
the external bending moment Mext; Equation 1 describes the remaining parameters.

The above polynomial has three roots, and the [0 < yc ≤ h] condition describes the
neutral axis position:

yc =
2K
3K3

cos
(

1
3 cos−1

[
− 13.5K2

3K0−4.5K3K2K1+K3
2

K3

])
− K2

3K3
, K =

√
K2

2 − 3K3K1. (4)

The following explicit formulas define the equivalent stress (Figure 1d) and average strain
of the concrete in tension (Figure 1b):

σ∗t = κ
y2

c bEc−2(dr−yc)Er Ar
2(h−yc)b

, ε∗t = 0.5κ(h− yc). (5)
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The above expressions solve the residual strength problem independently of the
loading conditions, explicitly relating the equivalent stress σ∗t with the bending moment
Mext, average curvature in the pure-bending zone κ, cross-section geometry (Figure 1a), and
material parameters discussed in this section above. Thus, the proposed analytical model
becomes applicable for quantifying the residual mechanical performance of the composite
reinforcement system (expressed in terms of the equivalent stress σ∗t and equivalent strain
ε∗t relationship) under repeated loading conditions considered in this work.

2.2. Sample Geometry and Testing Layout

Gribniak et al. [20,22] and Sultani et al. [29] established the geometry and the testing
layout of the bending samples, following the formation of multiple cracks in a relatively
small laboratory sample and thus reducing the discrete cracking effect on the curvature
estimation result. Therefore, this study considers the 1000 mm slab-shaped beams loaded in
the four-point scheme, as Figure 2a shows. The 200 × 100 mm cross-section was reinforced
with near-surface mounted (NSM) strips, embedded bars, and externally bonded reinforce-
ment (EBR) sheets in various combinations. This investigation includes 12 standardized
beam samples to illustrate applying the proposed analysis procedure.
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The verification capability of the deformation monitoring results defined the second
condition for developing the testing setup shown in Figure 2a. This study employs three
independent groups of monitoring devices of the pure-bending zone: two sets of linear vari-
able displacement transducers (LVDTs) capture the vertical and longitudinal displacements,
and a digital image correlation (DIC) system monitors the cracking process and surface de-
formations; the LVDTs and DIC system monitor deformations of the opposite sides denoted
as “ 1©” and “ 2©” in Figure 2b. The LVDT devices L10–L15 estimate deformations of the
side surface 1©, and L1–L3, L4–L6, and L7–L9 indicators monitor the vertical displacements.
The DIC captures the deformations and crack patterns on the side surface, designated as
“ 2©”. Figure 2b illustrates the DIC setup, employing two LAVISION VC-IMAGE E-LITE

5M cameras placed on a tripod 3.0 m from the exposition samples and 0.5 m apart. The
cameras with charge-coupled device (CCD) detectors have a 2456 × 2085 pixel resolution
and operate at 12.2 frames per second. The lighting equipment ARRI ensures the quality
and accuracy of the digital images.

Table 1 describes the beam specimens’ geometry and material properties. In this
table, h and b represent the height and width of the cross-section in Figure 1a; d, A, and
E are the reinforcement parameters (effective depth, cross-section area, and modulus of
elasticity); ft describes the tensile strength of the reinforcement, and the subscripts “1” and
“2” correspond to the transformed reinforcement components in Equation 1. Table 1 also
shows the compressive strength of the standard ∅150 × 300 mm concrete cylinder (f’c) on
the testing day; the column “Age” specifies the testing age. The column “f’c” specifies the
average value and standard deviation determined for four identical cylinders; the remain-
ing parameters of the concrete necessary for the analysis (i.e., the modulus of elasticity and
tensile strength) were determined using the average compressive strength values (Table 1)
and the Eurocode 2 formulas [44]. Gribniak et al. [45,46] proved the adequacy of such an
approach for the numerical analysis of RC elements. The manufacturers reported mechani-
cal properties and cross-section parameters of the polymeric reinforcement materials for
EBR, NSM, and GFRP systems; the tensile tests of three identical samples [47] determined
the characteristics of steel reinforcement listed in Table 1.

Table 1. Geometry and material parameters of the beam samples.

Beam
h b d1 d2 A1 A2 E1 E2 ft,1 ft,2 nρ f’c Age

(mm) (mm2) (GPa) (MPa) (%) (MPa) (Days)

S1-EBR 103 199 104 – 32.8 – 230 – 4830 – 1.03 50.69 ± 1.53 47

S2-EBR 104 198 105 – 32.8 – 230 – 4830 – 1.13 35.12 ± 2.63 22

S3-EBR 102 198 103 – 32.8 – 230 – 4830 – 1.18 32.98 ± 3.15 21

S4-NSM 100 201 90 – 28.0 – 170 – 2800 – 0.83 34.12 ± 2.48 21

S5-NSM 106 201 96 – 28.0 – 170 – 2800 – 0.78 34.62 ± 2.92 21

S6-GFRP 104 200 77 – 100.6 – 60 – 1490 – 1.22 35.12 ± 2.61 22

S7-GFRP 106 197 76 – 100.6 – 60 – 1490 – 1.22 34.62 ± 2.48 21

S8-GFRP 102 202 74 – 100.6 – 60 – 1490 – 1.11 40.80 ± 1.63 13

S9-GFRP 107 201 81 – 100.6 – 60 – 1490 – 1.26 40.80 ± 1.63 13

S10-S/NSM 107 200 72 97 38.11 28 206 170 503.9 2800 2.45 32.98 ± 3.15 22

S11-S/NSM 108 197 77 92 38.11 28 206 170 503.9 2800 2.30 40.80 ± 1.63 14

S12-S
101 200 67

–
38.11

–
206

–
503.9

– 1.83 34.12 ± 2.92 19

S12-S/NSM 92 28 170 2800 2.45 35.23 ± 3.05 26
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For comparison purposes of the composite reinforcement systems, Table 1 also includes
the transformed modular ratio and reinforcement ratio product [34]:

nρ =
Er

Ec
· Ar

bdr
. (6)

Figure 2b shows the loading setup. A servo-hydraulic testing machine LVF5000 with a
5 MN capacity (WALTER + BAI AG., Löhningen, Switzerland) loads the test samples with
a 0.4 mm/min velocity; DION 7 software ensures the loading system control and data
acquisition process. The load cycles are formed in a semi-automatic manner with manual
load reduction to the minimum cycle boundary. The data logger ALMEMO 5690-2 collects
the load cell and LVDT outputs every second.

This study focuses on the stiffness decrease under repeated mechanical loads. Still,
the analytical model (Section 2.1) does not require load history specification—it explicitly
relates the bending moment and curvature values in the pure-bending zone. Thus, in
any combination, it remains equally efficient for high cycle and repeated loads, including
temperature, creep, aggressive chemicals, and mechanical loads. The considered load
cycles are essential for analyzing repeated factors when the mechanical load is necessary
to estimate the residual stiffness of the beam sample, e.g., after the harsh environmental
impacts. Figure 3 schematically depicts the loading application cycles—each loading stage
consists of five load cycles with a 15% fluctuation about the target load referred to as the
service moment, Mser. These load cycling numbers were set arbitrarily in this study to
avoid measurement errors and provide several data points for averaging.

Table 2. Loading parameters of the beam samples (kNm).

Beam Load Type Mmin Mmax Mser Mult

S1-EBR A – – 3.710 7.035

S2-EBR B 3.075 4.125 3.710 ≡S1(*)

S3-EBR B 3.075 4.125 3.710 ≡S1

S4-NSM A – – 2.220 4.005

S5-NSM B 1.875 2.475 2.220 ≡S4

S6-GFRP B 2.850 3.750 3.375 6.527(†)

S7-GFRP B 2.850 3.750 3.375 ≡S6

S8-GFRP C
2.175 2.975 2.625 ≡S6
2.850 3.750 3.375

S9-GFRP C
2.175 2.975 2.625 ≡S6
2.850 3.750 3.375

S10-S/NSM B 1.875 2.475 2.220 ≡S4

S11-S/NSM C

0.975 1.350 1.215 1.42(‡)

1.875 2.475 2.220 ≡S4

3.075 4.125 3.710 ≡S1

S12-S B 0.975 1.350 1.215 1.42(‡)

S12-S/NSM C

0.975 1.350 1.215 1.42(‡)

1.875 2.475 2.212 ≡S4

3.075 4.125 3.710 ≡S1
Note: (*) the sign “≡” means “equivalent to”; (†) Gribniak et al. [20] tested the identical element until failure under
monotonic load; (‡) the theoretical moment corresponding to the steel yielding limits the upper cycle boundary.
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Figure 3. Loading protocols: (a) cycling loads over the service moment (load type “B”, Table 2);
(b) different intensity loads (type “C”, Table 2).

During the physical tests, the loading process starts automatically at 0.4 mm/min
until the maximum load of the cycle Mmax (exceeding Mser by 15%). Subsequently, the
operator interrupts the loading process when it reaches the upper boundary Mmax, manually
reducing the load to the minimum cycle boundary Mmin (corresponding to approximately
85% of Mser). After that, the bending moment rises again under computer control to
the maximum cycle load Mmax, continuing the loading cycles. The complete unloading
finalizes the first loading stage, resulting in the residual deformation expressed as curvature
κr1. Typically, this loading process is repeated three times (with five load cycles in each
repetition) with the complete unloading of the beam samples, investigating the residual
deformation trends. Each subsequent loading stage starts at the same speed as the previous
loading round. However, the curvature analysis accounts for the residual deformations
from all past loading stages (κr1, κr2, κr3 . . .), shifting the curvature diagrams as shown in
Figure 3. To determine the loading conditions in terms of the ultimate load Mult, Table 2
uses the following notation:

• The sign “≡” relates the loading conditions to the particular beam sample. For instance,
the symbol “≡S1” refers to the loading condition of the S1-EBR beam, determining the
exact service moment (Mser) and the cycle boundaries (Mmin and Mmax).

• Gribniak et al. [20] tested the identical element to the S6-GFRP sample until failure
under monotonic load, which determines the loading conditions in this study.

• In the element with steel reinforcement (S12-S), the theoretical moment, corresponding
to the steel yielding, limits the ultimate cycle load Mmax; the service load Mser was set
to exceed the cracking moment calculated by Eurocode 2 formulas [44].

• The target loadings of the elements, combining steel and NSM reinforcements, were
set to represent the loading conditions of alternative test samples (S1-EBR, S4-NSM,
and S12-S) for comparison purposes.

Figure 3 schematically depicts the loading layouts “B” and “C” from Table 2. The
monotonic tests (type “A”) or previous experimental program [20] determined the service
load, representing approximately 55% of the load-bearing capacity of nominally identical
samples, tested under monotonic load until failure (except for the S12-S sample, whose
loading parameters are discussed above). This limitation came from the design principles
of steel reinforcement when the efficient design of the bending sample ensures 50–60%
stresses in the tension reinforcement regarding the yielding strength of the steel (e.g., [37]).
Gribniak et al. [45] conducted a detailed statistical analysis of the service load conditions.
However, the definition of FRP reinforcement systems’ service load is a more complex
problem. The necessity to compare the deformation of the elements with steel and GFRP
bars defines the typical analysis issue.
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Gribniak et al. [46] proposed the analysis methodology, which compares the statistical
data corresponding to the identical stresses in the tensile reinforcement. However, this
investigation cannot employ the latter approach mainly because of these simplified lab-
oratory samples’ limited dimensions and reinforcement detailing restrictions. Therefore,
this study makes no difference between the test samples’ failure mechanisms determining
the ultimate load. Independently of the reinforcement parameters, the service moment
represents 55% of the load-bearing capacity of the identical beam sample tested under
monotonic load. The limitations of this assumption are evident since a 30% magnitude
also appears in the literature (e.g., [18,48]). However, any possible approaches still result in
comparison subjectivity, and the efficiency analysis of the reinforcement should account for
specific limitations in real projects.

2.3. Experimental Program

The illustrative experimental program employs laboratory-mixed concrete, using the
same mix design as the previous studies [20,22,29]. The proportions for a cubic meter
are the following: cement CEM I 42.5 R = 356 kg, water = 163 L, limestone powder = 177 kg,
0/4 mm sand = 890 kg, 4/16 mm crushed dolomite aggregates = 801 kg, superplasticizer Mapei
Dynamon XTend = 1.97% (by the cement weight), and admixture SCP 1000 Optimiser = 3.5 kg.
In addition, two types of synthetic fibers (0.9 kg of CRACKSTOP M ULTRA ∅0.022× 13 mm and
4.2 kg of DURUS EASYFINISH ∅0.7 × 40 mm) were used in the concrete to avoid a sudden
failure of the shear zone. All the beams were produced in steel forms and were unmolded
2–3 days after the casting. After that, all samples were stored in laboratory conditions at
an average of 73% humidity and 20 ◦C before the testing day or forming external FRP
reinforcement systems.

As Table 1 shows, the test program includes four specimen types. In particular, the
abbreviation EBR corresponds to externally bonded reinforcement using carbon fiber (CF)
sheets. Thus, two unidirectional MAPEWRAP C UNI-AX sheets with the dry fabric’s
100 × 0.164 mm equivalent thickness were attached to the most tensioned surface of the
beam samples. These sheets were placed along the beam and attached to the concrete
surface using a two-component MAPEWRAP 31 epoxy resin (Figure 4a–d). Before the
EBR bonding, the cleaned concrete surface was leveled with epoxy putty and primer. The
adhesive was allowed to dry for seven days before conducting the tests.
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Figure 4. Installing reinforcement systems: (a) CF sheets; (b) epoxy adhesive; (c) prepared surface
of specimens; (d) specimen with adhesively bonded CF sheets; (e) S&P C-LAMINATE CFRP strip;
(f) S&P RESIN 220 epoxy adhesive; (g) arrangement of the NSM grooves; (h) specimen with em-
bedded CFRP strips. Note: the beam samples are shown in an inverted position to clarify the
installation details.
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The NSM abbreviation in Table 1 describes a near-surface-mounted reinforcement
system. The notation S/NSM corresponds to the NSM system formed on the beam sample
with two 5 mm embedded steel bars, creating a hybrid reinforcement system. The NSM
component consisted of two pultruded 10 × 1.4 mm carbon fiber-reinforced polymer
(CFRP) strips (S&P C-Laminate) installed in the 12 × 4 mm grooves milled at the bottom
surface of the specimens (Figure 4e–h). Before placing the strips, the grooves were filled
with a two-component S&P RESIN 220 epoxy adhesive. Excess epoxy was removed with a
spatula to ensure the test samples’ surface was even. The adhesive was allowed to cure
for seven days before conducting the mechanical tests. Remarkably, the NSM system of
the S12-S/NSM sample was formed after testing the S12-S beam with two 5 mm steel bars,
simulating an RC structure strengthening consequence.

This study also includes beams with two embedded 8 mm glass fiber-reinforced
polymer (GFRP) bars. The GFRP reinforcement system employs COMBAR bars from SHÖCK.
Figure 5 shows the surface treatment of all the reinforcement materials in this work.
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3. Results

Figure 6 demonstrates the crack propagation of several selected beam samples during
the five load cycles corresponding to succeeding load repetitions (R1, R2, R3, etc.) captured
with the DIC system. However, these cracking results could only qualitatively illustrate
the composite performance of the reinforcement system in involving the tension concrete
resisting the load. Thus, the number of cracks (in the post-cracking stage) could reveal the
tension-stiffening effect [49]. Remarkably, the proposed setup produces multiple cracks
in the 600 mm long pure-bending zone, which makes it suitable for the tension-stiffening
analysis using the smeared crack model, e.g., as described in reference [38].

Gribniak et al. [22] also demonstrated the feasibility of the simplified analytical model
(Section 2.1) for the residual strength analysis. Thus, the stiffness analysis employs monitor-
ing results of the pure-bending zone. The indicator distribution scheme (Figure 2) ensures
the curvature estimation using three independent measurement sets, i.e., the vertical dis-
placements registered by the L1–L9 LVDT devices and the surface deformations captured
by DIC and LVDTs. This instrumentation allows cross-verifying the test measurements,
which is vital during the cyclic tests because of a certain inertness of the LVDT devices
under reversed load and DIC sensitivity to the cameras’ movements [20,50]. Gribniak
et al. [22] described the curvature analysis procedure in detail; the present study indicated
that vertical displacements produce reliable curvature values, defining the analysis ob-
ject. Following this approach, the averaged curvature over the pure-bending zone can be
determined as follows:

κ = 8∆/
(

l2 + 4∆2
)

, ∆ = (u4 + u5 + u6)/3− (u1 + u2 + u3 + u7 + u8 + u9)/6, (7)
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where ∆ is the deflection over the pure-bending zone having length l equal to 600 mm, as
Figure 2a shows; ui is the displacement obtained by the Li device (i = 1. . .9).
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Figure 6. Cracking patterns of the selected samples identified by the DIC system. Note: the red
arrows indicate the load application points.

Figure 7 shows the corresponding moment–curvature diagrams of all beam samples
from Tables 1 and 2. The sub-charts in this figure have identical ordinate scales, but the
abscissa scales in each row differ. This figure also indicates the service moments for the
residual stiffness comparison. However, this analysis is barely possible straightforwardly
because of the differences in the modulus of elasticity of reinforcement and geometry
characteristics (Table 1). Therefore, this study uses the equivalent stress (σ∗t ) to measure
and compare the stiffness decay with the load.
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Figure 7. Moment–curvature results of the test samples from Table 1.

Remarkably, complete reloading followed all load cycling sets to measure the residual
deformation of the beam samples. The latter values are vital for the residual stiffness
analysis—the origin of each consequent diagram (Figures 3 and 7) coincides with the
reloading deformation (residual curvature) from the preceding loading stage, producing
the adequate resultant curvature suitable for Equation (5).

Table 3 shows the residual deformations (curvatures) determined for all samples
subjected to unloading repetitions. These values are mandatory for adequate analysis when
the mechanical load, necessary to estimate the residual stiffness of the beam sample, describes
the consequential shift of the moment–curvature diagrams after reloading cycles (Figure 3).
Thus, Table 3 determines the essential outcome valuable for further analysis and the modeling
of the composite reinforcement systems similar to those considered in this work.

Table 3. Residual curvatures (κres) of the beams subjected to repeated loadings.

Beam
Load Stage I Load Stage II Load Stage III Total Result

Mser
(kNm) κres (km−1) Mser

(kNm) κres (km−1) Mser
(kNm)

κres
(km−1)

Mmax
(kNm)

Σκres
(km−1)

S2-EBR 3.710 9.893 3.710 0.719 3.710 0.500 4.125 11.11

S3-EBR 3.710 11.23 3.710 1.448 3.710 0.863 4.125 13.54

S5-NSM 2.220 11.75 2.220 1.285 2.220 1.059 2.475 14.10

S6-GFRP 3.375 29.08 3.375 3.052 3.375 3.989 3.750 36.12

S7-GFRP 3.375 30.88 3.375 2.159 3.375 4.274 3.750 37.32

S8-GFRP 2.625 22.64 3.375 6.693 – – 3.750 29.33

S9-GFRP 2.625 21.32 3.375 6.819 – – 3.750 28.14

S10-S/NSM 2.212 7.084 2.212 0.522 2.212 1.937 2.475 9.544

S11-S/NSM 1.215 0.548 2.212 4.585 3.710 5.859 4.125 10.99

S12-S 1.215 1.100 1.215 5.570 1.215 2.767 1.350 9.437

S12-S/NSM 1.215 0.604 2.212 4.856 3.710 5.744 4.125 11.20
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4. Discussion
4.1. The Cyclic Load Effect

The residual curvature analysis of the results from Table 3 reveals similar resultant
deformations of all beam samples (except for elements with GFRP reinforcement), which
were almost independent of the nρ ratio (Table 1) and loading layout and intensity (Figure 7).
In addition, the steel-reinforced sample (S12-S) under the 1.215 kNm service moment
demonstrates the 9.4 km−1 residual curvature comparable to the 11.2 km−1 result of the
same element after strengthening (S12-S/NSM) subjected to 3.710 kNm load. This outcome
demonstrates the efficiency of the strengthening solution.

Increasing the sample numbers will help identify more meaningful tendencies. How-
ever, Table 3 already shows the exceptional vulnerability of GFRP reinforcement systems
to repeated load. For example, the S6 to S9 beams demonstrate tripled residual curva-
tures regarding the elements with EBR sheets, and hybrid reinforcement systems reached
higher bending moments comparing the GFRP counterparts. Still, the S11-S/NSM and
S12-S/NSM samples had a doubled nρ value, i.e., 2.45% vs. 1.22% (Table 1), which could
explain the residual resistance increase. However, the EBR elements had a similar nρ ratio
(1.18%). This allows the authors to hypothesize that the embedded GFRP bars cannot
ensure sufficient resistance to repeated loads because of high deformability, corrupting the
bond with concrete. The following equivalent stiffness analysis checks this hypothesis.

The moment–curvature diagrams in Figure 7 produce the initial data for the analysis,
and Equation (5) determines the equivalent stresses (σ∗t ) corresponding to the service load.
Thus, Figure 8 shows the residual stress diagrams corresponding to the load cycles, grouped
by the reinforcement type and loading layout. Therefore, analyzing the charts in Figure 8
requires referring to Table 2, which indicates the loading conditions for every load stage.
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Figure 8. The decrease in the equivalent tensile stress (σ∗t ) with loading. Note: the red color
corresponds to the samples subjected to monotonic load; the yellow and green colors show the test
results of alternative counterparts.

Figure 9 schematically depicts the curvature estimation procedure, where only as-
cending loading diagram branches produce the analysis points. This sketch represents a
smoothed view of the experimental diagram and, thus, is a reliable illustrative example.
The analysis of the regression trends in Figure 8 reveals the essential differences between
the refused points, and the remaining points belong to the first loading cycle. The further
load repetitions do not include such outliers (except for the S12 sample after strengthening).
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The schematic in Figure 9 illustrates the situation when the first branch of the moment–
curvature diagram does not generate the data point for determining the trend line of the
stress degradation because of the essential difference in the element stiffness before and
after the load cycles. The inclusion of such exceptional results will corrupt the stiffness
trends. Therefore, only four data points (except for the first loading point) are employed
for the residual strength regression analysis.

4.2. The Reinforcement Effect

In addition to the tripled residual curvatures (Table 3), Figure 8 demonstrates the
minimal efficiency of GFRP bars in terms of the equivalent tensile stresses, which describes
the composite behavior of reinforced concrete [20,22,29]. In particular, the S6-GFRP and
S7-GFRP elements, which were subjected to cycling load with a 3.375 kNm service moment,
demonstrate the complete disappearance of the tensile stresses in the concrete. A less
eager loading in the S8-GFRP and S9-GFRP beams (Table 2) explains an improvement
of equivalent stress values estimated at the first loading cycle (Figure 8). However, the
identified tendency indicates the concrete contribution disappearing corresponding to the
third loading stage. The mechanical bond degrading in concrete because of a relatively low
stiffness of the GFRP bars describes the possible explanation for this effect. This observation
aligns with the literature results (e.g., [12,13]). Unfortunately, such experimental investiga-
tions are rare in the literature; most such experimental works consider the pull-out behavior
of GFRP bars. At the same time, the bonding problem of the embedded GFRP bars becomes
apparent only for repeated load situations—Gribniak et al. [22] did not identify the bond
deterioration problems of GFRP bars under monotonic load for the same reinforcement
configuration. On the other hand, this drawback is untypical for alternative reinforcement
schemes, making them acceptable to replace embedded GFRP bars.

A sharp inclination of the trend line of the equivalent stresses of the S12-S sample
(with only steel reinforcement) highlights another bond-degrading mechanism character-
istic of embedded bars. This stiffness decrease results from the cover cracking and the
corresponding reduction in the concrete efficiency—only the concrete between the bar rein-
forcement and compressive zone (Figure 1b) contributes to the mechanical resistance of the
cross-section. This observation aligns with the previous test findings [20,22,29], but the load
cycles made this degradation mechanism more transparent. Although the load intensity of
the S12-S beam was relatively high, i.e., the service load represents 85% of the theoretical
moment of the steel yielding (Table 2), this load is well below the service loads faced by the
remaining test samples (Table 3). On the other hand, this element possesses the highest
nρ ratio (1.83%) among the test samples (except for the hybrid reinforcement systems).
This outcome proclaims the inefficiency of the typical steel reinforcement for resisting
cycling load, requiring a further unpractical nρ ratio increase. Furthermore, it reveals the
need to renew structural design principles and tailor the materials’ mechanical properties
for construction [51]. This analysis procedure opposes the current practice, associating
standardized engineering solutions with existing materials, the physical characteristics
of which are imperfectly suiting the structural requirements and leading to an inefficient
increase in the material amount for safety’s sake.
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In this context, the CFRP reinforcement systems demonstrate outstanding performance
under the cycling load. The equivalent stresses in the S1 to S3 EBR samples reach the
1.86 MPa value and do not decrease below 0.70 MPa under the 3.71 kNm service load
cycling; the NSM systems demonstrate the 1.16 MPa stress and preserve the minimum
0.64 MPa stresses, though these values correspond to the 2.22 kNm bending moment. The
S10-S/NSM hybrid system improves the latter values correspondingly to 1.65 MPa and
0.87 MPa with the same tendency of stress decay as the S5-NSM beam. Under the increased
load cycles, the S11-S/NSM proves a further increase in mechanical performance: the
maximum and minimum equivalent stresses are equal to 2.11 MPa and 1.15 MPa.

The S12-S/NSM beam represents the strengthening situation of the S12-S element. At
the load stages “2” and “3”, the S12-S/NSM sample demonstrates very similar equivalent
stresses to the S11-S/NSM beam (Figure 8). However, the identified trend line reveals
a remarkable tendency—the loading cycles do not affect the residual resistance of the
strengthened sample, preserving the averaged equivalent stresses at an approximately
1.3 MPa level. This finding supports the efficiency of the NSM strengthening systems
for the mechanical load cycles. Further studies should reveal the hybrid reinforcement
system’s efficient layout and steel-to-CFRP proportions.

Figure 10 illustrates the results by relating the equivalent stress and strain values,
i.e., Equation (5). This figure, including only “regression points” from Figure 8, demon-
strates the stress decrease tendency with strain. This tendency is apparent for the GFRP
beam samples (green-filled markers). Thus, seemingly, the relatively low modulus of
elasticity of GFRP bars (Table 1) increases the concrete strains, causing a loss of the bond
performance. The remaining reinforcement systems limit the deformations, which do
not exceed a third of GFRP values. However, only the hybrid systems (S11-S/NSM and
S12-S/NSM) prevent the reduction in the equivalent stresses under the load repetitions,
ensuring reinforcement efficiency.
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4.3. The Load Intensity Effect

The results of Figures 8 and 10 demonstrate the essential importance of the load
intensity on the residual stiffness decay. In particular, this effect is apparent in the S12-S
beam sample subjected to 85% of the maximum theoretical load. The sharp decrease in the
equivalent stresses results from this almost ultimate behavior.

Table 4 summarizes the results of Figure 10 in average terms. In addition, this table
estimates the alteration of the equivalent stresses as a function of the equivalent strains.
The following expression determines the stiffness alteration ratio:

∆σ∗t
∆ε∗t

=
σ∗t,i − σ∗t,i−1
ε∗t,i − ε∗t,i−1

, i = 2, 3. (8)
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Table 4. The average equivalent stresses and strains and the stiffness alteration ratio in Figure 10.

Beam
Load Stage I Load Stage II Load Stage III

σ*
t (MPa) ε*

t (‰) σ*
t (MPa) ε*

t (‰) ∆σ*
t /∆ε*

t
(GPa)

σ*
t (MPa) ε*

t (‰) ∆σ*
t /∆ε*

t
(GPa)

S2-EBR 1.474 1.570 1.224 1.710 −1.787 1.040 1.815 −1.757

S3-EBR 1.268 1.749 1.000 1.899 −1.791 0.771 2.029 −1.763

S5-NSM 0.949 1.679 0.761 1.903 −0.838 0.660 2.026 −0.825

S6-GFRP 0.472 4.610 0.196 5.014 −0.683 0.009 5.290 −0.680

S7-GFRP 0.348 5.107 0.075 5.546 −0.621 −0.021 5.700 −0.619

S8-GFRP 0.655 3.418 0.431 5.018 −0.140 – – –

S9-GFRP 0.514 3.137 0.180 4.743 −0.208 – – –

S10-S/NSM 1.160 0.857 0.990 0.963 −1.613 0.902 1.018 −1.581

S11-S/NSM 1.573 0.073 1.590 0.572 0.033 1.222 1.824 −0.294

S12-S 1.674 0.131 1.654 0.318 −1.712 0.937 0.715 −1.050

S12-S/NSM 1.240 0.239 1.394 0.873 0.243 1.173 2.166 −0.171

Here, the subscript i describes the values corresponding to successive loading stages; the
negative ratio corresponds to the average stress reduction because of the load repetitions.

In addition to the beam S12-S discussed above, Table 4 reveals the most substantial
decrease in the residual stiffness of the EBR (S2 and S3) samples expressed in the ratio
∆σ∗t /∆ε∗t . A relatively high service moment (Table 2) in combination with a relatively low
resistance of CF sheets to transverse (shear) load [20] could explain the intensive stress
decrease. At the same time, these specimens still demonstrate substantial residual stiffness
expressed in the equivalent stresses’ terms because of the significant bonding area of EBR
(Figure 4h).

Comparing the stiffness decay tendency (Table 4) of the S10-S/NSM and S11-S/NSM
samples reveals a surprising outcome related to the positive correlation between the
equivalent stresses and the service load (∆σ∗t /∆ε∗t > 0) of the S11 specimen. Analysis
of Figure 7 can explain this issue—the service load of the S10 beam sample belongs to the
crack formation stage, which predominantly controls the stiffness decrease. Analyzing
the mechanical response of the S6 to S9 GFRP-reinforced beams provides the opposite
case when the deformations exceed the concrete bonding limit, making the reinforcement
inefficient (σ∗t ≈ 0). However, this work only exemplifies the proposed residual stiffness
analysis procedure. Further studies should consider the load intensity effect and form the
corresponding testing protocols.

5. Conclusions

This manuscript proposes composite reinforcement systems’ residual stiffness analysis
procedure under repeated mechanical loads. The experimental program demonstrates the
effectiveness of the proposed methodology, analyzing the bending test results of 12 beam
samples with various reinforcement types. The following essential conclusions result from
this work:

• The proposed testing procedure is suitable for quantifying the residual stiffness de-
crease under repeated mechanical load, including the complete load removal between
the loading cycles. The quantification employs the equivalent stresses acting in the
concrete in tension under the assumption of the rectangular stress distribution. This
simplified model approximates the tensile stresses with sufficient accuracy—the aver-
age approximation error (regarding the “exact” solution) does not exceed 7%. On the
other hand, the “exact” inverse analysis reported in the literature is inapplicable to the
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specimens under cycling loads, which makes the proposed methodology irreplaceable
for this study’s purpose.

• This study reveals a limited ability of glass fiber-reinforced polymer (GFRP) bars to
ensure the bonding performance under repeated loads. The concrete deformations
exceed the bonding limit, making the reinforcement inefficient because of a relatively
low modulus of elasticity (60 GPa) of the GFRP bars. Moreover, the bonding problem
becomes apparent only for repeated loads—the previous tests did not identify the
bond deterioration problems of GFRP bars under monotonic load for the same rein-
forcement configurations. On the other hand, this drawback is untypical for alternative
reinforcement schemes considered in this study, proving the viability of the proposed
analysis methodology.

• The carbon fiber (CF) reinforced materials demonstrate outstanding mechanical per-
formance under repeated loads. The externally bonded reinforcement (EBR) system
ensures the equivalent stresses, which do not decrease below 0.70 MPa; the near-
surface mounted (NSM) system preserves the minimum 0.64 MPa stresses. The hybrid
reinforcement system, combining steel bars and NSM CFRP strips, improves this value
to 0.87 MPa. Under the increased load cycles, the hybrid reinforcement demonstrates a
further increase in mechanical performance—the equivalent stresses exceed 1.15 MPa,
exceeding 50% of the tensile resistance of the concrete.

• The NSM reinforcement system efficiently strengthened the beam sample with steel
reinforcement bars tested until 85% of the theoretical load-bearing capacity. The
load repetitions did not affect the residual resistance of the strengthened specimen,
preserving the averaged equivalent stresses at an approximately 1.3 MPa level. Further
studies should reveal the hybrid reinforcement system’s efficient layout and steel-to-
CFRP ratio.
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Abstract: Standard lay-up fabrication of fiber-reinforced composites (FRCs) suffer from poor out-
of-plane properties and delamination resistance. While advanced manufacturing techniques (e.g.,
interleaving, braiding, and z-pinning) increase delamination resistance in FRCs, they typically result
in significant fabrication complexity and limitations, increased manufacturing costs, and/or overall
stiffness reduction. In this work, we demonstrate the use of facile digital light processing (DLP)
technique to additively manufacture (AM) random glass FRCs with engineered interleaves. This work
demonstrates how vat photo-polymerization techniques can be used to build composites layer-by-
layer with controlled interleaf material, thickness, and placement. Note that this engineering control
is almost impossible to achieve with traditional manufacturing techniques. A range of specimens
were printed to measure the effect of interleaf thickness and material on tensile/flexural properties
as well as fracture toughness. One important observation was the ≈60% increase in interlaminar
fracture toughness achieved by using a tough resin material in the interleaf. The comparison between
AM and traditionally manufactured specimens via vacuum-assisted resin transfer molding (VARTM)
highlighted the limitation of AM techniques in achieving high mat consolidation. In other words, the
volume fraction of AM parts is limited by the wet fiber mat process, and engineering solutions are
discussed. Overall, this technique offers engineering control of FRC design and fabrication that is not
available with traditional methods.

Keywords: additive manufacturing; interleaving; random chopped fibers; thermosetting polymers;
interlaminar properties

1. Introduction

Fiber-reinforced composite (FRC) materials consist of high-strength, high-modulus
fibers embedded in a polymeric matrix. In an FRC, both fiber and matrix retain their
physical and chemical identities, yet produce a combination of properties not obtainable
by either component separately. Generally speaking, fibers act as load carriers and the
matrix transfers the loads from fiber to fiber [1]. While FRCs offer significant advantages
over metals, they have limitations. For example, glass fiber-reinforced composites (GFRCs)
suffer from poor out-of-plane properties and tend to delaminate. The latter stems from a
mismatch in properties between resin and fiber, i.e., significant differences in Poisson ratio,
and mechanical/thermal properties, that lead to interlaminar normal/shear stresses and
fiber delamination [2].

Significant effort has gone into enhancing the delamination resistance of FRCs, such as
the use of toughened polymeric matrices [3], z-pinning [4], stitching [5], braiding [6], and
optimizing stacking sequences [7]. Unfortunately, these ideas led to significant increases in
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fabrication costs and composite weight and/or loss of in-plane properties [2]. The most
promising technique to reduce delamination is interleaving, which is the process of adding
a discrete resin layer between consecutive fiber plies [8]. The interleaves, also known as
resin-rich layers (RRLs), are either composed of a brittle or a ductile polymeric matrix.
Interleaving has been experimentally proven to enhance modes I and II delamination
resistance [9–18], as it leads to the creation of a plastic yield zone capable of absorbing a
large amount of energy through plastic deformation [19,20].

One important drawback of RRL delamination resistance is the reduction in composite
fiber volume fraction (FVF) with increasing RRL thickness, which inadvertently decreases
mechanical properties. Furthermore, there is an optimum thickness of RRL whereby
additional thickness does not offer any further delamination resistance. However, this
thickness is not well known, but is argued to depend on the plastic zone length of the
toughening resin [21]. The trade-off between delamination resistance and reduction in fiber
volume fraction highlights the necessity of optimizing δRRL thickness.

Traditional fabrication techniques of interleaved composites are very limited to certain
types of resins and typically are only achieved through pre-preg lay-up techniques. Further-
more, interleaving using traditional manufacturing techniques is labor intensive, limits the
types of resins usable, and is of prohibitively high cost. The state-of-the-art would greatly
benefit from an automated interleaving process, whereby a broad range of resins can be
used, and additive manufacturing (AM) presents such an opportunity. AM techniques
offer a novel approach to traditional manufacturing methods, allowing for multi-material
manufacturing and geometric control and are attracting attention in a wide array of indus-
tries [22,23]. Recently, we have developed a method of producing GRFCs using digital light
processing (DLP) stereolithography, a vat photo-polymerization AM technique utilizing
liquid resins that cure selectively upon exposure to ultra violet (UV) light [21]. In a previous
work, we showed that this technique is capable of producing GRFCs using woven (PW)
glass fiber mats with comparable volume fractions of traditional lay-up techniques, but
significant higher delamination resistance. Fiber plies were manually introduced into the
printing system and printed as typical print layers to form a composite part. The DLP
method offers several advantages over traditional hand lay-up techniques, such as selective
spatial reinforcement of a part, control over interlayer spacing, and the use of multiple
resins in a single part [21].

In this work, we utilize the abovementioned AM technique to determine the effect of
RRL thickness and resin properties on composites made with chopped strand glass fiber
(CSGF) mats. The method is used to control the interleaf spacing, i.e., RRL thickness, and
the resin material in flat composite structures that could not be achieved with traditional
manufacturing methods. This offers a unique opportunity to study design parameters
of interleaved composites. Unique composite test specimens were prepared and tested
in short beam shear (SBS), flexure, tensile, and mode II delamination. Interestingly, we
show that there are significant differences in the trends for CSGF mats and PW fabrics for
varying RRL thickness. Furthermore, this work examines the important printer design
criteria for achieving high fiber volume fractions of CSGF. Although CSGF is utilized
in many applications for its low cost and isotropic properties, the random orientation
of the fiber mats lead to significant processing issues that must be overcome to achieve
successful consolidation. This work quantitatively demonstrates the issues with wet fiber
mat consolidation using AM, and discusses engineering solutions.

2. Materials

This work primarily utilized a benchmark additive resin called DA-2, previously
discussed in [24], which is composed of: bisphenol A glycidyl methacrylate ‘Bis-GMA’
(37.5 wt%), ethoxylated bisphenol A dimethacrylate ‘Bis-EMA’ (37.5 wt%), 1,6-hexanediol
dimethacrylate ‘HDDMA’ (25 wt%), and a photoinitiator, Phenylbis (2,4,6-trimethylbenzoyl)
phosphine oxide ‘PPO’ (0.7 wt%). Tenacious resin was purchased from Siraya Tech and
used as received. The reinforcing material was randomly oriented glass fiber, purchased
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from Orca Composites. Properties of the resins and fiber are provided in Tables 1 and 2,
respectively.

Table 1. Properties of DA-2 and Tenacious.

Property DA2 Tenacious

Density (25 ◦C) 1.20 -

Glass Transition Temperature [Tg] (°C) 99 41.97

Tensile Modulus (GPa) 2.80 ± 0.10 1.9 ± 0.09

Tensile Strength (MPa) 61.9 ± 6.30 37.3 ± 2.80

Tensile Strain at Failure (%) 2.5 ± 0.60 44.06 ± 1.90

Flexural Modulus (GPa) 3 ± 0.10 1.6 ± 0.20

Flexural Strength (MPa) 110 ± 10 51 ± 5.20

Fracture Toughness [GIc] (J/m2) 58.80 ± 0.30 1580

Table 2. Properties of glass fiber.

CSGF Properties

Areal Weight (g/m2 or gsm) 900

Density (g/cm3 or g/cc) 2.68 [25]

Tensile Strength (MPa) 3100–3800 [25]

Tensile Modulus (GPa) 80–81 [25]

Elongation at Break (%) 4.5–4.9 [25]

3. Experimental Methods

Figure 1 below demonstrates the printing process and shows images of RRLs in the
final printed parts.

Figure 1. Demonstration of RRL incorporation in 3D-printed CSGF composite bars.

3.1. Composite Bars Printing

An ELEGOO MARS LCD printer (405 nm light) was used to produce all composite
specimens. In all cases, a neat layer of resin was printed initially to ensure good quality
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surface finish, good adhesion to the build platform, and ease of sample removal. Subse-
quently, the platform was sent to a raised position such that the first fiber ply was added
by hand to the resin vat. Note that the fiber ply is pre-wetted with resin to minimize void
fraction in the final 3D printed composite. The building platform was then sent to full
down position to consolidate the fiber mat. Once consolidated, the LCD screen shined blue
light through the bottom of the vat for a determined exposure time to selectively cure the
resin in the fiber mat. Once the resin is cured, the building platform was raised and the
printing paused to ensure that the cured fiber ply adhered well to the building platform,
and any excess fiber along the print edges were removed. The latter step is important
to ensure that excess fiber does not prevent the build platform from pressing down on
subsequent mats with a uniform pressure. All fiber layers are composed of four mats. Thus,
the above process is repeated four times until a fiber-reinforced section was completed.
Once completed, either another fiber layer was added or an RRL was printed. An RRL with
a desired thickness was added by zeroing the printer height with the printed specimen
and then printing resin-only layers until the desired RRL thickness was achieved. This
process was utilized to print tensile and flexural specimens/bars with three RRLs and four
fiber-reinforced sections. Selected δRRL values are 50, 100, 150, and 200 µm. Two more
sets for tensile and flexural testing were manufactured via vacuum-assisted resin transfer
molding (VARTM) to compare their properties with the 3D-printed specimens. Mode II
delamination test specimens were printed with only one central RRL ranging in thickness
from 0 to 250 µm (50 µm increments), and a film insert was introduced in the mid-plane of
the RRL for the Mode II delamination studies. Additionally, 0-µm RRL specimens were
printed for tensile, flexural, and Mode II delamination testing to determine the effect of
δRRL on mechanical properties, as well as a short beam shear (SBS) testing set. All sets
tested with their respective dimensional measurements are provided in Table 3. Microscopy
imaging of the individual interleaved specimens show that resin layers were printed with
good dimensional accuracy; their details are provided in Table 4.

Table 3. Specimen dimensions for mechanical testing, see Section 3.3 for respective ASTM standards.

Manufacturing
Method Test Length (mm) Width (mm) Height (mm)

3D Printing

Short beam shear (SBS) 40 11.50 6.40–6.70

Tensile 100 12 3.90–6.20

Flexure 110 12.35 4.00–6.60

Mode II delamination 110 19 4.30–6.00

VARTM
Tensile 100 12 2.80–2.90

Flexure 110 14 2.85–3.10

3.2. Composite Post-Processing

All printed parts underwent a post-curing procedure inside a Formlabs 405 nm UV
light oven (Somerville, MA) at a temperature of 75 ◦C for 2 h. Afterwards, the bars were
polished to remove excess fiber on the edges and also polish the faces of the specimens to
minimize defects that could impact the mechanical testing results.

3.3. Testing Conditions
3.3.1. Short Beam Shear (SBS) Testing

SBS testing was conducted on rectangular specimens following standard ASTM
D2344/D2344M-16 [26], where the cross-head speed was set to 1 mm/min, the span
length-to-thickness ratio was kept constant at 2:1, and the SBS stress was determined from:

σSBS =
3P
4bh

(1)
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where P is the load measured and b and h are the specimen’s width and thickness,
respectively.

Table 4. RRL measurements for interleaved sets.

Test Set Average Measured δRRL
(µm)

Tensile

DA2-DA2RLx3-50 67.28 ± 2.09
DA2-DA2RLx3-100 114.67 ± 4.22
DA2-DA2RLx3-150 140.27 ± 4.99
DA2-DA2RLx3-200 195.08 ± 8.41

Flexure

DA2-DA2RLx3-50 61.33 ± 1.28
DA2-DA2RLx3-100 97.29 ± 2.34
DA2-DA2RLx3-150 128.43 ± 1.57
DA2-DA2RLx3-200 205.43 ± 5.46
DA2-TENRLx3-100 109 ± 2.5

Mode II Delamination

DA2-DA2RLx1-50 70 ± 2.89
DA2-DA2RLx1-100 108 ± 6.90
DA2-DA2RLx1-150 146 ± 8.72
DA2-DA2RLx1-200 200.4 ± 6.45
DA2-DA2RLx1-250 240 ± 9.76
DA2-TENRLx1-100 111 ± 5.00

3.3.2. Flexure Testing

Flexural testing was conducted on rectangular bars according to standard ASTM D790-
17 [27], where the cross-head speed was set to 1 mm/min, and the span length-to-thickness
ratio was kept constant at 16:1. Note that all test specimens were composed of two fiber
ply regions (top and bottom) separated by one RRL. Flexural strength and modulus were
calculated using the equations below:

σf =
3PL
2bd2 (2)

EB =
mL3

4bd3 (3)

where P is the measured load, L is span length, m is the slope of the linear portion of the
load-displacement curve, and b and d are the specimen’s width and thickness, respectively.

3.3.3. Tensile Testing

Tensile testing was conducted on rectangular bars following the structure ASTM
D3039/3039M-17 [28]. Cross-head speed was set to 0.5 mm/min, gauge length was 50 mm,
and the applied gripping pressure was 350 psi. Mechanical testing was performed us-
ing an MTS 370.10 servo hydraulic frame equipped with a 100 kN load cell. Specimen
displacement and strain were measured by using a 3D Digital Image Correlation (DIC)
system comprising of two 5 megapixel Baumer TXG50 monochrome cameras with 2/3′′

Charged Coupled Device (CCD) sensors (manufactured by GOM-3D Metrology). A field
of view of 55 × 44 mm2 was chosen, while image capturing was performed at a rate of
0.2 Hz. The deformation measurements were obtained using the subset method with
40 × 40 pixels facet size and 20 pixels step size. Tensile strength, modulus, and strain were
determined using:
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σT =
Pmax

A
(4)

ε =
δ

Lg
(5)

ET =
∆σ

∆ε
(6)

where Pmax is the measured load before failure, A is the specimen’s cross-sectional area, δ
is the measured displacement via an extensometer, Lg is the gauge length, and ∆σ/∆ε is
the initial slope of the stress strain curve.

3.3.4. Mode II Delamination

Delamination testing in mode II was performed using a three point bending set up.
The samples were printed with only one resin layer in the mid-plane with a given thickness
in the range described in the previous section. A polyimide film of 40 mm in length was
printed in the center of the RRL layer to initiate the crack. Specimen geometry and testing
conditions were selected following ASTM D7905/D7905M standard [29]. The mode II
interlaminar fracture toughness (GI Ic) was calculated using:

GI Ic =
3mP2

maxa2
0

2B
(7)

where m is a parameter obtained from compliance testing, Pmax is the maximum load
reached during delamination testing, a0 is the position of the delamination test marking,
which was chosen to be 30 mm from the insert’s end, and B is the specimen’s width.

3.4. Fiber Volume Fraction (FVF) and Void Fraction Measurement

The true volume fraction of the printed specimens was experimentally determined via
ignition loss experiments following ASTM standard D2548-18 [30]. The specimens were
weighed, Wb, and then heated to 600 ◦C and cooked for one hour. Specimens were weighed
post heating, Wa, and the actual FVF, φ f ,a, was calculated via:

φ f ,a =

Wa
ρg

Wa
ρg

+ Wb−Wa
ρr

(8)

The void fraction of the specimens, φv, was calculated using equation:

φv = 1−
Wa
ρg

Wa
ρg

+ Wb−Wa
ρr

−
Wb−Wa

ρr

Vc
(9)

where Vc is the sample’s total volume.

4. Results and Discussion
4.1. FVF Results

The volume fraction of reinforcement material is directly related to the mechanical
properties of the composite. In traditional manufacturing methods, there is a fiber consol-
idation step to increase the fiber volume fraction before curing. In the AM method here,
the consolidation step is facilitated by the downward pressure of the build platform on the
fiber mat prior to photo-cure. Figure 2 shows fiber volume and void fraction measured for
flexural and tensile specimens as a function of RRL thickness. In Figure 2a,c, there are three
important observations: (i) the AM specimens have much lower volume fractions than
VARTM samples, (ii) the flexural and tensile specimens have FVF that does not decrease
with RRL thickness for δRRL < 125 µm, and (iii) that the volume fractions for flexural and

42



Polymers 2023, 15, 3189

tensile specimens are very similar. Point (iii) is a testament to the reproducibility of this
manufacturing method, while points (i) and (ii) were somewhat surprising and will be
discussed in detail below.

Another important aspect of composite manufacturing is the introduction of voids
during manufacturing [31,32]. The voids act as defects that can cause premature failure of
the specimen. Vacuum-assisted methods are advantageous, as they minimize the amount
of trapped air. The AM method is done in ambient conditions and thus void fraction is
a reasonable concern. Figure 2b,d show the void fraction measured in the different test
specimens printed using AM. While all void fractions are non-zero, the void fractions are
relatively constant with increasing RRL thickness for tensile and flexural specimens. This
suggests that all voids are coming from the process of introducing the fiber mat. The large
error bars indicate large variations in void distribution for different printed specimens.
Note that the introduction of a dry fiber mat into the resin vat introduced significantly
higher void fractions (data not shown). Thus, pains were taken to pre-wet the fiber mat
before introduction into the resin vat to avoid the trapping of air bubbles during mat
placement. Regardless of these efforts, the void fraction for the specimens could not be
reduced below 4–5%. To minimize the void fraction further, one could imagine introducing
a fiber pre-wetting step that is carried out under vacuum conditions, which is currently in
the works.

Figure 2. FVF measurements (a) and void fraction (b) for flexure specimens; FVF measurements
(c) and void fraction (d) for tensile specimens

4.1.1. Physics of Mat Consolidation

As fiber volume fraction is arguably the most important parameter in determining
mechanical properties, we investigated the reasons behind the lower volume fraction
between AM and VARTM, and the lack of decrease in FVF below δRRL < 125 µm. There are
two reasons for the lower FVF in AM specimens compared to VARTM: (1) lower applied
pressure during consolidation and (2) the larger pressure required to consolidate a wet mat
versus a dry mat. In the case of (1), the z-motor in a DLP printer has a finite amount of
torque, which limits the applied pressure. The maximum downward force measured on the
printer was 150 N, which gives a maximum consolidation pressure of 0.03 MPa considering
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a 110 mm by 45 mm fiber mat. In VARTM, the pressure is uniform and equal to 0.1 MPa
everywhere.

A simple experiment was conducted to demonstrate this point more clearly. Figure 3a
shows a compression strain as a function of pressure for a single dry and wet fiber mat
measured using a parallel plate geometry on an Instron machine via a moving top-plate
and stationary bottom plate. The compression strain for a given downward force was
measured via a change in height of the top plate accounting for compliance of the machine.
The theoretical fiber volume fraction can be calculated via a modified Composites Research
Advisory Group (CRAG) Equation [33] given by:

φ f ,theoretical =
ρareal

ρg

nplies

hdry(1− εcompression)
(10)

where ρareal is the areal weight of the fiber mat and εcompression is the measured compression
strain of the fiber mat. Figure 3b shows the calculated FVF using Equation (10) as a function
of consolidation pressures. This graph clearly shows that a dry fiber mat is capable of
achieving a little less than twice the FVF of a consolidated wet mat at the same pressure.
This important result shows the difficulty in achieving high FVF of random chopped fiber
mats with AM methods.

Figure 3. Fiber compression results and fiber volume fraction prediction.

Taking into account the different pressures applied by the VARTM and AM, the
consolidation experiment predicts a FVF in AM of 28–29% and 36% in VARTM; see the
dotted lines on Figure 3b. Recall from Figure 2a that VARTM and AM achieved a FVF of 40%
and 26%, respectively. Overall, the theoretical predictions via compliance are very close to
the experimentally determined values in both cases, which supports the argument that the
consolidation of wet random chopped glass fiber mats in AM requires significantly higher
pressures/forces than VARTM. Figure 3 clearly shows that FVF of AM CSGF composites
can be increased by using higher torque motors in the z-axis to increase pressure. However,
one must be cognisant that additional pressure could lead to fiber breakage, limiting the
amount of pressure allowed. This work is currently under way.

The fact that VARTM resulted in higher mat consolidation than the theoretical predic-
tion in Figure 3 can be explained by the fact that VARTM performs its consolidation with
uniform pressure compared to the Instron and AM methods, which apply pressure via a
solid platform and are, thus, subject to stress variations. Unfortunately, this issue cannot be
overcome in AM methods, and thus the theoretical wet mat consolidation curve is expected
to hold. A more accurate dry mat consolidation theoretical curve could be achieved using
VARTM at various vacuum pressures. However, the dry mat results in Figure 3 offer a
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lower limit and suffice to point out the differences between the VARTM method and AM
method. Interestingly, there was very little discrepancy in VARTM and AM FVF with PW
mats due to the fact that they require much less consolidation [21].

The last result that needs explaining is the unchanged FVF with increasing RRL
thickness for δRRL < 125 µm. Ideally, one would have expected to see that the inclusion of
resin-rich domains would decrease the FVF of the specimen proportionately. However, the
fact that the FVF stays constant for relatively small δRRL means that the consolidation of the
fiber mat is dependent on RRL. In other words, the only explanation for a constant FVF with
larger resin-rich domains is that the fiber mat layers have increasing FVF with increasing
RRL thickness. This can only mean that the presence of an RRL increases the consolidation
of the subsequently printed fiber mat. One reason for the better mat consolidation is that the
RRL provides a more compliant surface by which to apply pressure to the subsequent mat
layer. In other words, the mechanical properties of the layer just before mat consolidation is
important in ensuring a uniform distribution of stress when the build platform compresses
the mat. This dependence should be taken into account when designing an automated
AM method of mat placement and consolidation. We now look at how the mechanical
properties of AM composite specimens depend on RRL thickness.

4.2. Short Beam Shear/Interlaminar Shear Strength

SBS test was conducted to evaluate the contact strength between CSGF and DA-2
resin (i.e., interlaminar shear strength). During this test, the loading roller applied a
compressive force on the beam, leading to formation and propagation of cracks at the
center of the specimen from the bottom to the top, illustrated by Figure 4a–c. Note that
the test was stopped upon the recording of first load drop (Figure 5), corresponding to
diagonal crack formation as in Figure 4d, as per ASTM standard D2344/D2344M-16, and
for facilitation of understanding the composite’s deformation behavior. Figure 5 shows SBS
versus displacement curves for five specimens

Figure 4. (a) SBS test start. (b) Cracking signs appearing due to accumulated stress. (c) Crack and
stress propagation. (d) SBS test finish.

The tested specimens did not show any delamination failure. This was discussed
in the work by [34,35], where they attributed the observed specimen damages to mixed
shearing and compressive buckling caused by the loading roller. These results indicate that
stress distribution through the thickness of the SBS specimen deviates from classical beam
theory, where the stress is expected to be highest at beam’s mid-plane. The reason for this
discrepancy is unknown and is still being investigated. From the curves in Figure 5, the
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measured SBS for DA-2/CSGF composites was 20 MPa, which is remarkably higher than
the literature values (i.e., 10–15 MPa) of VARTM epoxy composites using the same fiber
mat [36]. This finding confirms the good adhesion and contact between DA-2 and CSGF.

Figure 5. SBS-displacement curves for the tested specimens.

4.3. Static Mechanical Properties Testing
Flexural and Tensile Testing

Figure 6 shows the flexural properties measured for different δRRL and two different
resins, DA-2 and Tenacious (see Table 1 for material properties), compared to a set made
using a traditional composite manufacturing technique, VARTM. Unlike the case of PW fiber
fabric reported in Idrees et al., the VARTM modulus and strength results are considerably
higher than the 0-µm RRL samples printed with CSGF mats [21]. This difference can be
explained by the very different FVF that is achieved using VARTM versus AM, see Figure 2.
This is discussed in depth in Section 4.1.1.

Figure 6a,b show a relatively constant modulus and strength with increasing δRRL, de-
spite the drop in FVF at > 100-µm δRRL. As explained above, a thicker RRL is more efficient
in applying uniform pressure on the imperfect mat landscape than a hard reinforcing fiber
layer. Thus, the laminate layers have an increased modulus in the fiber-reinforced zones,
which contributes to the overall increase in composite modulus due to the presence of
RRLs. This is further validated by specimens printed with a Tenacious RRL. The Tenacious
RRL specimens have almost identical modulus and strength to the pure DA2 specimens.
This should not be the case given the lower modulus and strength of Tenacious; see Table 1.
Again, this can only be explained by an increased consolidation of the mat layer by the
inclusion of a softer more compliant RRL. The data strongly suggest that the additive man-
ufacturing of GFRC using DLP should consider RRL for improved laminate consolidation
Note that this is not the case for oriented fiber mats, as described in Idrees et al. [21], where
consolidation is not so important. Figure 6c,d show the modulus and strength normalized
by the FVF. We can see from the normalized properties that the non-monotonic behavior is
exaggerated and is different to the constant trend observed for oriented fiber mats [21].

As in flexural testing, two batches were made for testing tensile properties of CSGF
DA-2 composites, one 3D printed and one VARTM. Figure 7a,b show that the tensile
modulus remained almost unchanged for all δRRL, whereas the strength slightly declined
for δRRL = 100 µm, but remained constant for larger thicknesses. Overall, the trends
between flexural and tensile specimens are very similar. The normalized properties shown
in Figure 7c,d clearly highlight the non-monotonic behavior of the random fiber mat
composites with increase in δRRL, reflecting the effect of laminate consolidation on the
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observed trends. Interestingly, Figure 7c,d show that the normalized properties of all AM
specimens are higher than the VARTM processed samples.

Figure 6. Flexural properties comparison with respect to RRL thickness.

Figure 7. Tensile properties comparison with respect to RRL thickness.

47



Polymers 2023, 15, 3189

4.4. Mode II Delamination

Mode II delamination was used to quantify the effect of RRL thickness on the de-
lamination resistance, i.e., fracture toughness. Note that mode II measures delamination
resistance under predominately shear loading. For mode II delamination testing, six sets
were made with δRRL ranging from 0 to 250 µm using DA-2 as both fiber matrix and RRL.
An additional 100 µm RRL thickness set was printed using DA-2 as the fiber matrix and the
tough resin, i.e., Tenacious, for the RRL. The propagation of the crack was monitored during
the test and the crack for all samples tested was observed to initiate at a displacement
between 2.5 and 3 mm. Furthermore, Figure 8 shows that the final crack propagation
length was relatively independent of the RRL thickness and resin chemistry. The only major
difference between samples was the load required to initiate and propagate the crack.

Figure 8. Crack propagation versus δRRL.

Figure 9 shows that the GI Ic is a weak function of RRL thickness using DA-2. The
magnitude of GI Ic is independent of RRL thickness up to δRRL = 150 µm, and only slightly
increases at 200 and 250 µm. This very small increase in delamination resistance with δRRL
is below that of other published works, where δRRL showed GI Ic improvement upwards
of 60% [11,13]. Thus, these results underline the importance of the RRL chemistry. This
is further exemplified in the use of Tenacious resin in the RRL, which has a profound
impact on the GI Ic, i.e., almost a two-fold increase in GI Ic. Furthermore, these results are
for the most part consistent with a previous study using DA2/PW GF woven fiber [21],
except for some key differences. For example, unlike DA2/PW GF composites, CSGF mats
show no clear correlation between the peak load and overall crack propagation. Another
important difference was the higher GI Ic values for CSGF composites compared to PW
composites. The average GI Ic value was 0.94 kJ/m2 for 0 µm RRL using PW fabric, whereas
the average GI Ic value was 1.317 kJ/m2 using CSGF mats. Although in both fiber materials,
the measured GI Ic decreases for δRRL = 50 µm, the decrease using CSGF mats was less
sharp, i.e., 6% from 1.317 to 1.245 kJ/m2 compared to 46% from 0.94 to 0.5 kJ/m2. Moreover,
CSGF mats showed an increasing GI Ic with δRRL above the GI Ic of δRRL = 0 µm, while PW
fiber composites showed the highest GI Ic measured at δRRL = 0 µm.

One explanation for the differences between woven fabric and random mats is the
different FVF. More specifically, the PW composites were printed with FVF around 40%,
compared to the approximately 27% presented here. Davies et al. showed that the delami-
nation resistance decreases with increasing FVF [37]. However, more work is needed to
better understand the importance of mat architecture and FVF on the overall delamination
resistance of interleaved composites.
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Figure 9. GI Ic versus δRRL.

5. Conclusions

This paper demonstrated successful fabrication of interleaved random glass fiber-
reinforced thermosetting polymer composites via DLP, a highly promising vat photo-
polymerization AM technique. The key advantage of this technique is efficient and accurate
control over interleaf location, chemistry, and dimension. Note that the specimens presented
here could not be easily achieved with traditional manufacturing methods. While there
are clearly many advantages to the presented AM composite manufacturing process, there
exist several challenges that must be considered. Namely, random chopped glass fiber is
not easily consolidated using the AM build platform due to the higher pressures required
compared to VARTM. This work clearly demonstrated the quantitative differences in
the consolidation of wet and dry fiber mats, which is an important consideration when
determining FVF of printed parts. Furthermore, it was not possible to eliminate void
defects in this process. New strategies would need to be developed to avoid the inclusion of
air pockets during the AM composite manufacturing process, such as a vacuum chamber.

The AM composite manufacturing process was used to to study the effect of RRL
thickness and chemistry on the tensile, flexure, and interlaminar toughness of printed
composite specimens. From the obtained results, we concluded the following:

1. DA-2/ CSGF composites exhibit remarkably higher intelaminar shear strength than
other same fiber composites reported in the literature.

2. Additively manufactured random glass fiber composites are about 50% lower in
FVF than VARTM composites due to printer motor limitations and the much higher
pressures needed to consolidate pre-wetted fiber mats.

3. The presence of RRLs increases fiber mat layer consolidation by distributing the
applied consolidation stress more evenly across the mat.

4. Interleaving using brittle resins does not significantly increase mode II delamination
resistance. However, significant increases are observed when a ductile resin was used
for the RRL. Thus, the resin used for interleaving strongly determines the overall
interlaminar fracture toughness of the part.

5. DA-2/CSGF composites have higher Mode II delamination resistance than woven
glass fiber composite parts. However, this difference could be due to the very differ-
ent FVF.
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Overall, additive manufacturing is a reliable method for incorporating RRLs in compos-
ite parts using a layup technique. The layup process could be automated and incorporated
into stereolithographic methods for the facile production of stiff, tough parts using multi-
ple resins and selective incorporation of interleaved domains. More work is required to
understand the optimum resin properties for the interleaf and the limitations on toughness
and failure mechanisms. These questions are the subject of ongoing investigations.

Author Contributions: A.M.H.I.: draft writing, sample manufacturing and characterization, me-
chanical testing experiments (short beam shear, flexure and delamination), and respective analysis.
M.I.: methodology and data accuracy validation. E.T.: tensile testing conduction and data analysis.
A.K.: resources and facilities provision for tensile testing. N.J.A. and G.R.P.: funding provision and
research supervision. All authors reviewed the manuscript. All authors have read and agreed to the
published version of the manuscript.

Funding: Research was sponsored by the Army Research Laboratory and was accomplished under
Cooperative Agreement Number W911NF-17-2-0227. The views and conclusions contained in
this document are those of the authors and should not be interpreted as representing the official
policies, either expressed or implied, of the Army Research Laboratory or the U.S. Government. The
U.S. Government is authorized to reproduce and distribute reprints for Government purposes not
withstanding any copyright notation herein.

Data Availability Statement: Data are available upon request.

Acknowledgments: Research was sponsored by the Army Research Laboratory and was accom-
plished under Cooperative Agreement Number W911NF-17-2-0227. The views and conclusions
contained in this document are those of the authors and should not be interpreted as representing the
official policies, either expressed or implied, of the Army Research Laboratory or the U.S. Government.
The U.S. Government is authorized to reproduce and distribute reprints for Government purposes
notwithstanding any copyright notation herein.

Conflicts of Interest: The authors declare that there is no conflict of interest.

References
1. Mallick, P.K. Fiber- Reinforced Composites Materials, Manufacturing, and Design, 3rd ed.; CRC Press: Boca Raton, FL, USA, 2007.
2. Shivakumar, K.; Panduranga, R. Interleaved polymer matrix composites—A review. In Proceedings of the 54th

AIAA/ASME/ASCE/AHS/ASC Structures, Structural Dynamics, and Materials Conference, Boston, MA, USA, 8–11
April 2013; pp. 1–13. [CrossRef]

3. Odagiri, N.; Kishi, H.; Yamashita, M. Development of torayca prepreg p2302 carbon fiber reinforced plastic for aircraft primary
structural materials. Adv. Compos. Mater. 1996, 5, 249–254. [CrossRef]

4. Wang, S.; Zhang, Y.; Wu, G. Interlaminar shear properties of z-pinned carbon fiber reinforced aluminum matrix composites by
short-beam shear test. Materials 2018, 11, 1–14. [CrossRef] [PubMed]

5. Mignery, L.A.; Tan, T.M.; Sun, C.T. Use of Stitching To Suppress Delamination in Laminated Composites; ASTM Special Technical
Publication: West Conshohocken, PA, USA, 1985; pp. 371–385. [CrossRef]

6. Pagano, N.J.; Pipes, R.B. The Influence of Stacking Sequence on Laminate Strength. J. Compos. Mater. 1971, 5, 50–57. [CrossRef]
7. Dow, M.B.; Dexter, H.B. Development of Stitched, Braided and Woven Composite Structures in the ACT Program and at Langley

Research Center. 1997; pp. 1–73. Available online: https://dl.acm.org/doi/pdf/10.5555/888217 (accessed on 4 July 2023).
8. Masters, J.E. Improved impact and delamination resistance through interleafing. Key Eng. Mater. 1989, 37, 317–348. [CrossRef]
9. Sela, N.; Ishai, O.; Banks-Sills, L. The effect of adhesive thickness on interlaminar fracture toughness of interleaved cfrp specimens.

Composites 1989, 20, 257–264. [CrossRef]
10. Grande, D.H.; Ilcewicz, L.B.; Avery, W.B.; Bascom, W.D. Effects of intra- and inter-laminar resin content on the mechanical

properties of toughened composite materials. In Proceedings of the NASA Advanced Composites Technology Conference, Seattle,
WA, USA, 29 October–1 November 1990; Volume 53, pp. 455–475.

11. Hojo, M.; Ando, T.; Tanaka, M.; Adachi, T.; Ochiai, S.; Endo, Y. Modes I and II interlaminar fracture toughness and fatigue
delamination of CF/epoxy laminates with self-same epoxy interleaf. Int. J. Fatigue 2006, 28, 1154–1165. [CrossRef]

12. Garcia, E.J.; Wardle, B.L.; John Hart, A. Joining prepreg composite interfaces with aligned carbon nanotubes. Compos. Part A Appl.
Sci. Manuf. 2008, 39, 1065–1070. [CrossRef]

13. Yasaee, M.; Bond, I.P.; Trask, R.S.; Greenhalgh, E.S. Mode II interfacial toughening through discontinuous interleaves for damage
suppression and control. Compos. Part A Appl. Sci. Manuf. 2012, 43, 121–128. [CrossRef]

14. Yasaee, M.; Bond, I.P.; Trask, R.S.; Greenhalgh, E.S. Mode I interfacial toughening through discontinuous interleaves for damage
suppression and control. Compos. Part A Appl. Sci. Manuf. 2012, 43, 198–207. [CrossRef]

50



Polymers 2023, 15, 3189

15. Kim, J.W.; Lee, J.S. Influence of interleaved films on the mechanical properties of carbon fiber fabric/polypropylene thermoplastic
composites. Materials 2016, 9, 1–12. [CrossRef]

16. Lewin, G. The influence of resin rich volumes on the mechanical properties of glass fibre reinforced polymer composites. Plymouth
Stud. Sci. 2016, 9, 123–159.

17. Sacchetti, F.; Grouve, W.J.; Warnet, L.L.; Villegas, I.F. Effect of resin-rich bond line thickness and fibre migration on the toughness
of unidirectional Carbon/PEEK joints. Compos. Part A Appl. Sci. Manuf. 2018, 109, 197–206. [CrossRef]

18. Damodaran, V.; Castellanos, A.G.; Milostan, M.; Prabhakar, P. Improving the Mode-II interlaminar fracture toughness of
polymeric matrix composites through additive manufacturing. Mater. Des. 2018, 157, 60–73. [CrossRef]

19. Singh, S.; Partridge, I.K. Mixed-mode fracture in an interleaved carbon-fibre/epoxy composite. Compos. Sci. Technol. 1995,
55, 319–327. [CrossRef]

20. Dowling, N. Mechanical Behavior of Materials: Engineering Methods for Deformation, Fracture, and Fatigue, 4th ed.; Pearson: Reston,
VA, USA, 2013.

21. Idrees, M.; Ibrahim, A.M.H.; Tekerek, E.; Kontsos, A.; Palmese, G.R.; Alvarez, N.J. The effect of resin-rich layers on mechanical
properties of 3D printed woven fiber-reinforced composites. Compos. Part A Appl. Sci. Manuf. 2021, 144, 106339. [CrossRef]

22. Singh, N.; Siddiqui, H.; Koyalada, B.S.R.; Mandal, A.; Chauhan, V.; Natarajan, S.; Kumar, S.; Goswami, M.; Kumar, S. Recent
Advancements in Additive Manufacturing (AM) Techniques: A Forward-Looking Review. Met. Mater. Int. 2023, 29, 2119–2136.
[CrossRef]

23. Muhindo, D.; Elkanayati, R.; Srinivasan, P.; Repka, M.A.; Ashour, E.A. Recent Advances in the Applications of Additive
Manufacturing (3D Printing) in Drug Delivery: A Comprehensive Review. AAPS PharmSciTech 2023, 24, 1–22. [CrossRef]

24. Tu, J.; Makarian, K.; Alvarez, N.J.; Palmese, G.R. Formulation of a model resin system for benchmarking processing-property
relationships in high-performance photo 3D printing applications. Materials 2020, 13, 4109. [CrossRef]

25. Wallenberger, F.T.; Watson, J.C.; Li, H. Glass Fibers; ASM International: Materials Park, OH, USA, 2001; Volume 21. [CrossRef]
26. ASTM International. Standard Test Method for Short-Beam Strength of Polymer Matrix Composite Materials. Annu. Book Astm

Stand. 2011, 1–8. [CrossRef]
27. ASTM International. Standard Test Methods for Flexural Properties of Unreinforced and Reinforced Plastics and Electrical

Insulating Materials. D790. Annu. Book Astm Stand. 2002, 1–12. [CrossRef]
28. ASTM International. Standard Test Method for Tensile Properties of Polymer Matrix Composite Materials. Annu. Book Astm

Stand. 2014, 1–13. [CrossRef]
29. ASTM International. Standard test method for determination of the mode II interlaminar fracture toughness of unidirectional

fiber-reinforced polymer matrix composites. Annu. Book Astm Stand. 2014, 1–18. [CrossRef]
30. ASTM International. Standard test method for ignition loss of cured reinforced resins. Annu. Book Astm Stand. 2018, 1–3.

[CrossRef]
31. Kashfi, M.; Tehrani, M. Effects of void content on flexural properties of additively manufactured polymer composites. Compos.

Part C Open Access 2021, 6, 1–8. [CrossRef]
32. Hetrick, D.R.; Sanei, S.H.R.; Ashour, O. Void Content Reduction in 3D Printed Glass Fiber-Reinforced Polymer Composites

through Temperature and Pressure Consolidation. J. Compos. Sci. 2022, 6, 128. [CrossRef]
33. Curtis, P.T. Crag Test Methods for the Measurementof the Engineering Properties of Fibre Reinforced Plastics; Technical Report; Royal

Aerospace Establishment: Farnborough, UK, 1988.
34. Figliolini, A.M.; Carlsson, L.A. Mechanical Properties of Carbon Fiber/Vinylester Composites Exposed to Marine Environments.

Polym. Compos. 2014, 35, 1559–1569.
35. Whitney, J.M.; Browning, C.E. On short-beam shear tests for composite materials. Exp. Mech. 1985, 25, 294–300. [CrossRef]
36. Heckadka, S.S.; Nayak, S.Y.; Narang, K.; Vardhan Pant, K. Chopped Strand/Plain Weave E-Glass as Reinforcement in Vacuum

Bagged Epoxy Composites. J. Mater. 2015, 2015, 957043. [CrossRef]
37. Davies, P.; Casari, P.; Carlsson, L.A. Influence of fibre volume fraction on mode II interlaminar fracture toughness of glass/epoxy

using the 4ENF specimen. Compos. Sci. Technol. 2005, 2, 295–300. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

51



Citation: Žiganova, M.; Merijs-Meri,
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Abstract: The current research is devoted to the investigation of the plasticization of polyhydroxybu-
tyrate (PHB) and polyhydroxybutyrate-co-hydroxyvalerate (PHBV) with triethyl citrate (TEC). Three
different PHB or PHBV-based systems with 10, 20, and 30 wt.% of TEC were prepared by two-roll
milling. The effect of TEC on the rheological, thermal, mechanical, and calorimetric properties of the
developed compression-molded PHB and PHBV-based systems was determined. It was revealed that
the addition of TEC significantly influenced the melting behavior of both polyhydroxyalkanoates
(PHA), reducing their melting temperatures and decreasing viscosities. It was also revealed that all
the investigated systems demonstrated less than 2% weight loss until 200 ◦C and rapid degradation
did not occur until 240–260 ◦C in an oxidative environment. Apart from this, a remarkable increase
(ca 2.5 times) in ultimate tensile deformation εB was observed by increasing the amount of TEC
in either PHB or PHBV. A concomitant, considerable drop in ultimate strength σB and modulus of
elasticity E was observed. Comparatively, the plasticization efficiency of TEC was greater in the case
of PHBV.

Keywords: biopolymers; polyhydroxyalkanoates; plasticization; triethyl citrate; polyhydroxybutyrate

1. Introduction

Huge amounts of annually generated synthetic plastic waste critically affect the en-
vironment. Since 2009 the waste quantity has increased by 24%, whereas in 2019 34.4 kg
of plastic waste per person on average was generated in the EU [1]. The environmental
issues predominantly are caused by the daily consumption of synthetic polymer products
with short life cycles (packaging and disposables). Many products with short life cycles are
often mixed in a waste stream making their separation and recycling complicated [2]. Con-
sequently, it is important to develop environmentally sustainable alternatives, primarily
for products of short life cycles.

Microbially synthesized polyhydroxyalkanoates (PHAs) are polyesters produced by
microorganisms as intracellular granules under nutrient stress. In 1925, Lemognie discov-
ered the simplest form of PHAs, polyhydroxybutyrate (PHB), as a source of energy and
carbon storage in microorganisms. Under optimal conditions, above 80% of the dry weight
of Alcaligenis euterophus is of PHB [3]. Other most studied strains for PHB production are Ral-
stonia eutropha (also known as Cupriavidus necator) [4], Alcaligenes spp., Azotobacter spp. [5],
Bacillus spp., Nocardia spp., Pseudomonas spp., and Rhizobium spp. [6]. These strains are suit-
able for the production of not only PHB, but also other members of the PHA family such as
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poly(3-hydroxyvalerate) (PHV), poly(3-hydroxybutyrate-co-3-hydroxyvalerate) copolymer
(PHBV), poly(3-hydroxyoctanoate) (PHO), and poly(3-hydroxynonanoate) (PHN) [4,5,7,8].
Copolymers, such as PHBV, have better stress-strain characteristics than PHB and, there-
fore, they are more attractive for practical use. A fully biodegradable PHBV has been
commercially available since 1990 by the company ICI “Biopol”. However, the share of
PHAs is still negligible (1.7% [9]) from the biopolymers global market, which in 2019 was
estimated to be 3.8 million tons, in sharp contrast to the fossil-based polymer market of
372 million tons [10].

Neat PHB is brittle without modification due to high stereoregularity degree and
formation of very large and overlapped spherulites with a high tendency to crack. To
resolve this issue PHB is plasticized, which undoubtedly affects its rheological, thermal, and
mechanical properties [4,11–13]. The most common plasticizers for PHB are (1) esters, such
as citrates [14], adipates [13], phthalates [15], diols and (2) polyols, such as poly(ethylene
glycol) (PEG) [11] and Laprol [16], respectively, (3) vegetable oils, such as epoxidized
soybean oil [16], and (4) terpenes [17]. The influence of some plasticizers on the thermal
and mechanical properties of PHB and PHBV is reported in Table 1. Unemura et al. [14]
found that TEC is an efficient plasticizer for PHB, gradually changing its mechanical and
thermal properties. Requena et al. [11] evaluated the efficiency of adding PEG200, PEG1000,
and PEG4000 to PHB by achieving minor improvement in ultimate elongation at break
though at decreased stiffness and tensile strength. Scalioni et al. [18] reported that the
addition of TEC at a mass fraction of 0.3 resulted in a decrease in the elastic modulus of
PHB from 230 MPa to 120 MPa. Rapa et al. [19] obtained samples of PHB/TEC blends
displaying maximum elongation at a break of 3.1% by loading of 30% TEC.

Table 1. Selected properties of some plasticized PHB systems.

PHAs TEC(wt. Parts) Plasticizer Tm (◦C) X (%) εB (%) Reference

PHB

0
Epoxidized linseed oil

(ELO)

175 52 9.7

[20]

0.05 173 47 12.7

0.1 171 46 13.6

0.05 Epoxidized soybean oil
(ESBO)

173 47 9.2

0.1 172 48 8.9

PHB

0

Triethyl citrate
(TEC)

180 81 5.8 ± 0.6

[14]
0.1 173 71 5.6 ± 0.4

0.2 171 62 7.4 ± 0.9

0.3 162 53 6.9 ± 1.6

PHB

0

Dioctyl
(o-)phthalate

(DOS)

169 56 * 2.5 ± 0.5

[15]

0.25 164 54 * 3.9 ± 0.3

0.3 163 57 * 4.3 ± 0.6

0.35 165 50 * 5.4 ± 0.9

0.4 165 57 * 5.2 ± 0.6

0.5 165 51 * -

0

Acetyl tributyl citrate
(ATBC)

169 56 * 2.5 ± 0.5

0.1 163 61 * 6.1 ± 0.8

0.2 160 58 * 8.5 ± 0.9

0.25 158 60 * 8.8 ± 0.9

0.3 157 59 * 9.7 ± 0.7
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Table 1. Cont.

PHAs TEC(wt. Parts) Plasticizer Tm (◦C) X (%) εB (%) Reference

PHBV

0
Biodegradable oligomeric polyester
based on lactic acid, adipic acid, and

1,2-propanediol at a molar ratio of 20:40:40
(PLAP)

174 53 8 ± 0.4

[21]
0.1 173 55 8.2 ± 0.4

0.2 170 56 8.1 ± 0.4

0.3 174 61 6.6 ± 0.5

* Crystallinity calculated from DSC data by assuming the enthalpy of 100% crystalline PHB = 146 J/g as reported
by [12].

Although citrate-plasticized PHB and PHBV systems have been widely investigated,
not all the aspects have been completely resolved, for example, thermooxidative behavior
at elevated temperatures in the air environment. Apart from this, high price and compli-
cated synthesis of technologically competitive PHA copolymers with high stress-strain
characteristics still are one of the main limiting factors for increasing production amounts
of the polymer.

Consequently, in the current research, we have performed a synthesis of PHB using
a simple low-cost approach. To reduce brittleness, we have performed melt plasticiza-
tion of PHB using TEC as a cheap and environmentally friendly plasticizer. To evaluate
plasticization efficiency at different TEC contents we have investigated structural, thermo-
gravimetric, rheological, and mechanical properties over a broad temperature range. For
comparison, the effect of TEC on the above-mentioned properties of commercially available
PHB copolymer (PHBV) with small (1%) hydroxyvalerate content has been investigated.

2. Materials and Methods
2.1. Materials

PHB homopolymer was obtained from bacteria Cupriavidus necator NCIMB 11,599 by
fermentation on glucose in a fed-batch process with phosphate limitation according to
Haas et al. [22]. The PHB was recovered by a modified method of Yang et al. [23]. In short,
cells of Cupriavidus necator were separated by centrifugation at 4500 rpm for 25 min, and
obtained biomass was freeze-dried. PHB was extracted from dry biomass by resuspending
in 7% SDS solution and incubating for 20 h at 70 ◦C. After centrifugation at 8000 rpm for
10 min, the PHB sediment was washed with water four times and freeze-dried.

Poly(3-hydroxybutyrate-co-3-hydroxyvalerate was a commercial product (PHBV,
China, Ningbo City, TianAn Biopolymer: ENMAT Y1000) with 1 mol% HV 3-(hydroxyvalerate)
content [24].

Triethyl citrate (TEC, Burlington, MA, USA, Sigma Aldrich, Mw = 276.28 g·mol—1,
ρ = 1.137 g L—1) was used as a plasticizer.

2.2. Preparation of Plasticized Systems

Both biopolymers, before plasticization, were dried at 60 ◦C in a vacuum oven for 24 h.
As shown in Table 2, plasticized systems with TEC weight concentrations of 10%, 20%, and
30% were mixed using a two-roll mill LRM-S-110/3E from Lab Tech Engineering Company
Ltd. Mixing time was 3 min and the roll temperatures were 165 ◦C and 175 ◦C. Furthermore,
the plasticized systems were milled at room temperature and 700 rpm using a Retsch cutting
mill SM300 with a 6 mm sieve. The obtained flakes (see Figure 1) with average dimensions
of 3 mm × 2 mm were used for manufacturing test specimens using compression molding.
Test specimens for mechanical property tests were cut from ~0.5 mm thick plates with
dimensions of 60 mm × 100 mm obtained by hot pressing at 190 ◦C. Samples for oscillatory
shear rheology tests were cut from 1 mm thick plates with dimensions of 60 mm × 100 mm,
similarly obtained by hot pressing.
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Table 2. Codes and the composition of the plasticized PHB and PHBV systems.

Code PHBV (wt.%) PHB (wt.%) TEC (wt.%)

PHBV 100 — 0
PHBV10 90 — 10
PHBV20 80 — 20
PHBV30 70 — 30

PHB — 100 0
PHB10 — 90 10
PHB20 — 80 20
PHB30 — 70 30
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2.3. Characterization Methods
2.3.1. Molecular Weight (Mw)

The viscosity average molecular weight was determined using Ubbelohde viscometer
type 1C with diameter of the capillary 0.56 mm (Schott—Instruments GmbH, Mainz,
Germany) at 30 ◦C temperature following the guidelines of ISO 1628. All the samples were
dissolved in chloroform to obtain solutions with five different concentrations in the range
between 50 mg and 250 mg of PHAs per 100 mL of the solvent. The viscosity average
molecular weight for each sample was obtained using the Mark–Houwink equation with K
and values of 1.18 × 10−2 and 0.780, respectively, as reported elsewhere [4,5,20]:

[η] = k Mw
a (1)

where [η] is the intrinsic viscosity of PHAs solutions in chloroform and Mw is viscosity
average molecular weight.

2.3.2. Fourier Transform Infrared Spectroscopy (FT−IR)

FT-IR spectra were obtained by Thermo Fisher Scientific Nicolet 6700 spectrometer
(Thermo Fisher Scientific Inc., Waltham, MA, USA) by Attenuated Total Reflectance (ATR)
technique. All the spectra were recorded in the range 650–4000 cm—1 with a resolution of
4 cm—1.

2.3.3. Thermogravimetric Analysis (TGA)

Therogravimetric properties were analyzed using a Mettler Toledo thermogravimetric
analyzer TGA1/SF (Mettler Toledo, Greifensee, Switzerland). Samples of approximately
10 mg were heated from ambient temperature to 600 ◦C at a heating rate of 10 ◦C/min
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under an air atmosphere. The material weight loss was calculated using the original
software following the ASTM D3850.

2.3.4. Differential Scanning Calorimetry (DSC)

Melting/crystallization behavior was evaluated using a Mettler Toledo differential
scanning calorimeter DSC 1/200W. The specimen of approximately 10 mg was sealed in an
aluminum pan and subjected to the following temperature cycles: (1) heating from—50 ◦C
to 200 ◦C at a rate of 10 ◦C/min and holding at the corresponding target temperature for
5 min, (2) cooling to 25 ◦C at a rate of 10 ◦C/min and holding at the corresponding target
temperature for 5 min, followed by (3) second heating from 25 ◦C to 200 ◦C at a rate of
10 ◦C/min. The DSC measurements were performed underneath a nitrogen atmosphere.
The degree of crystallinity (χ) was calculated using the following equation:

χ =
∆Hc

∆Ho
m(1−W)

× 100 (2)

where ∆Hc is the measured specific melt enthalpy of the compound and ∆Ho
m is the melting

enthalpy of the 100% crystalline PHB = 146 J/g [12].

2.3.5. Oscillatory Shear Rheology

Discs (ca 1.0 mm (h) × 25 mm Ø) were cut from compression-molded plates of both
PHAs and plasticized systems using a die-cutting press and circular die with appropriate
dimensions. Complex viscosity η* was measured as a function of angular frequency ω
in the oscillatory mode at 190 ◦C at 1% strain, and within the frequency range of 0.01 Hz
to 100 Hz (ω = 0.0628 to 628 rad/s) using a Modular Compact Rheometer SmartPave 102
(Anton Paar GmbH, Graza, Austria—Europe) equipped with 25 mm diameter parallel plate
configuration.

2.3.6. Tensile Properties

Tensile stress—strain characteristics were determined at a temperature of 20 ◦C in
accordance with EN ISO 527 using Zwick Roell material testing equipment BDO—FB020TN
(Zwick Roell Group, Ulm, Germany) equipped with pneumatic grips. Type 5A test speci-
mens were stretched at a constant deformation speed of 50 mm/min. Demonstrated values
represent the averaged results of the measurements performed on 10 test specimens for
each type of plasticized system.

2.3.7. Dynamic Mechanical Thermal Analysis (DMTA)

Dynamic mechanical thermal analysis was carried out using METTLER TOLEDO
DMA/SDTA861e (METTLER TOLEDO GmbH, Analytical, Schwerzenbach, Switzerland)
operating in a tensile mode at 10 N of maximum stress, 10 µm of maximum strain, and a
frequency of 1 Hz. Tests were run within a temperature range from −50 ◦C to +105 ◦C at a
heating rate of 2 ◦C/min.

3. Results
3.1. Molecular Weight

Viscosity average molecular weights of PHBV copolymer and PHB homopolymer
were calculated from intrinsic viscosity values which were determined using a Ubbelohde
type viscometer type 1C with diameter of the capillary 0.56 mm (Schott—Instruments
GmbH, Mainz, Germany). The intrinsic viscosity of a polymer is related to its molecular
weight, side chain length, and degree of branching. In general, polymers with higher
molecular weights and longer side chain lengths have higher intrinsic viscosities, as there
is a greater degree of chain entanglement. Intrinsic viscosity also provides information
about the conformations of a polymer by reflecting the degree of chain entanglement and
intermolecular interactions that occur in a solution.
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Linear extrapolation trendlines of PHA viscosity as a function of its solution in chlo-
roform concentration are reported in Supplementary Materials Figure S1. As seen from
Figure S1 and Table 3, PHBV shows considerably higher viscosity than PHB, consequently,
Mw of PHBV is approximately eight times higher than that of PHB. Quagliano et al. [13]
have reported that molecular weight, yield, composition, and purity of PHB largely depend
on the carbon source and its concentration. For example, it has been observed that by
increasing glucose or molasses concentration from 10–50 g/L in the isolated rhizospheric
soil samples from the Agronomy Faculty Campus (Buenos Aires, Argentina), the molec-
ular weight of PHB after 24 h of fermentation gradually increased from 55–80 kDa to
300–400 kDa, and 500–700 kDa in the case of glucose and molasses carbon source, respec-
tively [13]. In turn, Luigi-Jules Vandi et al. [24] have reported that the Mw of commercial
PHBV with 1 mol% HV 3-(hydroxyvalerate) content, purchased in a powder form from
TianAn Biopolymer, China, under the trade name of ENMAT Y1000, usually ranges from
550–650 kDa as analyzed by gel permeation chromatography. The molecular weight of
PHB is typically lower than that of PHBV due to differences in their chemical composition
and polymerization mechanisms [25,26].

Table 3. Molecular weight and instinct viscosity of PHAs.

Sample Code Mw (kDa) η (Pa·s)

PHBV 540 0.69
PHB 66 3.86

3.2. Fourier-Transform Infrared Spectroscopy (FT-IR)

FTIR-ATR spectroscopy was used to assess the structural changes in the plasticized
systems after the introduction of TEC. The collected FTIR spectra are shown in Figure 2. In
Table 4, representative absorption bands of PHB, PHBV, and TEC are summarized. There is
no great difference between the FTIR spectra of PHB and PHBV due to a small amount of HV
units in PHBV (1 mol%). The addition of TEC also did not change FTIR spectra dramatically
due to structural similarities between the plasticizer and the polymer. The appearance of
no new peaks in the FTIR spectra of the plasticized systems also confirms no chemical
interaction between TEC and PHB or PHBV. The greatest changes after the addition of
TEC have been observed in the carbonyl absorption region; while for TEC, this peak is
shifted to the direction of longer wavelengths in comparison to those of PHB and PHBV.
However, several bands attributed to C–O–C groups’ asymmetric stretching (1180 cm−1

and 1181 cm−1 for PHB and PHBV, respectively), C–O–C groups’ symmetric stretching
(1130 cm−1 and 1129 cm−1 for PHB and PHBV, respectively), C-O groups’ vibrations
(1226 cm−1 and 1274 cm−1), and also –C=O groups’ vibrations have been previously
related to the ratio of amorphous and crystalline parts of PHAs [27]. Therefore, the main
attention was devoted to the assessment of the changes in the crystalline structure of PHB
and PHBV after plasticization with TEC. In the current case, respective bands are not
significantly shifted due to the addition of TEC. However, the intensity of the bands at
1181 cm−1, 1129 cm−1, 1226 cm−1, and 1274 cm−1 of PHBV decreased to a greater extent in
comparison to that of the TEC plasticized PHB (see Figure 3). This may be indicative of a
larger influence of TEC in the crystalline structure of PHBV in comparison to that of PHB,
resulting in more effective plasticization of the copolymer along with addition of TEC.
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Figure 2. FT-IR spectra of PHAs and their plasticized composites basic functional groups.

Table 4. Representative FT-IR absorption intensities of PHAs [28–31].

Mode of Molecular Vibration

PHB PHBV TEC

Current
Research Reference Current

Research Reference Current
Research Reference

C–C backbone stretching 978 — 977 977 [28] — —
O−C−C stretching 1043/1054 — 1044/1054 1054 [28] 1023 —

O–C–C asymmetric stretching 1100

1000–1300 [29]

1099 1099 [28] 1096 1113 1097 [31]
1114 [31]

C–O–C symmetric stretching 1130 1129 1129 [28] —

1050-1300 [31]
C–O–C asymmetric stretching 1180 1181 1179 [28] 1182

C–O symmetric stretching 1226 1226 1226 [28] —
C–O symmetric stretching of

aliphatic esters 1260 1261 1261 [28] —

C–O symmetric stretching 1274 1274 1275 [28] —
C–H symmetric bending of

methyl (-CH3) groups 1379 1377 [29] 1379 1379 [28] 1370 1373 [31]

C–H asymmetric stretching and
bending vibrations of methyl
(-CH3) and methylene (-CH2-)

groups

1453 1452 [29] 1452 1452 [28] — —

C=O stretching of ester groups 1718 1727 [29] 1718 1720 [28]
1722 [30] 1730 1735 [31]

—CH3 symmetric stretching 2851/2873 — 2851/2873 2881 [30] — —

—CH2 symmetric stretching 2390 — 2932
2933 [28]

2925/2945
[30]

— —

C−H asymmetric vibration of
methyl (-CH3) groups 2975 2927/2969 [29] 2976 2975 [28] 2982 2983 [31]

Terminal –OH group 3434 3434 [29] 3435 3434 [28] 3484 3502 [31]
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3.3. Thermal Gravimetric Analysis (TGA)

Although many research groups have investigated the thermal behavior of PHAs by
TGA, only a few of these investigations have been performed in an oxidative environment,
disregarding the fact that even in a closed system, such as an extruder barrel, there is a cer-
tain amount of dissolved oxygen [32]. Consequently, TGA tests in the current research have
been performed in an oxidative environment. The TGA thermograms of the investigated
PHB- and PHBV-based systems are shown in Figure 4. The thermal stability of neat PHB is
higher than that of PHBV, which could be explained by the lower deactivation energy of
the latter (177 kJ/mol and 136 kJ/mol, respectively) as reported by Yun Chen et al. [27]. As
expected, the addition of TEC, which has lower thermal stability, decreased the thermal
resistance of the investigated plasticized systems. By increasing the content of TEC, the
onset thermal degradation temperature Ton decreases. A relatively larger decrease in Ton
is the case for PHB-based systems resulting in the fact that both plasticized systems with
30 wt.% of TEC show almost identical Ton. However, the slope of TGA curves within the
main mass loss region for the plasticized systems decreased, testifying that TEC contributes
to the formation of the gas-impermeable char layer, reducing the diffusion of oxygen to the
zone of burning and decreasing the combustion rate. It should, however, be mentioned
that there is negligible mass loss (less than 1%) of the investigated systems if heated up to
190 ◦C, which was the processing temperature of the investigated systems. In spite of this
slight mass loss, the decrease in the molecular weight of PHAs during 30 min of isothermal
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heating at 180 ◦C is more than 20% [33], which repeatedly testifies that the processing of
PHAs base systems should be performed at possibly low temperatures and short cycle
times in Table 5.
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Figure 4. TGA thermograms of TEC plasticized PHBV and PHB systems within the full temperature
range (a,b, respectively) and within the temperature range of 40 ◦C and 200 ◦C (c,d, respectively).

Table 5. Percent mass loss temperatures of PHBV, PHB, and its plasticized systems.

Sample Code
Residual Mass at Fixed Temperature, wt.%

Ton, ◦C
Percent Mass Loss Temperatures, ◦C

180 ◦C 190 ◦C 200 ◦C T1% T5% Tdeg

PHB 100 100 100 288 227 279 298
PHB10 100 99 99 280 202 246 258
PHB20 100 99 98 264 185 241 274
PHB30 100 99 98 275 181 229 286
PHBV 100 100 100 283 259 276 295

PHBV10 99 99 99 285 208 257 299
PHBV20 99 99 98 279 184 234 283
PHBV30 99 99 98 275 187 228 287

TEC 96 95 94 276 120 190 276

3.4. Differential Scanning Calorimetry (DSC)

DSC thermograms of the first heating run of all the investigated systems are sum-
marized in Figure 5, whereas the main calorimetric data of the thermograms are given in
Table 6. DSC thermograms of the subsequent cooling and second heating runs of PHB,
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PHBV, and their plasticized systems are reported in the Supplementary Materials Figures
S2–S5, whereas the main calorimetric data are summarized in Table 7 for the cooling run
and Table 8 for the second heating run.
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Table 6. Results of the first heating run of neat PHBV, PHB, and TEC plasticized systems.

Sample Code wt. %

1st Heating Run

χ ∆Hm Tm
1 Tm

2 Tonset Toffset ∆T
(%) (J/g) (◦C) (◦C) (◦C) (◦C) (◦C)

PHB 0 53 77 - 174 136 183 47

PHB10TEC 10 58 76 165 * 172 133 181 48

PHB20TEC 20 59 69 160 * 169 127 177 50

PHB30TEC 30 60 61 157 * 166 122 173 51

PHBV 0 64 94 - 175/185 * 135 192 57

PHBV10%TEC 10 59 78 - 168 118 177 59

PHBV20%TEC 20 57 66 - 163 114 174 60

PHBV30%TEC 30 59 60 151* 161 106 168 62

* Relates to inflection point.

Table 7. Results of the cooling run of neat PHBV, PHB, and TEC plasticized systems.

Sample Code wt.%

Cooling Run

χ

(%)
∆Hm
(J/g)

Tm
1

(◦C)
Tonset
(◦C)

Toffset
(◦C)

∆T
(◦C)

PHB 0 45 66 91 67 112 45

PHB10TEC 10 44 58 71 51 100 49

PHB20TEC 20 47 55 75 49 100 51

PHB30TEC 30 45 46 69 43 96 53

PHBV 0 46 68 83 55 108 53

PHBV10%TEC 10 47 61 81 52 106 54

PHBV20%TEC 20 44 51 75 44 99 55

PHBV30%TEC 30 45 46 71 31 98 67
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Table 8. Results of the second heating run of neat PHBV, PHB, and TEC plasticized systems.

Sample Code wt.%

2nd Heating Run

χcc
(%)

∆Hcc
(J/g)

Tcc
(◦C)

χ *
(%)

∆Hm
(J/g)

Tm
1

(◦C)
Tm

2

(◦C)
Tonset
(◦C)

Toffset
(◦C)

∆T
(◦C)

PHB 0 3 4 99 54 (51) 78 169 173 139 183 44

PHB10TEC 10 2 2 89 59 (57) 77 156 167 131 176 45

PHB20TEC 20 3 4 89 59 (56) 69 154 166 129 175 46

PHB30TEC 30 4 4 83 62 (58) 63 157 165 127 174 47

PHBV 0 5 8 95 61 (56) 90 167 172 128 185 57

PHBV10%TEC 10 3 4 94 62 (58) 81 162 170 118 176 58

PHBV20%TEC 20 5 6 91 63 (58) 74 154 165 117 175 58

PHBV30%TEC 30 4 5 90 62 (58) 64 148 162 112 172 60

* Value in the brackets reflects the initial crystallinity of the PHB or PHBV by considering the cold crystalliza-
tion effect.

It is known that the crystallization of PHAs is affected by nucleation acts and spherulite
growth dynamics, which often results in the formation of multimodal exothermic peaks
due to the irregular release of heat [34,35]. Consequently, multimodal melting behavior is
observed for the investigated PHBV in the first heating run demonstrating one expressed
major melting peak at 175 ◦C, which overlaps with a minor melting peak at 185 ◦C. The
presence of double peaks in melting endotherms is generally explained by two mechanisms:
(1) double lamellar thickness population model [36] and (2) melting and recrystallization
model [37]. Most probably, the major melting peak of PHBV is attributed to the melting of
initially present crystalline structures, which tend to recrystallize into thicker more perfect
lamellas. Due to the low co-monomer content, it is believed that the melting peak of HV
moieties is overlapped with the melting of dominating HB moieties. This results in a
broader melting interval of PHBV in comparison to PHB. During the cooling run, single
melting peak of PHBV is observed around 83 ◦C. In the case of the second run, the bimodal
melting behavior of PHBV is observed, whereas the melting peaks are shifted to lower
temperatures, which may be because of less crystallization time for the PHA sample, as
previously observed by Yun Chen et al. [27]. Similar trends may also be observed from
PHB scans, whereas the observed melting/crystallization peak temperatures are somewhat
higher in comparison to those of PHBV.

If TEC is added, the melting endotherm of PHBV systems shifts to the left side resulting
in lower peak temperatures of melting of the polymers’ crystalline fractions. It is also worth
noting that the addition of TEC, even at its lowest amount (10 wt.%), contributes to the
development of multimodal melting behavior, i.e., by increasing TEC concentration, the
lower temperature melting peak becomes more separate. This testifies that TEC influences
the nucleation process of PHBV. In a similar way, the crystallization peak temperature of the
plasticized PHA compositions decreases by TEC addition, and in the case of PHBV-based
systems crystallization occurs in a broader range in comparison to PHB/TEC.

As it is demonstrated in Table 8, controlled crystallization of the investigated systems
at the rate of 10 ◦C/min in the DSC cell, initiated the development of frozen structures,
resulting in the appearance of a cold crystallization peak during the second heating run. It
may be observed that cold crystallization peak temperature Tcc is lowered by the addition
of TEC, whereas cold crystallization enthalpy is only slightly affected. Concomitant, cold
crystallization affects the initial crystallinity of PHB or PHBV crystalline fraction not more
than by a couple of percent. In general, the crystallinity of PHBV is somewhat higher than
that of PHB. This is not common behavior; however, it can be explained by a greater amount
of crystallizable fractions due to the higher molecular weight of the copolymer. The addition
of plasticizer is known to reduce the crystallinity of polymers due to the penetration
of plasticizer between polymer macromolecules by reducing intermolecular interaction
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strength. The observed increase in crystallinity most probably is related to the plasticizer
acting as a nucleating agent, promoting the growth of new crystallites or facilitating the
aggregation of existing crystallites. Similar behavior has been observed by Jost et al. for a
number of different plasticizers including TEC already at small concentrations (5%) [38].

3.5. Oscillatory Shear Rheology

By considering that offset melting temperatures of the investigated PHA systems were
within the interval between 168 and 192 ◦C, oscillatory shear rheology tests were made
at 190 ◦C, close to the highest Toffset value. This temperature was also used during the
compression molding of the investigated plasticized systems. It has been determined that
by increasing shear rates, the complex viscosity η* values of neat PHBV, and PHB as well
as the TEC plasticized systems decrease demonstrating shear thinning behavior typical
for non-Newtonian fluids (see Figure 6). As already expected, η* of neat PHBV at low
angular velocity valuesω is higher in comparison to PHB, which is determined evidently
by its higher molecular mass. However, at high ω values η* of PHBV becomes smaller
than that of PHB, which is explained by the lower thermal stability of PHBV and easier
disruption of molecular entanglements due to greater mobility of macromolecular chain of
the copolymer caused by valerate moieties. Thus, one may conclude that PHBV is more
sensitive to shear stresses than PHB. The addition of TEC decreases conformational rigidity,
lowers viscosity, and, hence, eases the processability of the plasticized systems by reducing
the intermolecular interactions and disrupting the crystalline structure of the polymers.
A relatively smaller decrease in η* for the systems with 10 wt.% of TEC is because the
plasticizer molecules may not beefficiently adsorbed between PHBV or PHB chains, leading
to a less pronounced reduction in viscosity compared to the systems with higher TEC
concentrations.
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Figure 6. Complex viscosity (η*) versus angular velocity (ω) plots for PHBV (a), PHB (b), and their
plasticized systems (190 ◦C).

Besides it has been observed that at the beginning of the oscillatory test (the highest
angular velocity value) storage modulus G′ exceeds the loss modulus G′′. For example,
at an angular frequency of 628 rad/s G′ and G” values are 158 kPa and 87 kPa for neat
PHBV and 143 kPa and 59 kPa for neat PHB, respectively. The modulus cross-over point
is reached at 100 rad/s for PHBV (60 kPa) and 30 rad/s for PHB (30 kPa), after which G′′

starts to dominate over G′. At the lowest angular frequency (0.1 rad/s) respective G′ and
G′′ values are 0.11 Pa and 40 Pa for PHBV, and 35 Pa and 108 Pa for PHB, testifying that the
copolymer has higher shear stress sensitivity. As demonstrated in Figure 7, G′ and G′′ of the
investigated systems decrease by increasing the TEC content in the polymer composition,
especially in the case of plasticized PHBV, following the same trend as matrix polymers.
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3.6. Tensile Properties

As seen in Figure 8a,b, by increasing the TEC content up to 30 wt.%, the modulus of
elasticity E of the plasticized systems experiences a nearly twofold decrease from 2546 MPa
to 1236 MPa and from 3559 MPa to 712 MPa for PHB- and PHBV-based systems, respectively.
This indicates that the addition of structurally bulky TEC considerably affects the rigidity
of the polymer matrix, especially in the case of PHBV. Consequently, although E of neat
PHBV, mainly due to its higher molecular weight, is ca 1.3 times higher than that of neat
PHB, after plasticization with 30 wt.% of TEC E of PHBV-based system becomes 2.2 times
lower than that of its PHB-based counterpart. Similarly, the addition of TEC has also led to
a considerable decrement of stress at break σB of all the plasticized systems, especially in
the case PHBV-based systems. Thus, due to plasticization with 30 wt.% of TEC σB of PHBV-
and PHB-based systems decrease by 60% and 40%, respectively. This suggests that PHBV
is more efficiently plasticized by TEC in comparison to PHB. Hence, plasticized PHBV-
based systems demonstrate 2.5 times larger ultimate elongation values in comparison to
PHB-based systems. Disregarding this, ultimate deformation EB of PHB and PHBV due to
plasticization increases to a similar extent, i.e., approximately 2.5 times at the maximum
TEC concentration.

3.7. Dynamic Mechanical Analysis (DMA)

Loss factor tan δ and storage modulus E′ versus temperature T relationships of the
investigated plasticized systems are shown in Figures 9 and 10. The tanδ(T) relationships
demonstrate well-expressed relaxation region within temperature intervals −10 ◦C–+55 ◦C
with maxima at 22 ◦C for PHBV and between −10 ◦C and +40 ◦C with maxima at 19 ◦C for
PHB. This relaxation is associated with glass transition in the amorphous phases of PHB or
PHBV. The breadth of this relaxation region is associated with the presence of crystalline
fraction in both polymers as previously stated by Scandola et al. [39]. As shown in Table 9,
the addition of TEC causes a considerable negative shift in glass transition maxima by
26 ◦C for both PHBV plasticized with 30 wt.% of TEC and its PHB-based counterpart. This
is because the plasticizer causes the weakening of intermolecular forces that contribute to
the stiffness of the material.
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Table 9. Tg from tan δ peak maximum.

Sample Tg, ◦C Sample Tg, ◦C

PHBV 22 PHB 19
PHBV10 5 PHB10 12
PHBV20 −1 PHB20 −5
PHBV30 −4 PHB30 −7

Apart from the Tg peak, another well-expressed intensity is observed in the tanδ(T) rela-
tionships with onset at ca 63 ◦C and ca 45 ◦C for PHBV and PHB, respectively. This intensity
may be related to the beginning of the crystal–crystal slippage occurring in semicrystalline
polymers just below melting as stated by Madbouly et al. [40] and McDonald et al. [6] who
observed high-temperature relaxation of PHB at about 110 ◦C. This transition may also be
related to the α′ relaxation of the amorphous–crystalline interphase [27]. The addition of
TEC promoted this relaxation process to occur at somewhat lower temperatures, especially
in the case of PHBV-based systems, confirming that TEC affects the structure of PHBV to a
greater extent in comparison to PHB.

In correspondence with tan δ data and trends in tensile properties of the investigated
PHA-based systems, storage modulus temperature relationships E′(T) are shifted to the
direction of lower temperatures and lower modulus values by increasing TEC content
in the plasticized system. As already expected, larger E′ changes have been observed
for PHBV-based systems. Figure 11 depicts the E′ change of PHBV and PHB plasticized
systems below and above the glass transition region (−45 ◦C and +45 ◦C respectively). As
expected, below Tg the change of E′ of PHBV as a result of TEC addition up to 30 wt.%,
is around 45%, whereas the change of the counterpart PHB-based system is only 26%.
However, if the temperature is raised above Tg, the decrement of E′ is much greater, i.e., by
ca 70% and 80% for PHB and PHBV-based systems, respectively. Consequently, the TEC
addition drop of E′ of PHBV-based systems are more intensive, similarly as it was observed
in the case of tensile tests.
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4. Conclusions

In this research, the efficiency of the plasticization of PHB and PHBV with TEC (10, 20,
and 30 wt.%) as an environmentally friendly plasticizer is demonstrated. The following
results have been obtained due to plasticization with TEC:

(1) Considerable thermooxidative degradation in the air of the investigated plasticized
systems does not occur until 240–260 ◦C, while the minimum onset thermal degrada-
tion temperature is 264 ◦C;

(2) The rate of thermooxidative degradation of the plasticized systems is decreased to a
certain extent due to the contribution of TEC in the building of the gas-impermeable
char layer;

(3) Increased shear forces cause decrement of melt viscosity as well as storage and loss
modules of both PHB and especially PHB- based systems due to lower activation
energy of the latter and weakened interaction between the polymer chains because of
plasticization;

(4) The melting range of the plasticized systems is considerably decreased (by ca 10 ◦C
at the maximum peak value), thus relieving the processability of the investigated
systems;

(5) Ultimate elongation εB values of the investigated plasticized systems increase on
average 2.5 times by increasing TEC content, reaching values as high as 9% (for
PHBV-based systems);

(6) Modulus of elasticity E as well as tensile strength σB values experience certain decre-
ments, especially for PHBV-based systems above glass transition temperature Tg.

Consequently, plasticized low molecular PHB has improved use potential due to
reduced brittleness, making it similar to the commercial PHBV in respect to ultimate elon-
gation value. Apart from this, the possibility to process plasticized PHB and plasticized
PHBV at somewhat lower temperatures potentially reduces the potential of thermoox-
idative decomposition of the polymers during melt processing; thus, making them more
suitable for the manufacturing of environmentally sound packaging, which is the expected
target market of the investigated PHA compositions. To achieve this aim, it is expected to
investigate the long-term stability of the developed composites under the influence of dif-
ferent factors of the external environment. It is also expected to assess further modification
potential of the developed plasticized systems by using agricultural residues.
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Abstract: It is a great challenge to develop low-cost and dopant-free polymer hole-transporting
materials (HTM) for PSCs, especially for efficient air-processed inverted (p-i-n) planar PSCs. A
new homopolymer HTM, poly(2,7-(9,9-bis(N,N-di-p-methoxylphenyl amine)-4-phenyl))-fluorene
(denoted as PFTPA), with appropriate photo-electrochemical, opto-electronic and thermal stability,
was designed and synthesized in two steps to meet this challenge. By employing PFTPA as dopant-
free hole-transport layer in air-processed inverted PSCs, a champion power conversion efficiency
(PCE) of up to 16.82% (0.1 cm2) was achieved, much superior to that of commercial HTM PEDOT:PSS
(13.8%) under the same conditions. Such a superiority is attributed to the well-aligned energy levels,
improved morphology, and efficient hole-transporting, as well as hole-extraction characteristics at the
perovskite/HTM interface. In particular, these PFTPA-based PSCs fabricated in the air atmosphere
maintain a long-term stability of 91% under ambient air conditions for 1000 h. Finally, PFTPA as
the dopant-free HTM was also fabricated the slot-die coated perovskite device through the same
fabrication condition, and a maximum PCE of 13.84% was obtained. Our study demonstrated that
the low-cost and facile homopolymer PFTPA as the dopant-free HTM are potential candidates for
large-scale production perovskite solar cell.

Keywords: fluorene-based hole transporting polymer; dopant-free; air-processed; inverted perovskite
solar cells

1. Introduction

Over the past few years, encouraging progress has been made in the field of organic-
inorganic hybrid perovskite solar cells [1–7]. The power conversion efficiency (PCE) of
the organic-inorganic halide perovskite solar cells (PSCs) has rocketed to a certified record
of 25.8% [8,9], indicating its great potential to compete with traditional silicon solar cells
in near future. Substantial effort has been carried out to push the PSC performance to its
theoretical limit, including fabrication techniques, device architectures, functional compo-
nents based on new materials in perovskite layer and charge-transporting layers [10–14].
Two types of device architectures have been widely employed for PSCs: normal (n-i-p)
and inverted (p-i-n) configurations, with each type featuring different advantages and
challenges. The n-i-p PSC devices currently have superior PCE but typically use transparent
electron transport layers (ETLs) of metal oxides that require high-temperature fabrication
methods and doped hole transport materials (HTMs) that can introduce device degradation
pathways. Moreover, these n-i-p architecture PSCs suffer from a large degree of J − V
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hysteresis. As an alternative, the emerging inverted PSCs with a p-i-n architecture use
p-type and n-type materials deposited at relatively low temperatures by solution processing
as bottom and top charge transport layers, respectively [15–18]. The inverted PSCs have
shown many advantages, such as high efficiencies (as high as >25% using self-assembly
hole-extraction layer) [19–23], low-temperature processing on flexible substrates, and, fur-
thermore, negligible J − V hysteresis effects. Thus, p-i-n PSCs are typically employed
in silicon/perovskite [24] and perovskite/perovskite [25] two-terminal tandem devices,
which is essentially important for the future of commercial PSC technology.

For inverted PSCs, HTMs not only greatly improve hole extraction and transport from
the perovskite layer to electrode, but also have a significant impact on the crystallinities and
morphologies of perovskite film, which could boost the PCE and stability of devices [26–28].
Especially to achieve superior long-term stability of PSCs, it is necessary to develop efficient
dopant-free HTMs. Fundamentally, highly efficient dopant-free HTMs for inverted PSCs
have several basic requirements, such as suitable energy levels for perovskite materials,
high hole mobility and conductivity, high chemical and thermal stability, excellent film
processing ability and film stability [29–31]. Since in the inverted devices, HTM is deposited
before the perovskite layer, the surface properties of the HTM layer significantly affect
the polycrystalline film quality of the perovskite layer. Thus, excellent wettability with
perovskite precursor solutions is an essential prerequisite for promoting the crystallization
process of perovskite [31,32]. In addition, a weak absorption coefficient in the visible to
near-infrared region and high photostability in the ultra-violet region are highly desirable
for dopant-free HTMs in p-i-n devices because the light passes through the HTM layer
before being absorbed by the perovskite layer [31,32].

Dopant-free polymer HTMs have attracted much attention due to their advantages
such as high heat resistance, high hydrophobicity, excellent film-processing ability, and
compatibility with the scale roll-to-roll printing technique [32,33]. More importantly, the
amorphous nature and strong intrachain charge transfer along the conjugated backbone
result in a good balance between high mobility and good film quality, rather than a trade-off
for small-molecule HTMs. Although plenty of efficient dopant-free D-A copolymeric HTMs
have been reported [34–36], most of them were utilized in n-i-p device stacks. Except for
their high costs, D-A copolymers also absorb some sunlight in visible region when they
are applied to the p-i-n PSCs. It should be noted that the majority of highly efficient PSCs
based on D-A type copolymers are fabricated inside a glove box filled with costly inert gas
to avoid moisture, which is incompatible with the low-cost and large-scale manufacturing
of PSCs in ambient conditions.

The state-of-the-art p-i-n device architectures use fullerene or related derivatives as ETLs
and dopant-free polymeric HTMs such as poly[bis(4-phenyl)(2,3,6-trimethylphenyl)amine]
(PTAA). However, its low hole transporting ability and high hydrophobicity require ad-
ditional dopants and wetting treatment for PTAA, which unavoidably reduce the device
performance reproducibility [37]. In the case of PEDOT:PSS, a widely used classic water-
soluble conducting polymer HTL in inverted PSCs, its acidic and hygroscopic nature
can degrade the perovskite layer and corrode anodes, reducing the stability of the solar
cells [38]. Furthermore, the mismatched energy level between the valence band of per-
ovskite materials and the work function of PEDOT:PSS could lead to severe non-radiative
recombination, limiting the VOC as well as the photovoltaic performance. To date, the
inverted PSCs using pristine PEDOT:PSS as the HTL achieved a PCE of 15.05% [39], which
is far less than the other dopant-free polymeric HTL, such as PTAA, PII2T8T and poly[3-(4-
carboxybutyl)-thiophene-2,5-diyl] (P3CT) [40].

On the other hand, most of the reported highly efficient PSCs were fabricated in
a well-controlled glovebox free from moisture and oxygen. Large-scale manufacturing
in ambient processing conditions remain challenging both in lab and in factory, because
polycrystalline perovskite materials are extremely sensitive to moisture and oxygen in
ambient air. Several recent advances in the development of air-processed PSCs mainly
focus on the control of the processing of perovskite materials. But little attention has been
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paid to dopant-free polymeric HTMs in the inverted PSC devices fabricated in air. Our aim
is to develop low-cost, highly efficient dopant-free polymeric HTM, which is suitable for
air-processed PSCs.

Herein, we introduce a novel homopolymer, poly(2,7-(9,9-bis(N,N-di-p-methoxylphenyl
amine)-4-phenyl))-fluorene (denoted as PFTPA, see in Scheme 1). PFTPA exhibits matched
energy alignment with adjacent perovskite, superior hydrophobicity, and high hole mobility.
As a preliminary result, the dopant-free PFTPA-based air-processed p-i-n PSCs exhibit a
champion power conversion efficiency (PCE) of 16.82% (0.1 cm2) under a 100 mW cm2

AM1.5G solar illumination and maintain a long-term stability of 91% under ambient air
conditions for 1000 h. These results suggest the great potential of homopolymer PFTPA
HTMs for future low-cost large-scale and flexible PSCs application.
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2. Materials and Methods
2.1. Synthesis of PFTPA
2.1.1. Synthesis of 4,4′-(2,7-Dibromo-9H-fluorene-9,9-diyl)bis(N,N-bis(4- methoxyphenyl)
aniline) (2BrFTPA)

In a two-necked round bottom flask (50 mL), 2,7-dibromofluorenone (1.50 g, 4.40 mmol),
4,4-dimethoxytriphenylamine (10.85 g, 35.5 mmol) and methylsulfonic acid (4 mL) were
mixed. The mixture was heated to 140 ◦C and kept refluxing for 12 h. Then, the reaction
system was cooled to room temperature and the solidified raw products were dissolved
with dichloromethane. This mixture solution was washed by saturated saline in turn.
The organic phase was dried with anhydrous sodium sulfate before dichloromethane was
removed. The crude product was further purified by silica gel column chromatography
and recrystallized from a mixed solvent of ethyl acetate/hexane to obtain 2BrFTPA as a
white solid (4.10 g, yield 75%). 1H NMR (400 MHz, CDCl3) δ = 7.53 (d, J = 8.1 Hz, 2H),
7.49–7.41 (m, 4H), 7.03 (d, J = 8.8 Hz, 8H), 6.90 (d, J = 8.8 Hz, 4H), 6.79 (d, J = 9.0 Hz, 8H),
6.74 (d, J = 8.7 Hz, 4H), 3.76 (s, 12H) ppm. 13C NMR (101 MHz, CDCl3) δ = 156.06, 153.96,
147.54, 140.73, 138.01, 135.69, 130.72, 129.45, 128.60, 127.00, 121.78, 121.56, 119.67, 114.77,
64.55, 55.57 ppm. MALDI-TOF-MS (m/z): Calculated for C53H42Br2N2O4: 928.15; Found:
928.11 [M]+.

2.1.2. Polymerization of PFTPA

Bis-(1,5-cyclooctadiene) nickel (130 mg, 0.48 mmol), 2,2-Bipyridine (76 mg, 0.48 mmol),
1,5-cyclooctadiene (52 mg, 0.48 mmol) and anhydrous DMF (5 mL) were added into a
25 mL thick pressure-resistant Schlenk reaction tube, heated to 80 ◦C under the protection
of nitrogen and stirred for 30 min. Monomer 2BrFTPA (370 mg, 0.40 mmol) was dissolved
in 8 mL of anhydrous toluene, bubbled with nitrogen for 10 min to remove the air in the
solution, and then added to the reaction tube. The reaction system was heated to 80 ◦C and
stirred for 24 h. Bromobenzene (2 mL) was added for end capping and stirring continued at
80 ◦C for 12 h; then, it was dropped into the mixed solution of methanol/hydrochloric acid
(v/v = 2/1). The catalyst was then filtered and removed. The filter cake was redissolved
with chloroform (15 mL), dropped into the mixed solution of methanol/acetone (v/v = 4/1),
and reprecipitated to obtain the solid crude product. The solid crude product was put
into Soxhlet extractor, extracted successively with petroleum ether and dichloromethane,
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and yellow green PFTPA film (260 mg, yield 70%) was formed on the bottle wall after
removing dichloromethane by rotary evaporation. 1H NMR (400 MHz, CDCl3) δ = 7.76 (m,
2H), 7.61 (m, 4H), 7.07 (m, 4H), 6.94 (m, 8H), 6.75 (m, 12H), 3.72 (s, 12H) ppm. GPC (THF,
polystyrene standard, 35 ◦C): Mn = 12.2 kDa, Mw = 29.9 kDa, PDI = 2.46.

2.2. Device Fabrication and Measurement

Materials: A modified PEDOT:PSS solution was prepared by mixing 1 mL of PE-
DOT:PSS (HC Starck, Baytron P AI 4083), 60 mg of sodium polystyrene sulfonate (molecular
weight ~70,000, Sigma-Aldrich, Shanghai, China), and 5 mL of deionized water and stirring
for 10 min. A CH3NH3PbI3 precursor solution was prepared by dissolving a 1.2 M PbI2
(Sigma-Aldrich, Burlington, MA, USA) and a 1.2 M CH3NH3I (Greatcell Solar Materials,
Beijing, China) in dimethylformamide (DMF) and stirring at 70 ◦C for 30 min. After cooling
to room temperature, solid NH4Cl was added to the solution with a concentration of
0–20 mg/mL, and the solution was then stirred for 30 min at room temperature. PFTPA
was dissolved in toluene and a 0.5 mg/mL solution was prepared for standby.

Device Fabrication: Patterned ITO glass was cleaned in detergent (Deconex 12PA
detergent solution), deionized water, acetone, and isopropanol sequentially by ultrasoni-
cation and then treated with UV-ozone for 15 min. For control devices, PEDOT:PSS was
dropped onto the ITO glass substrate through a syringe filter (0.2 µm RC filter) and spin
coated at 5000 rpm for 20 s. For target devices, PFTPA in toluene was deposited on ITO by
spin coating at 5000 rpm for 30 s. The substrate was then heated on a hotplate at 150 ◦C
for 10 min in air. After cooling to room temperature, the substrate was put on a piece
of Halyard TERI Wiper. A total of 20 µL of CH3NH3PbI3 solution was dropped on the
substrate. Then, a N2 gas flow was applied to the substrate from a plastic tube with an
inner diameter of 4 mm. The tube was perpendicular to the substrate and the outlet of
the tube was 1 cm above the substrate. The flow rate of the N2 gas was adjusted using a
flowmeter. The solution spread on the substrate and the superfluous solution flowed off
the substrate while blowing. The color of the substrate changed from yellow to dark brown
in 10 s. Then, the tube was moved around the substrate to dry the film at the edge. Next,
the substrate was heated at 100 ◦C for 30 s. PC61BM in chlorobenzene (20 mg mL−1) and
PEIE were spin coated onto the CH3NH3PbI3 layer at 1000 rpm for 30 s. Finally, a 100 nm
Ag was evaporated onto the BCP layer through a shadow mask to produce an active area
of 0.1 cm2 [33,38].

For the perovskite solar cells made using slot-die coating, ITO glass was cleaned and
PFTPA was spin-coated on the substrate as described above. A 0.65 M CH3NH3PbI3
solution with a 10 mg/mL NH4Cl additive was coated onto the modified PFTPA layer
using a slot-die coater with a setting speed of 8 mm/s. The temperature of the printer bed
was set to 60 ◦C. N2 gas with a flow rate of 20 L/min was used to dry the film while coating.
PC61BM, PEIE, and Ag layers were deposited as described above.

Device Characterizations: The optical absorption of the perovskite samples was mea-
sured using a UV-vis spectrophotometer (Shimadzu UV-1750, Kyoto, Japan). The steady-
state photoluminescence (PL) spectra were obtained using a PL microscopic spectrometer
(HITACHI, F4600, Tokyo, Japan). The time-resolved photoluminescence (TRPL) was mea-
sured at 780 nm using excitation with a 510 nm light pulse from Edinburgh FLS980. The
photocurrent density-voltage curves of the perovskite solar cells were measured using a
solar simulator (Oriel 94023A, 300 W) and a Keithley 2400 source meter. The intensity
(100 mW/cm2) was calibrated using a standard Si solar cell (Oriel, VLSI standards). All the
devices were tested under AM 1.5G sun light (100 mW/cm2) using a metal mask of 0.1 cm2

with a scan rate of 10 mV/s.

3. Results and Discussion
3.1. Synthesis and Design Principle

The chemical structure and synthetic route toward PFTPA are shown in Scheme 1.
The design of PFTPA was inspired by 2,2′,7,7′-tetrakis(N,N′-di-p-methoxyphenylamine)-
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9,9′-spirobifluorene (Spiro-OMeTAD), the most explored HTM. Spiro-OMeTAD contains
a spirobifluorene core and four diphenylamine end groups. Its twisted structure ensures
high solubility and facilitates the process of the HTM film, but leads to large intermolecular
distance and weak intermolecular interaction resulting in its low charge mobility. On
the other hand, Spiro-OMeTAD possesses a wide bandgap and a deeper HOMO energy
level than many other reported dopant-free polymeric HTMs. Therefore, PFTPA was
successively designed by reducing the rigidity of the spirobifluorene core to 9,9-diphenyl-
fluorene and extending the conjugated length from one spirobifluorene unit to polyfluo-
rene. The key monomer of 2BrFTPA was obtained by refluxing 2,7-dibromofluorenone and
4,4-dimethoxytriphenylamine (OMeTPA) in methylsulfonic acid without any expensive
catalyst with a high isolated yield. Eventually, the homopolymer, PFTPA, was obtained by
Yamamoto polymerization according to monomer 2BrFTPA. Detailed synthetic procedures
and structural characterizations of monomer and PFTPA were described in the Experimen-
tal Section. The chemical structure of 2BrFTPA was confirmed by 1H NMR, 13C NMR and
MALDI-TOF mass spectrum measurements as shown in Figures S1–S3. The target poly-
meric HTM was readily soluble in common organic solvents such as chloroform, toluene,
and chlorobenzene (CB). The average molecular weights (Mn and Mw) and polydispersity
index (PDI) of PFTPA were measured via gel permeation chromatography (GPC). The
weight-average molecular weight (MW) was 29.9 kDa with a PDI of 2.46. Note that the lab
synthesis and purification cost of 2BrFTPA and PFTPA are both very low. For example,
the total cost for PFTPA is estimated at 16.74 USD/g (the lab synthesis and purification
cost is summarized in Table S1), which is much lower than that of many other reported
dopant-free polymeric HTMs and shows a promising scale-up strategy for commercial
production.

3.2. Thermal, Photophysical and Electrochemical Properties

Thermal properties of polymeric HTMs have an important impact on the stability
of PSC devices. Thermal properties of PFTPA were characterized via thermogravimetric
analyzer (TGA) and differential scanning calorimeter (DSC). As shown in Figure 1a, PFTPA
displayed an outstanding thermal stability with decomposition temperatures (Td, 5%
weight loss temperature) of 367 ◦C. The DSC curves display the temperature-time data of
the second heating circle as shown in Figure S5; the glass phase transition temperature
(Tg) of PFTPA is about 200 ◦C. Both TGA and DSC results indicate that PFTPA can be
maintained in amorphous states during the thermal annealing process, which is essential
for device fabrication and device operation stability.

Normalized ultraviolet visible (UV-Vis) absorption spectra and photoluminescence
(PL) spectra of PFTPA in dilute dichloromethane solution (10−5 M) and spin-coated thin
films are shown in Figure 1b, and the corresponding data are summarized in Table 1. The
maximum absorption wavelengths of PFTPA in solution and film state are 307 nm and
310 nm, respectively. The long wavelength absorption edges are estimated to be 421 nm and
434 nm, respectively. The absorption spectra of PFTPA in a dichloromethane solution and
thin film are very similar in shape, while the absorption spectrum in film is slightly broad-
ened compared to the spectrum in the solution, indicating that no strong intermolecular
π-π stacking exists. The fluorescence emission peaks of PFTPA in dichloromethane solution
and thin film are 431 nm and 489 nm, respectively, and the corresponding Stokes shifts are
9397 cm−1 and 11,808 cm−1, respectively. A larger Stokes shift will benefit the hole-injection
of HTMs and the efficiency of PSC devices. According to the initial absorption wavelength
of the absorption spectrum of PFTPA in dilute dichloromethane solution (λEdge), the optical

band gap of PFTPA is calculated at 2.95 eV by equation Eopt
g = 1240/λedge. The absorbance

of PFTPA as a wide bandgap homopolymer is mainly located in the near ultraviolet light re-
gion, and PFTPA displays strong blue emission. Thus, in p-i-n PSC devices, the competitive
absorption of solar light by the hole transport layer and perovskite layer can be efficiently
avoided. Meanwhile, by converting UV light to blue emission, PFTPA could reduce the
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damage of UV irradiation to perovskite layer and increase the solar light density in the
visible region, leading to efficient absorption and conversion of solar light by PSC devices.
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Table 1. The photovoltaic performance of perovskite solar cells.

Scan Direction VOC (V) JSC (mA cm−2) FF (%) PCE (%) a

PFTPA
Reverse 1.13 19.66 75.7 16.82
Forward 1.12 20.08 72.5 16.30

Slot-die Reverse 1.08 19.50 65.7 13.84

PEDOT:PSS Reverse 1.00 19.87 69.5 13.80
Note: a, average value for PCE device according to 15 devices.

The transmittance of the hole transport layer in inverted PSC devices significantly
affects the utilization efficiency of sunlight by the perovskite active layer. The light transmis-
sion spectra of bare ITO substrate, ITO/PFTPA and ITO/PEDOT:PSS films were measured
(shown in Figure 1c). PFTPA has obvious light absorption in the range of 350–450 nm,
resulting in low light transmittance in this range. However, at the wavelength ranging
from 470 to 800 nm, its light transmittance is better than that of PEDOT:PSS, ensuring more
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sunlight can efficiently reach the perovskite active layer. Moreover, as discussed above, the
absorbed sunlight in the range of 350–450 nm can be partially down-converted to the blue
emission of PFTPA, which will also be absorbed by the perovskite layer.

Electrochemical cyclic voltammetry (CV) and differential pulse voltammetry (DPV)
were performed to determine the frontier orbital energy levels of PFTPA experimentally.
Figure 1d depicts the CV and DPV profile of PFTPA in a dilute DCM solution. As can
be seen, PFTPA showed a reversible oxidation process in the positive range. The onset
oxidation potential (EOX

onset) of PFTPA is estimated to be 0.34 V (vs. Ag/Ag+) with ferrocene
as the reference and the oxidation potential value of ferrocene of 0.10 V (vs. Ag/Ag+, see
in Figure S6). Usually, the HOMO energy level is calculated according to the following
Formula (1):

HOMO = −
(

EOX
onset − EFc/Fc+ + 5.1

)
eV. (1)

In the end, the HOMO energy level of PFTPA is calculated to be −5.34 eV, which is
deeper than that of spiro-OMeTAD (−5.01 eV) and PTAA (−5.1 eV). This value matches
the VB energy level (5.40 eV) of MAPbI3 well, which will benefit the efficient extraction of
the hole at the interface between the hole transport layer and the perovskite active layer. In
addition, the deeper HOMO levels of HTMs could benefit the higher open-circuit voltage
(VOC) of the PSC devices. The LUMO energy level of PFTPA is calculated to be −2.39 eV
by adding its optical band-gap energy (Eg = 2.95 eV) to its HOMO energy. Obviously,
PFTPA with much higher LUMO energy level than the conduction band (CB) energy level
of MAPbI3 (−3.9 eV) could block electron flow into perovskite more effectively.

3.3. Density Functional Theory Simulation of PFTPA

To further understand the molecular configuration and electron distribution of its
frontier molecular orbitals of PFTPA, density functional theory (DFT) simulation was
performed using Gaussian 09 at the B3LYP/6-31G(d,p) base set. In order to investigate
the twist angle of monomers in conjugated backbone of PFTPA, a model polymer with
three repeating units was adopted for theoretical simulation as shown in Figure 2. The
optimized geometry shows that the dihedral angles between the middle fluorene unit
and the left and right monomers are +33.74◦ and −33.72◦, respectively. This implies that
all the 4,4-dimethoxytriphenylamine groups are arranged in a helical manner around
the polyfluorene backbone. Thus, these 4,4-dimethoxytriphenylamine groups suppress
the π-π stacking between polyfluorene backbone, which explains the similar absorbance
spectra of PFTPA in solution and film state. The LUMO orbital of PFTPA is distributed
in the polyfluorene backbone, while the HOMO orbital is mainly located around the 4,4-
dimethoxytriphenylamine groups in one repeat unit. By plotting the molecular orbits
of HOMO-1, HOMO-2 and HOMO-3, all these HOMO orbitals are distributed in one
4,4-dimethoxytriphenylamine group due to the degeneracy of energy levels among the
monomers in PFTPA.

The electronic transition process and absorption spectrum of PFTPA in the dichloro-
methane solution was also theoretically simulated based on the time-dependent DFT
(TD-DFT) method, as shown in Figure S7 and Table S2. The absorption peaks of PFTPA
mainly originate from n-π* and π-π* transitions between 4,4-dimethoxytriphenylamine and
the polyfluorene backbone. For example, the maximum absorption peak near 310 nm and
the absorption shoulder account for the n-π* and π-π* transition absorption, respectively.
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Figure 2. The optimized chemical structure and frontier orbitals distribution of PFTPA.

3.4. Photovoltaic Performance of the PFTPA-Based PSC Devices

To evaluate its behavior as dopant-free HTM, PFTPA was incorporated without any
doping additives in inverted PSCs. PEDOT:PSS was used as HTM for control devices with-
out additives as well. We fabricated an inverted PSC device with the planar configuration
of ITO/HTLs/MAPbI3/[6,6]-phenyl-C61-butyric acid methyl ester (PC61BM)/PEIE/Ag as
shown in Figure 3a. The perovskite layer was prepared in air environment by air blowing
assisted drop coating (BADC) [41]. PC61BM was used as an electron transporting layer,
and ethoxylated polyethyleneimine (PEIE) was used as a cathode modification layer to
improve charge extraction efficiency. As shown in Figure 3a, the HOMO energy level of
PFTPA and the LUMO energy level of PC61BM achieved good energy level matching with
the valence band and conduction band of MAPbI3, respectively, which effectively promotes
the extraction and transmission of photogenerated carriers at interfaces.

The J − V characteristic curves of the optimal perovskite device are shown in Figure 3b.
The open-circuit voltage (VOC) of the perovskite device based on the PFTPA is 1.13 V, the
short-circuit current (JSC) is 19.66 mA cm−2, the filling factor (FF) is 75.7%, and the PCE
reaches 16.82%. In comparison, the PCE of the control device based on PEDOT:PSS under
the same preparation conditions is only 13.80% because of the much lower VOC (1.00 V).
According to the operating principle of the perovskite solar cells, it can be determined that
the VOC of the device is affected by the band gap of the photoactive layer, the HOMO energy
level of the hole transporting layer and the LUMO energy level of the electron transporting
layer. Therefore, compared with PFTPA, the higher HOMO energy level of PEDOT:PSS
leads to the increased energy loss at the hole extraction interface and results in a much lower
VOC of the control device. Under a fixed bias voltage (0.96 V), the stable output efficiency of
the champion device based on PFTPA is 16.65%, as shown in Figure 3c, which is consistent
with the PCE obtained in the J − V curves. The repeatability of device preparation is an
important index to evaluate the preparation method and material performance. The PCEs
of 15 perovskite solar cells based on PFTPA and PEDOT:PSS are counted, as shown in
Figure 3d. Both of them show a narrow statistical distribution, indicating that the above
devices have good repeatability. Additionally, PFTPA as the dopant-free HTM has been
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applied to the slot-die coated inverted PSCs. As a preliminary result, the slot-die coated
inverted PSCs at a device area of 0.1 cm2 showed a max PCE of 13.84% with a JSC of
19.50 mA cm−2, a VOC of 1.08 V, and an FF of 65.7% (Figure S13 and Table 1). It should be
mentioned that as a preliminary result, PCEs of the dopant-free PFTPA-based air-processed
p-i-n PSCs maintain a long-term stability of 91% under ambient air conditions for 1000 h
(see Figure S8). These results suggest the great potential of homopolymer PFTPA HTMs for
future low-cost large-scale and flexible PSCs application.
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3.5. Morphology Analysis of Perovskite Films

The effects of PFTPA and PEDOT:PSS as HTM substrates on the growth quality of
perovskite crystals were systematically studied by means of scanning electron microscopy
(SEM) and thin film X-ray diffraction (XRD) as shown in Figure 4. Owing to the low
solubility of PFTPA in polar solvents, it was possible to fabricate a high-quality perovskite
crystalline film on its surface by using the solution-processing method. The contact angle
between HTM and DMF was measured (Figure S9). The measured contact angles on
ITO, PEDOT:PSS and PFTPA were 9.3◦, 18.4◦ and 77.6◦, respectively. This discrepancy
in contact angle may result in different morphology of the solution-processed perovskite
film. That is, the lesser wettability toward DMF of the PFTPA surface would suppress
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the heterogeneous nucleation and thus facilitate the grain boundary migration in grain
growth, leading to large grain sizes of the resulting polycrystalline perovskite film. To
further confirm their good crystal qualities, SEM images of the perovskite films deposited
on the top of ITO, PEDOT:PSS or PFTPA substrate were given. The perovskite crystal sizes
on PFTPA or PEDOT:PSS-modified ITO substrate were significantly larger (Figure 4a,b)
than that on the bare ITO substrate (Figure 4c). The average grain size deduced from SEM
images was 158.3 nm, 233. 3 nm and 271.9 nm for perovskite crystals on ITO, PEDOT:PSS
and PFTPA, respectively (Figure S10). According to XRD patterns (Figure 4d), three films
displayed similar diffraction peaks at 14.12◦, 28.36◦ and 31.81◦, assigned to the (110), (220)
and (310) planes of perovskite, respectively. The appearance of the intense XRD peaks
of the perovskite film deposited on PEDOT:PSS and PFTPA substrates further indicated
their good crystallinity. The grain sizes of perovskite crystals on ITO, PEDOT:PSS and
PFTPA substrates estimated according to XRD profiles were 163.7 nm, 231.9 nm and
276.5 nm, respectively. The grain size distribution trend based on XRD profiles is consistent
with the SEM test results. It should be mentioned that the perovskite crystals grown on
PFTPA substrates were more compact and uniform, while the perovskite crystals grown
on PEDOT:PSS substrates had more obvious crystal boundary defects (dot-line circling in
Figure 4a,b). These defects lead to carrier recombination and non-radiative recombination,
which lead to energy loss, reduction in FF and VOC of PSC devices, and ultimate effect
on the photovoltaic performance of the devices. At the same time, boundary defects like
pinholes provide channels for water vapor infiltration, which can often compromise the
performance of PSC devices, especially their stability [42].
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The morphological characteristics of perovskite films also include atomic force mi-
croscopy (AFM). As shown in Figure S11, the root mean square (RMS) roughness of per-
ovskite films on PFTPA and PEDOT:PSS substrates are 16.22 nm and 17.22 nm, respectively.
At the same time, more obvious holes can be observed in the latter. As crystal boundary
defects, these holes also lead to the degradation of the performance of PSC devices. The
above characterization results consistently show that PFTPA as the hole transport layer is
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more conducive to the growth of crystalline perovskite films on its surface. In the end, PSC
devices based on PFTPA hole-transporting layer show higher FF and PCE.

3.6. SCLC Measurements of PFTPA for Its Hole-Transporting Morbility

In order to further verify the hole-transporting characteristics of polymeric HTM
PFTPA, a hole-only device based on PFTPA was fabricated and tested. The device structure
is ITO/PEDOT:PSS/PFTPA/MoO3/Ag. Space charge limited current (SCLC) method
was used for this measurement. The J − V characteristic curve of the hole-only device is
shown in Figure S12. The fitting calculation of hole mobility of PFTPA (µh) was carried out
according to the simplified Mott-Gurney formula:

J =
9
8

ε0εrµh
V2

L3 , (2)

where J is the current density, ε0 represents the vacuum permittivity, and εr is the relative di-
electric constant (assuming εr = 3 for organic materials) [43], V represents the bias voltage ap-
plied to the device, L represents the thickness of the hole transport layer (about 80 nm), µh is
the hole mobility. The calculated hole mobility of PFTPA is 1.12 × 10−5 cm2 V−1 s−1, which
is higher than the reported hole mobility of PEDOT:PSS of 6.86 × 10−6 cm2 V−1 s−1 [44].
Based on the above characterization results, PFTPA benefits from its unique 4,4-
dimethoxytriphenylamine helical side group structure to enhance the carrier transport
efficiency between molecules, which makes it show more efficient carrier transport ca-
pacity than PEDOT:PSS, and the corresponding perovskite cell devices achieve higher
photovoltaic performance.

3.7. Steady-State PL and TRPL Measurements

Steady-state photoluminescence (PL) and time-resolved photoluminescence (TRPL) of
the HTMs/MAPbI3 films were conducted to further analyze and understand the charge ex-
traction and transmission process at the hole transport layer/perovskite interface, as shown
in Figure 5. For steady-state PL spectra, the quenching of luminescence intensity indicates
the efficient separation of photogenerated carriers, so the carrier extraction efficiency at
the interface can be qualitatively analyzed. Based on the above principle, the area integral
of the steady-state PL spectrum emission peak was calculated. The photoluminescence
intensity of PFTPA/MAPbI3 and PEDOT:PSS/MAPbI3 thin films decreased to 26.3% and
25.4% of that of pure MAPbI3 thin films, respectively, indicating that both PFTPA and
PEDOT:PSS showed high carrier extraction efficiency as hole transport materials. The
photoluminescence lifetime of the hole transport material/perovskite films was charac-
terized by TRPL spectra. The shorter the lifetime, the more efficient the hole transport
process at the interface. As shown in Figure 5b, the TRPL spectrum is excited by a 510 nm
wavelength and collected at a 770 nm wavelength. Both perovskite single-component films
and HTM/perovskite bilayer films have a fast and a slow decay process, which are fitted
by the following double exponential formula, and then the average luminescence lifetime
(τavg) is calculated:

I(t) = A1exp
(
− t

τ1

)
+ A2exp

(
− t

τ2

)
+ A0, (3)

τavg =
A1τ2

1 + A2τ2
2

A1τ1 + A2τ2
. (4)
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Figure 5. (a) The steady-state PL spectra and (b) time-resolved PL (TRPL) spectra of the
HTMs/MAPbI3 films with excitation at 510 nm.

Fast decay luminescence lifetime of perovskite single-component films (τ1) and
slow decay luminescence lifetime (τ2) are 3.1 ns and 24.8 ns, respectively. The aver-
age luminescence lifetime (τavg) of a perovskite single-component film is 21.4 ns. For a
PEDOT:PSS/MAPbI3 bilayer film, τ1 and τ2 are 2.5 ns and 13.0 ns, respectively, with a τavg
of 11.4 ns. The τ1 and τ2 of PFTPA/MAPbI3 bilayer films are 2.8 ns and 14.5 ns, respectively,
and PFTPA/MAPbI3 bilayer films display a τavg of 12.5 ns. Compared with pure perovskite
films, the luminescence lifetime of the hole transport layer decreases significantly, that is, the
photogenerated hole transport process is more efficient. Meanwhile, PEDOT:PSS/MAPbI3
bilayer films have shorter luminescence lifetime, which indicates that the charge transfer
process at the interface is more efficient. The above steady-state PL and TRPL test results
show that PEDOT:PSS, as a hole transport material, is slightly better than PFTPA in hole
extraction and transport. However, the performance test results of perovskite solar cells
prepared in this chapter show that the perovskite solar cells based on PFTPA have better
photovoltaic performance, which may be related to the good film-forming property of
PFTPA, the improvement of perovskite crystal growth quality and the more matching
energy level structure.

4. Conclusions

In summary, a dopant-free polymeric HTM PFTPA was synthesized by a simple
and efficient two-step method. The polymer takes polyfluorene as the main chain
backbone and 4,4-dimethoxytriphenylamine as the side chain. Its hole mobility reaches
1.12 × 10−5 cm2 V−1 s−1. When PFTPA is applied to inverted planar perovskite solar
cells, its good film-forming property promotes the growth of MAPbI3 films with high
crystallinity. At the same time, due to its matching HOMO energy level, the VOC of the
champion device reaches 1.13 V, and the PCE becomes 16.82%, which is much higher
than the control device using PEDOT:PSS as HTM (PCE = 13.80%). This work provides a
new idea for the design and synthesis of dopant-free polymeric HTMs. In terms of device
preparation methods, the preparation of HTLs and a perovskite photoactive layer of devices
are completed, performed in an air environment, with lower equipment requirements and
manufacturing costs. This method is of great significance for the development of low-cost
large-size perovskite solar cell devices.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/polym15122750/s1. Figure S1: 1H NMR spectrum of 2BrFTPA in
CDCl3; Figure S2: 13C NMR spectrum of 2BrFTPA in CDCl3; Figure S3: MALDI-TOF MS spectrum of
2BrFTPA; Figure S4: 1H NMR spectrum of PFTPA in CDCl3; Figure S5: DSC curves of PFTPA recorded
at a heating rate of 10 ◦C/min and a cooling rate of 20 ◦C/min; Figure S6: The cyclic voltammetry (CV)
curve of Ferrocene measured with Ag/Ag+ as the reference electrode in acetonitrile; Figure S7: The
overlay of TD-DFT simulation and experimental UV-vis spectra of PFTPA; Figure S8: The longtime
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device stability of PFTPA-based PSC; Figure S9: The measured contact angles of DMF (a) on ITO
substrate, (b) on PEDOT:PSS substrate and on PFTPA substrate; Figure S10: The perovskite crystal
size distribution; Figure S11: AFM height images (size: 5 µm × 5 µm) of perovskite on (a) PFTPA
and (b) PEDOT:PSS substrates; Figure S12: The J − V curve of hole-only device based on PFTPA;
Figure S13: The J − V curve of slot-die coated perovskite device based on PFTPA; Table S1: The
synthetic cost analysis of PFTPA in this study; Table S2: The calculation results of TD-DFT.
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Abstract: This experimental study investigates the fundamental mechanical characteristics of the
carbon fiber-reinforced polymer (CFRP) bars, including the tensile strength, compressive strength,
shear strength, and modulus of elasticity of the CFRP bar. The properties need to be accurately
determined to understand the behavior of the concrete structures reinforced with CFRP rebars. The
CFRP rebar was coated with sand to enhance the adhesive strength of the concrete. Three diameters of
CFRP rebar (D10, D12, and D16) were considered in accordance with ASTM provisions. A coefficient,
i.e., the ratio of shear strength to tensile strength, was employed to predict the tensile strength of the
CFRP rebar specimens. The test results confirm that the tensile strength of CFRP rebar is dependent
on its diameter due to the shear lag effect. A coefficient in the range of 0.17 to 0.2 can be used to
predict the tensile strength of CFRP rebar using shear strength.

Keywords: tensile strength; compressive strength; elastic modulus; shear strength; sand-coated
carbon fiber-reinforced polymer (CFRP)

1. Introduction

For decades, research into composite materials has explored the feasibility of a re-
placement material for conventional reinforcement in concrete structures. In Japan, Europe,
Canada, and the United States, research for alternative materials for conventional steel
rebar has been actively conducted, among them, fiber-reinforced polymer (FRP) compos-
ites are employed as an alternative. FRP materials are widely used in the construction
industry due to their superior mechanical and physical advantages such as high chemi-
cal resistance, high corrosion resistance, lightweight, non-conductivity, etc. FRP rebar is
anisotropic material that can be manufactured by either a pultrusion process or braiding
technique. The pultrusion process is inexpensive and can rapidly produce a member
with a constant cross-section. Composites produced by the pultrusion process are good
in structural applications due to their continuous mass production with homogeneous
mechanical properties. However, because members generated by the pultrusion process
have a smooth surface, an additional step of digging or excavating with a machine and
protruding or coating the surface is needed to increase the strength of its bond with the
concrete interface. The braiding technique is a modification of the pultrusion process that
creates protrusions via a weaving process prior to the hardening stage. Although this
braiding method is difficult in practice and the fiber content is less than in the pultrusion
process, external protrusions can be created easily. The braiding technique was used to
manufacture the carbon fiber-reinforced polymer (CFRP) rebar specimens in this study.
In order to improve the adhesion performance of the FRP rebar, surface treatment of the
protrusion was preferred. Among FRPs, the CFRP has higher tensile strength and elastic
modulus than steel rebar. Based on the previous results, the mechanical performance of
the FRP rebar used in construction and civil engineering was verified, and the CFRP rebar
was confirmed to be used as a steel rebar substitute [1,2]. Additional studies are needed to
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better understand the structural behavior of FRP concrete structures. First, the mechanical
properties, which include the tensile strength, elastic modulus, and shear strength, of FRP
rebar must be determined. Test standards for FRP rebar already have been established in the
United States and Canada. In 2006, the American Concrete Institute (ACI) 440 Committee
presented the specification 440.1R-06 and published a revised version of ACI 440.1R-15 in
2015 [2,3]. The ACI 440.3R-12 [4] specifies a test method for FRP rebar applied to structures
and concrete. The test methods include those for mechanical properties, such as tensile
strength, adhesion, creep, and flexure properties. In Canada, a specification referred to
as the Design and Construction of Building Structures with Fibre-Reinforced Polymers
(CHBDC CAN/CSA-S6-06) was proposed in 2006, and CHBDC CAN/CSA-S6-14 and
CAN/CSA S806-12 have been proposed more recently [5–7]. In Korea, KS F ISO 10406-1
was enacted in 2017 as a test standard for FRP rebar [8]. However, the existing standards
have not been fully developed for large diameters of CFRP rebars. Several studies have
been conducted over the past decades and available findings are reviewed herein.

Benmokrane et al. [9] successfully completed the tensile test for CFRP rebar (less
than φ8 mm). He reported that the pull-out behavior is affected by the surface geometry
of FRP rods, the properties of the grout, and the stiffness of the anchoring tube. Khan
et al. determined the mechanical properties of glass fiber-reinforced polymer (GFRP) rebar
(φ15.9 mm) and CFRP rebar (φ15 mm) in accordance with ASTM D7205 (tension test) and
ASTM D695 (compression test) [10]. Khan et al. reported that the modulus of elasticity of
CFRP rebar is greater than that of GFRP rebar, although the tensile strength of CFRP rebar is
less than that of GFRP rebar due to the lower percentage of CFRP fibers by volume than the
GFRP rebars [11]. Plevkov et al. determined the tensile and compressive strength values of
CFRP rebar (φ10 mm and GFRP rebar (φ10 mm) and reported that CFRP rebar has greater
tensile strength and a higher elasticity modulus value than GFRP rebar. Plevkov et al. also
reported crushing failure at the end tips, so they devised a compressive strength test that
involves fitting steel caps to the ends of GFRP rebar and then filling them with concrete [12].
Koosha and Pedram [13] introduced a new test method to determine the compressive
properties of GFRP rebar. GFRP rebar with diameters of 13 mm, 16 mm, and 19 mm were
used. Steel caps were attached to both ends of the specimen to prevent alignment of the
specimen and premature failure at the end of the specimen. In addition, two gauges were
installed on the specimen to conduct a compression test. AlAjarmeh et al. [14] proposed a
new test for compressive properties by mounting a hollow steel cap on both ends of a GFRP
rebar and filling it with cement grout because there was no test method for compressive
strength test of GFRP. GFRP rebars with diameters of 9.5 mm, 15.9 mm, and 19.1 mm were
used, and the length of the specimen was set to diameter ratios of 2, 4, 8, and 16. Only a few
test results are available for the CFRP rebars.

In short, as addressed above, the fundamental mechanical characteristics of the CFRP
bars, including the tensile strength, compressive strength, shear strength, and modulus of
elasticity of the CFRP bar, need to be accurately determined to understand the behavior of
the concrete structures reinforced with CFRP rebars. In addition, the bar size effects on the
mechanical properties of CFRP rebars are investigated in this study.

2. Testing of Mechanical Properties of CFRP Rebar Specimens
2.1. Materials

The FRP rebar has lower adhesion to concrete than steel rebar [15]. The CFRP rebar
specimens used in this study were sand-coated to improve the bond strength of the con-
crete. Figure 1 shows the sand-coated CFRP rebar specimens with diameters of 10 mm,
12 mm, and 16 mm. The manufacturer (SK chemical, Seoungnamsi, Korea) provided the
following information regarding the properties: ultimate stress > 2850 MPa (based on
ASTM D3039M [16]), modulus of elasticity > 158 GPa, and ultimate strain > 1.8 percent.
The ratio of carbon fiber (CF) to total area is about 42%.
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Figure 1. Sand-coated carbon fiber reinforced polymer rebar specimens with three different diameters.
(a) Various sizes of CFRP rebar; (b) Surface of sand-coated CFRP rebar.

2.2. Tensile Strength Testing of CFRP Rebar Specimens

The tensile strength tests of the CFRP rebar specimens were conducted in accordance
with ASTM D7205 [17]. Five CFRP rebars for each of the three diameters, D10, D12, and
D16 were prepared for the tensile strength test. The ASTM D7205 standard specifies the
tensile strength test method suggested in ACI 440.3R-12 [4]. This test can determine the
tensile strength of FRP matrix composite rebar that typically is used as a tensile element in
rebar and prestressed post-tension concrete. Table 1 presents the dimensions of the tensile
strength test CFRP rebar specimens used in this study. A steel tube (thickness: 2 mm) filled
with epoxy at both ends of the specimen was fabricated in accordance with ASTM D7205.
Due to the length limitation of testing equipment, the specimen for D16 was designed with
a grip length of 660 mm.

Table 1. Dimensions of CFRP rebar specimens used for tensile strength tests.

Diameter (mm) Grip Length (mm) Free Length (mm) Total Length (mm)

10 550 400 1500
12 660 480 1800
16 660 480 1800

Figure 2a schematically presents the CFRP D10 rebar specimen fabricated for the
tensile strength test. Figure 2a presents the CFRP D10 rebar specimens fabricated for the
tensile strength test with a grip length of 550 mm, free length of 400 mm, and total length
of 1500 mm. Figure 2b schematically presents the CFRP D12 and D16 rebar specimens
fabricated for the tensile strength test with a grip length of 660 mm, free length of 480 mm,
and total length of 1800 mm. Figure 2c presents the tensile strength test set-up whereby
the load is applied in displacement control mode using a universal testing machine (UTM)
with a capacity of 1200 kN at the rate of 3 mm/min.

2.3. Compressive Strength Testing of CFRP Rebar Specimens

The compressive strength tests were conducted using CFRP rebar specimens with their
lengths set to two times the diameter of the specimen in accordance with the compressive
strength test method specified in ASTM D695 [18]. Five specimens for each of the three
diameters, D10, D12, and D16, were prepared for each compressive strength test. Modulus
of elasticity tests were conducted using specimens with their lengths set to four times the
diameter of the specimen, as shown in Figure 3. Table 2 provides the dimensions of the
compressive strength test CFRP rebar specimens. Note that ‘2D’ and ‘4D’ refer to two times
and four times the diameter, respectively.
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Figure 2. Tensile strength test of CFRP rebar based on ASTM. (a) dimensions for CFRP D10 rebar
specimen; (b) dimensions for CFRP D12 and D16 rebar specimens; (c) tensile strength test set-up
D7205 (at Intelligent Construction System Core-Support Center, Keimyung University).
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Figure 3. Compressive strength test specimens (D12). (a) Specimen length two times its diameter;
(b) specimen length four times its diameter (for modulus of elasticity tests).

Table 2. Dimensions of CFRP rebar specimens used for compressive strength tests.

Specimen Diameter (mm) Height (mm)

D10 (2D) 10 20
D10 (4D) 10 40
D12 (2D) 12 24
D12 (4D) 12 48
D16 (2D) 16 32
D16 (4D) 16 64

Figure 4a,b show identical compressive strength test set-ups for the specimens with
their lengths two times and four times their diameters, respectively. The load was applied
in displacement control mode at a rate of 1 mm/min using a 100-kN UTM.

2.4. Shear Strength Testing of CFRP Rebar Specimens

The shear strength tests were conducted using five specimens for each of the three
diameters, D10, D12, and D16.

Figure 5 shows the test specimens that were fabricated with the length of 225 mm
in accordance with ASTM D7617 [19]. The set-up required for this test was designed
specifically to fit the specimen for each diameter according to the ASTM D7617 standard.
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Figure 4. Compressive strength test set-up based on ASTM D695. (a) D12 (length 2 times diameter)
test set-up; (b) D12 (length 4 times diameter).
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Figure 5. Five specimens used for shear strength tests.

Figure 6a shows the shear jig used for the shear strength test and Figure 6b shows the
shear strength test set-up. The load was applied in displacement control mode at the rate
of 1 mm/mm using a 100-kN UTM.
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Figure 6. Shear strength test of CFRP rebar based on ASTM D7617. (a) shear jig; (b) test set-up.

3. Test Results and Discussion
3.1. Tensile Strength Test Results

Figure 7 shows the tensile strength test specimens and the location and mode of failure.
Figure 7a,c show that the CFRP rebar specimens fractured at the center and grip of the
specimens, respectively. Figure 7b shows the fracture of the CFRP fiber at the center and
that fiber weave is unidirectional. As the fiber weave is generated in one direction, the
fibers of the CFRP rebar break sequentially, thus resulting in a brittle fracture. Figure 7d
shows a fracture at the grip of the specimen.
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Figure 7. Tensile strength test specimens and failure location or mode. (a) center; (b) central failure
mode; (c) grip; (d) grip failure mode.

Table 3 presents the tensile strength test results for the CFRP rebar specimens in
terms of tensile strength value, modulus of elasticity value, and failure mode. Table 3 also
provides the average values of the tensile strength and modulus of elasticity.

Table 3. Tensile test results.

Specimen Tensile Strength
(MPa)

Tensile Modulus of Elasticity
(GPa) Failure Mode

D10-1 2107 161 Grip failure
D10-2 2229 144 Grip failure
D10-3 2083 153 Grip failure
D10-4 2100 158 Grip failure
D10-5 2062 133 Grip failure

Average 2116 ± 58.50 150 ± 10.19

D12-1 1854 152 Grip failure
D12-2 1811 173 Grip failure
D12-3 1732 144 Center failure
D12-4 1762 162 Grip failure
D12-5 1758 158 Grip failure

Average 1784 ± 43.57 158 ± 9.72

D16-1 1859 136 Grip failure
D16-2 1799 135 Specimen end
D16-3 1839 145 Grip failure
D16-4 1871 136 Grip failure
D16-5 1786 131 Grip failure

Average 1831 ± 33.16 136 ± 4.59

Figure 8a–c present the stress–displacement relationship of the D10, D12, and D16
CFRP rebar specimens, respectively. The results clearly indicate that CFRP rebar has no
yield point. For the D16 specimens, an unexpected bilinear relationship was observed
due to the slippage at the grip area. The average tensile strength value of the five D12
specimens tested is 1784 MPa. This value satisfies the standard tensile strength range of
600 MPa to 3690 MPa for CFRP rebar specified in ACI 440.1R-15 [2]. The average modulus
of elasticity value is 158 GPa, which is also within the standard modulus of elasticity range
of 120 GPa to 580 GPa for CFRP rebar specified in ACI 440.1R-15. Moreover, these results
also satisfy the standard (KS F ISO 10406-1) modulus of elasticity value for CFRP rebar
because the design guidelines (KS F ISO 10406-1) specify 140 GPa for FRP rebar. In addition,
tensile strength tests of the five D10 and five D16 specimens show tensile strength values of
2116.7 MPa ± 58.47 MPa for D10 and 1831.3 MPa ± 33.19 MPa for D16.

3.2. Compressive Strength Test Results

Figure 9a,b present photos of compressive strength test D12 specimens with lengths
that are two times and four times their diameters, respectively, and their failure modes. All
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the CFRP D12 rebar specimens were crushed at the point where the load was applied, as
shown in the figures. The fibers became separated from each other due to the failure of the
resin rather than buckling.
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Figure 9. Compressive strength test specimens and their failure modes. (a) D12 (length 2 times
diameter); (b) D12 (length 4 times diameter).
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Table 4 presents the results of the compressive strength tests for each of the five
specimens with each of the three diameters (D10, D12, and D16) and for each of the lengths
(two times and four times the diameter, respectively). The compressive strength test results
of the CFRP rebar indicate an average compressive strength of 357 MPa in the case of the
D12 CFRP rebar. The compressive strength of the CFRP rebar specimen with a length that is
twice the diameter is approximately 7% greater than that of the CFRP rebar specimen with
a length that is four times the diameter. In addition, the compressive strength values of the
CFRP rebar with lengths that are twice and four times the diameter are 79.9% and 81.2%
lower than the tensile strength, respectively. The results of the compressive strength tests
of the CFRP rebar indicate that the average compressive strength values of D10 and D16
CFRP rebar are 399 MPa and 360 MPa, respectively. The compressive strength of the CFRP
D10 rebar specimen with a length that is twice the diameter is approximately 12% greater
than that of the CFRP D10 rebar specimen with the length that is four times the diameter,
whereas the compressive strength of the CFRP D16 rebar specimen with the length that is
twice the diameter is approximately 9% smaller than that of the CFRP D 16 rebar specimen
with the length that is four times the diameter.

Table 4. Compressive test results.

Description 1 2 3 4 5 Average

D10

(2D) fcomp. (MPa) 402 452 427 314 402 399

(2D) Compressive modulus of
elasticity Ecomp (GPa) 14 17 15 13 15 15

(4D) fcomp. (MPa) 369 355 314 333 408 356

(4D) Compressive modulus of
elasticity Ecomp (GPa) 29 26 23 23 30 26

D12

(2D) fcomp. (MPa) 350 392 420 344 277 357

(2D) Compressive modulus of
elasticity Ecomp (GPa) 16 16 16 13 13 15

(4D) fcomp. (MPa) 356 311 335 398 273 335

(4D) Compressive modulus of
elasticity Ecomp (GPa) 31 30 28 36 26 30

D16

(2D) fcomp. (MPa) 326 348 332 410 382 360

(2D) Compressive modulus of
elasticity Ecomp (GPa) 13 18 17 19 18 17

(4D) fcomp. (MPa) 453 429 321 403 368 395

(4D) Compressive modulus of
elasticity Ecomp (GPa) 42 38 34 46 41 40

3.3. Shear Strength Test Results

Shear strength tests of five specimens for each of the three diameters (D10, D12, and
D16) were conducted, and Figure 10 shows a photo of the typical shear failure observed for
the D12 specimens.
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Figure 10. Typical failure mode for shear strength test of D12 Specimen.

Table 5 presents a summary of the shear strength test results for the five specimens
for each of the three diameters. The results of the shear strength tests of the CFRP rebar
indicate that the average shear strength values of D10, D12, and D16 CFRP rebar are
371 MPa, 360 MPa, and 283 MPa, respectively.
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Table 5. Shear strength test results.

Description D10 D12 D16

Shear Strength (MPa)

350 353 282
368 360 256
368 376 314
375 353 275
393 357 290

Average 371 360 283

Figure 11 shows the stress–displacement relationships of five shear strength test
specimens for each of the three dimensions. Figure 11a shows that the stress increased
up to 371 MPa for the CFRP rebar D10. Figure 11b shows that the stress of the CFRP
rebar D12 test specimens continuously increased until failure. The CFRP rebar D16 had
smaller shear strength than CFRP rebars D10 and D12, as shown in Figure 11c. According
to the results of shear strength tests of FRP in previous studies [20], CFRP rebar maintains
constant stress before failure and exhibits failure in terms of horizontal and vertical cracks.
However, by contrast, the shear strength test results obtained in this study indicate that
CFRP rebar shows a tendency to fracture immediately without resistance to a constant load.
The reason for this outcome appears to be due to the FRP weaving method. The CFRP
specimens used in this study showed significant resistance to loading in the longitudinal
direction because they were fabricated in one direction and thus were vulnerable to shear.
Therefore, specimens should be fabricated based on three dimensions instead of using
single-directional weaving methods to improve the shear performance of CFRP rebar.
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4. Discussion
4.1. Effect of Size of CFRP Rebar

With an increase in the diameter of CFRP rebar, the tensile strength tends to decrease
due to an uneven tensile stress distribution throughout the cross-section. This result is
matched well with the experimental results in the literature [21]. Furthermore, unlike
steel rebar, CFRP rebar has an orientation due to its fiber inclusion, and both the strength
and stiffness of CFRP rebar vary according to the fiber content and resin used. Therefore,
the tensile strength tests should be conducted using many specimens in order to ensure
the reliability of the material’s mechanical performance. Similarly, the shear strength is
significantly affected by the size of CFRP rebar due to the fiber matrix and resin. The shear
strength is reduced as an increase in the CFRP rebar size as shown in Figure 12. Regardless
of the CFRP rebar size, the tensile modulus of elasticity of CFRP rebars was higher than
their compressive modulus of elasticity. The results are matched well with the findings in
the literature [10].
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Jung et al. [22] reported the modulus of elasticity of hybrid rebar to be approximately
100 GPa. The CFRP D12 rebar investigated in this study showed a modulus of elasticity
value that is 1.58 times higher than that of the hybrid rebar but lower than that of steel rebar
(200 GPa). Plevkov et al. [12] found that the modulus of elasticity value of general CFRP
rebar is 144 GPa, which is 0.91 times lower than that of the CFRP D12 rebar used in this
study. Therefore, the CFRP rebar produced in the future as steel rebar replacement should
have enhanced strength, which can be accomplished by conducting additional research
studies using different fiber arrangements/orientations and different resin contents.

4.2. Relationship between Shear Strength and Tensile Strength

As addressed in the literature [10], the tensile test for the CFRP rebar needs high
attention to avoid premature failure in tension. As increasing CFRP rebar size, the test
setup required a large free length, enough steel pipe anchor, and a high-capacity loading
machine. Simply, a correlation between tensile strength and shear strength can be employed
to predict the tensile strength of CFRP rebar according to the rebar’s diameter. Equation (1)
can be used to calculate the ratio of shear strength to tensile strength using the results of
shear and tensile strength tests of CFRP rebar with a diameter up to 16 mm [21].

kd =
∑ fs

ft

nt
, (1)

where kd is the coefficient; fs is the shear strength; ft is the tensile strength.
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Figure 13 shows the computed coefficients (kd). The literature shows that these coef-
ficients (kd) range from 0.163 to 0.207 for basalt FRP rebar and basalt/CFRP hybrid rebar
depending on the diameter of the rebar [21]. The values obtained in this study match well
with the results from the literature. Therefore, the calculated coefficients (kd) can be used to
predict the tensile strength of CFRP D10 to D16 rebar.
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5. Conclusions

Tensile, compressive, and shear-strength tests were conducted in this study in ac-
cordance with the test methods specified in ASTM and other international standards to
evaluate the mechanical performance of CFRP rebar. As a result of the tests and quantifica-
tion of the mechanical performance of the CFRP rebar specimens, the following conclusions
can be drawn.

The results of the tensile strength tests of CFRP rebar conducted in accordance with
ASTM D7205 indicate that the average tensile strength value is 1784 MPa and the average
modulus of elasticity value is 158 GPa. This value satisfies the standard modulus of
elasticity values specified in ACI 440.1R-15 (in the range of 120 GPa to 580 GPa) and the
minimum modulus of elasticity value of 140 GPa specified in guidelines for the structural
design of FRP rebar.

For the compressive strength and modulus of elasticity tests, the test results indicate
that the average compressive strength value is 357 MPa and the average modulus of
elasticity value is 30 GPa. The tensile modulus of elasticity of CFRP rebars was higher than
their compressive modulus of elasticity.

As the results of the shear strength test, all specimens are continuously increased until
failure. In short, the shear strength and tensile strength of CFRP rebar are affected by the
CFRP rebar size. In addition, as a result of investigating the relationship between the shear
strength and tensile strength of CFRP, it was possible to predict the coefficient according to
the diameter of the CFRP rebar.

Based on the mechanical performance testing, the sand-coated CFRP rebar was deter-
mined in this study. The following study will use this information for further structural tests
and analyses. To achieve the target tensile strength value of 2100 MPa in future research, the
resistance to tension should be increased throughout the polymer section by changing the
fiber arrangement/orientation of the CFRP rebar to improve its brittle-resistant properties.
In addition, to prevent grip failure and slippage, an adequate bond system along with
ASTM specification is needed for future tests.
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Abstract: In this study, we present an electrically switchable window that can dynamically transmit
both visible light and infrared (IR) light. The window is based on polymer stabilized cholesteric
liquid crystals (PSCLCs), which are placed between a top plate electrode substrate and a bottom
interdigitated electrode substrate. By applying a vertical alternating current electric field between
the top and bottom substrates, the transmittance of the entire visible light can be adjusted. The
cholesteric liquid crystals (CLC) texture will switch to a scattering focal conic state. The corresponding
transmittance decreases from 90% to less than 15% in the whole visible region. The reflection
bandwidth in the IR region can be tuned by applying an in-plane interdigital direct current (DC)
electric field. The non-uniform distribution of the in-plane electric field will lead to helix pitch
distortion of the CLC, resulting in a broadband reflection. The IR reflection bandwidth can be
dynamically adjusted from 158 to 478 nm. The electric field strength can be varied to regulate both
the transmittance in the visible range and the IR reflection bandwidth. After removing the electric
field, both features can be restored to their initial states. This appealing feature of the window enables
on-demand indoor light and heat management, making it a promising addition to the current smart
windows available. This technology has considerable potential for practical applications in green
buildings and automobiles.

Keywords: cholesteric liquid crystal; interdigitated electrodes; transmittance; reflection bandwidth;
smart window

1. Introduction

Smart windows have gained popularity in recent decades due to their ability to
control indoor solar irradiation, reduce air-conditioning energy consumption and provide
and maintain a comfortable visual environment indoors [1]. Liquid crystals (LCs) offer
an excellent material system for developing smart windows, and applications such as
switchable privacy glass [2], solar heat rejection [3] and switchable color [4] have been
demonstrated. Various LC technologies based on light scattering or reflection have been
examined to create smart windows for regulating indoor solar irradiation, especially for
visible light and infrared (IR) light. Visible light is used to maintain interior illumination
levels, while IR light is responsible for indoor temperature control.

Various technologies are available for controlling visible light, including LC molecules
mixed with ionic dopants or a guest LC material, which can be used to switch between
the haze-free transparent and high-haze opaque states owing to the electrohydrodynamic
effect [5–7]. Furthermore, technologies based on light scattering using LC/polymer compos-
ites, such as polymer stabilized LCs (PSLC) and polymer dispersed LCs (PDLC), have been
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developed to control visible light [8–12]. Smart windows have been developed using smec-
tic/cholesteric liquid crystal (CLC) phases, where the window can be reversibly switched
between transparent (planar and homeotropic) and scattering (focal conic) states [13,14].
For technologies controlling IR light, polymer stabilized CLC (PSCLC) has been widely
studied [15–17]. CLC are nematic liquid crystals (NLC) that contain a chiral component
that generates a helical twist between LC layers, thus allowing the selective reflection of cir-
cularly polarized incident light of the same handedness as its helix. The wavelength of light
reflected by the CLC is determined by its helical pitch (p). The bandwidth of the reflected
light is defined as ∆λ ≈ ∆n × p = (ne − no)× p, where ∆n is the birefringence of the host
LC, and ne and no are extraordinary and ordinary refractive indices, respectively [18,19].
For PSCLC-based IR reflectors, the IR reflection band can be electric-regulated dynamically,
which is attributed to pitch distortion caused by the displacement of the polymer network
under an external E-field [15,17,20]. We previously reported an IR reflector that can reflect
a broad band of IR light from 725 to 1435 nm dynamically upon application of the E-field,
while maintaining high transmittance in the visible region [17]. An IR reflector of this type
could be used as a smart window, allowing solar IR energy to enter during the winter while
reflecting it during the summer, reducing energy consumption for heating and cooling
energy demands in the built environment.

Although much effort has been dedicated to developing LC-based smart windows
for regulating visible and IR light, the ability to regulate both types of light is extremely
desirable. Du et al. demonstrated an LC based window that can be switched between
transparent and opaque for visible light through a voltage pulse while maintaining a
220 nm reflection bandwidth for near IR light [21]. However, the fabrication process
is complicated, involving the construction of a hybrid structure using CLC and chiral
polymer film. Moreover, the reflection bandwidth of the IR light is narrow and cannot be
dynamically regulated, indicating that it will always reject solar heat, regardless of whether
it is winter or summer.

In this work, we demonstrate an electrically switchable window that can dynamically
regulate both visible and IR light. The window is based on PSCLC sandwiched between
two transparent glass substrates. The PSCLC has three terminal electrodes—one plate
electrode on the top substrate, and the other two interdigitated electrodes on the bottom
substrate. When an alternating current (AC) E-field is applied between the top and bottom
electrodes, the PSCLC switches from a transparent cholesteric state to scattering focal conic
state, reducing transmittance from 90% to less than 15% in the whole visible region. When a
direct current (DC) E-field is applied between the interdigitated electrodes, the non-uniform
E-field distribution leads to helix pitch distortion of the CLC, thus resulting in a broadband
reflection. The IR reflection bandwidth can be dynamically tuned from 158 to 478 nm. By
adjusting the E-field intensity, the transmittance in the visible range and the IR reflection
bandwidth can both be controlled, and after the E-field is removed, both can be returned to
initial conditions. This attractive feature of the window makes it possible to perform indoor
light and heat management on demand. Such windows would be an extension of the
currently available smart windows, with considerable potential for practical applications
in green buildings and automobiles.

2. Materials and Methods
2.1. Materials

The PSCLC mixture was prepared by mixing 81.4 wt% of a nematic LC E7 (The ∆n of
E7 is 0.217 at λ = 589 nm and T = 25 ◦C, and the ∆ε of E7 is 11.4 at 1 kHz and T = 25 ◦C;
Merck, Darmstadt, Germany), 13.8 wt% of a right-handed chiral dopant S811 (Merck),
3.0 wt% of a diacrylate monomer (RM257, Merck, Darmstadt, Germany) and 1.0 wt%
of photo-initiator Irgacure-651 (Ciba Specialty Chemicals (China) Ltd., Shanghai, China).
All ingredients were used without further purification. Figure 1A shows the chemical
structures of S811, RM257 and Irgacure-651. To enable the reflection of IR light, the chiral
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dopant concentration was selected such that the reflection notch of the PSCLC cells was
centered at 1050 nm.
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2.2. Sample Preparation

The interdigitated electrodes (Wuhu Changxin Technology Co., Ltd., Anhui, China)
and the plate electrode glass were used as the bottom and top substrates to make the cell.
Figure 1B shows the two-dimensional top view of the interdigitated electrodes pattern. The
width of the electrode is 95 µm, and the gap between the interdigitated electrodes is 25 µm.
The electrode and gap are periodically distributed. Both the top and bottom substrates
underwent a 10 min ultrasonic cleaning process in acetone, isopropanol, and deionized
water, followed by a 20 min UV-ozone treatment (UV Products, BZS250GF-TC, Shenzhen,
China) to make them more hydrophilic. The polyvinyl alcohol (PVA) alignment layer was
spin-coated on both substrates. Then, the substrates with the PVA layer were placed parallel
to each other in the rubbing direction and glued together with UV curable glue containing
a 30 µm spacer (SiO2). After 1 min of UV irradiation, the LC cell with a cell thickness
of 30 µm was obtained, as shown in Figure 1C. To examine the impact of interdigitated
electrodes with different gaps on the performance of the sample, interdigitated electrodes
with a 95 µm electrode width and various gap sizes (25, 45, 65, 85 and 105 µm) were used.
Moreover, for investigating the impact of interdigitated electrodes with different electrodes
on the performance of the sample, interdigitated electrodes with a gap width of 25 µm
and different electrode widths (35, 55, 75, 95 and 115 µm) were used. The LC mixture was
stirred and filled into the cell by capillary force. The cells were then exposed to UV light of
365 nm (28 mW/cm2) to polymerize. The whole preparation process was conducted in the
yellow-light area.

2.3. Characterization

The optical characterization of the sample cells was conducted using unpolarized
spectrophotometry (Lambda 950, PerkinElmer, Shanghai, China) in transmission mode at
normal incidence to obtain the spectra of the sample cells [16]. A bare ITO glass substrate
was used for the baseline correction of the instrument prior to the measurement of the
photoelectric properties. Optical microscope photographs of PSCLC sample cells were
observed at room temperature using a polarizing light microscope (POM, LEICA DM2700P,
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Leica, Solms, Germany) to analyze changes in the liquid crystal texture of the sample
cells [16]. The device was driven by a single-phase AC power source with a frequency of
50 Hz, which generates voltages from 0 to 300 V with a power factor of 0.8, and a DC power
source that generates voltages from 0 to 210 V.

3. Results and Discussion

Firstly, an AC E-field was applied between the top and bottom electrodes. Because
of the small gap (25 µm) of the interdigitated electrodes on the bottom substrate, an
approximated vertical E-field was created in the sample cell (Figure 2(Ai)). In the gap region,
the E-field was slightly inclined. Under this E-field, the alignment of the LC molecules
changed from a cholesteric texture (Figure 2(Aii)) to a focal conic texture (Figure 2(Aiii)),
which is evidenced by the POM images shown in Figure 2(Bi,Bii). Accordingly, the sample
switched from transparent to opaque because of the realignment of the LC molecules.
As shown in Figure 2(Biii,Biv), under the vertical E-field, the background patterns under
the sample could not be observed, thus confirming a scattering opaque state. Figure 2C
shows the transmittance spectra of the sample under different AC voltages. At the off state
(0 V/µm), the transmittance in the entire visible region was greater than 90%, and there was
a reflection band centered at 1050 nm due to the Bragg reflection of the cholesteric phase.
In the on state, the transmittance decreased as the applied voltage increased. For example,
under the voltage of 3.34 V/µm, the transmittance dropped to less than 15% in the visible
region (from 400 to 760 nm). Moreover, the reflection band disappeared under high voltage,
which was due to the randomly distributed helical axis of the focal conic state [13]. It could
be noticed that the operational voltage was high, which is attributed to two reasons. One is
that the inclined E-field in the gap regions of the interdigitated electrodes cannot completely
act on rotating the LC molecules with positive dielectric anisotropy (E7, ∆ε = 11.4). The
horizontal component of the inclined E-field actually prevents the LC molecules from
rotating. The other reason is the anchoring force of the polymer networks among the LC
molecules. When removing the AC voltage, the alignment of the LC molecules goes back
to cholesteric texture because of the anchoring force of the polymer network. Therefore, the
sample will revert to its initial transparent state.
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When a DC voltage is applied between the interdigitated electrodes, the sample
remains transparent, as shown in Figure 3(Ai,Aii). Regardless of whether the voltage is
applied, the background patterns under the sample are clearly visible, indicating a good
transparency state. The POM images (Figure 3(Aiii,Aiv)) indicate that the alignment of
CLC molecules remains in the cholesteric texture under the DC voltage. Figure 3B shows
the transmittance spectra of the sample under different DC voltages, thus exhibiting an
electrically tunable bandwidth broadening. The reflection band is centered at 1050 nm with
an initial bandwidth of 158 nm. When a DC voltage is applied, the bandwidth broadening
becomes almost symmetric, extending simultaneously towards the red and blue sides
compared to the original reflection notch wavelength. At the DC voltage of 2.76 V/µm, the
sample shows a broad band of IR light from 800 to 1278 nm (with a reflection bandwidth
of 478 nm), while predominantly remaining transparent in the visible region with high
transmittance in the 400–760 nm range. When the DC interdigital E-field is removed, the
alignment of the LC molecules goes back to cholesteric texture because of the anchoring
force of the polymer network. Therefore, the reflection bandwidth will revert to its initial
value of 158 nm.
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The bandwidth broadening of the CLC can be attributed to the distortion of its helix
pitch under an in-plane E-field between the interdigitated electrodes. Typically, applying a
DC voltage between the interdigitated electrodes generates a non-uniformly distributed
in-plane E-field in the sample cell [22]. Figure 3(Ci) shows the in-plane E-field configuration
over a spatial period. In the region of the interdigitated electrodes, the E-field is perpendic-
ular to the substrate (E1 in Figure 3(Ci)), while in the gap region between the neighboring
electrodes, the E-field is parallel to the substrate (E2 in Figure 3(Ci)). The parabola-like
distribution of the in-plane E-field induces a complicated orientation change of the CLC
molecules. In particular, in the gap region, the E2 is perpendicular to the helical axis of the
CLC, which results in the unwinding of the CLC helix. Therefore, the helical pitch p will
be elongated [22]. Moreover, E2 is not homogeneous in the gap region, where the E-field
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close to the bottom substrate is larger than that close to the top substrate. As a result, the
unwinding of the CLC helix is not uniform, and the pitch varies along the cell thickness in
the samples. Accordingly, the reflection peak of the CLC will be shifted to the red side with
band broadening. In the region of the electrodes, the DC E-field (E1) is parallel to the helix
axis of the CLC. The polymer network traps cations by electrostatic force [23–25]. Upon
applying the DC E-field (E1), an electromechanical force is exerted on the polymer network
because of the trapped ions, leading to the deformation of the polymer network. Because
of the aligning effect of the polymer network on the CLC molecules, the deformation
results in a non-uniform pitch distribution by stretching the pitch near the anode side and
compressing the pitch near the cathode side [26], as shown in Figure 3(Ciii). Consequently,
the reflection band is broadened to include both the blue and red sides (Figure 3B). It is
noted that, with increases in the applied DC voltage, the transmittance of the sample in
the visible region slightly decreases. For instance, without applying the DC voltage, the
transmittance in the visible region is above 90%, and it decreases to less than 80% at a
high voltage of 2.76 V/µm. The decrease in the transmittance in the visible region is likely
attributed to the scattering resulting from the focal conic state at such a high E-field.

Next, we examined the effect of the interdigitated electrodes with different gaps on
the device’s performance. We created the cell using interdigitated electrodes with a fixed
electrode width of 95 µm, but with various gaps ranging from 25 to 105 µm.

After applying an AC voltage of 80 V between the top and bottom electrodes, we mea-
sured the transmittance spectra of the samples created using interdigitated electrodes with
different gaps. Figure 4A displays the transmittance of the samples at 600 nm. The sample
with a small interdigitated electrodes gap shows low transmittance. For example, when
the gap was 25 µm, the transmittance was 40%. As the gap increased, the transmittance
increased, rising to more than 60% when the gap was magnified to 105 µm. As previously
discussed, when an AC E-field is applied between the top and bottom electrodes, the E-field
is vertical to the substrate in the area of the interdigitated electrodes and inclined in the gap
region. As the gap increases, the inclination angle of the E-field becomes larger, resulting
in a smaller vertical component of the inclined E-field. Thus, a weaker vertical field acts
on the CLC molecules in the gap region, making it more challenging to realign the CLC
molecules from cholesteric texture to focal conic texture. Consequently, under the same
applied AC voltage, the sample with the larger interdigitated electrodes gap results in a
higher transmittance.
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Figure 4. Samples are fabricated by using interdigitated electrodes with different gaps. (A) The
transmittance (@600 nm) of the samples when applying an AC voltage of 80 V between the top and
bottom electrodes. (B) The reflection bandwidth of the samples in the infrared region when applying
a DC voltage of 50 V between the interdigitated electrodes.

As mentioned earlier, a DC voltage applied between the interdigitated electrodes
creates a non-uniformly distributed in-plane E-field that distorts the CLC helix pitch,
thus resulting in broadband reflection. The different gaps of the interdigitated electrodes
intrinsically affect the intensity of the in-plane E-field, which in turn influences the reflection
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bandwidth broadening of the sample. Hence, we measured the reflection band of the
samples fabricated with various interdigitated electrodes gaps. Figure 4B shows the
reflection bandwidth of samples under a DC interdigital voltage of 50 V. The reflection
bandwidth decreases as the gap increases. For instance, at a gap of 25 µm, the reflection
bandwidth of the sample is 387 nm, which gradually decreases to 313, 285, 252 and 233 nm
when the gap increases from 25 to 45, 65, 85 and 105 µm. We attributed this decrease to the
reduction in interdigital E-field intensity as the gap widens. In particular, in the sample
with a small gap, the stronger in-plane E-field made it easier for the CLC helix in the gap
region to be unwound. Furthermore, in the interdigitated electrodes region, the stronger
E-field, which is parallel to the CLC helix, caused a larger displacement of the polymer
network, creating a larger pitch gradient and resulting in a broader reflection bandwidth.

Furthermore, we investigated the effect of the interdigitated electrodes with different
electrode widths on the device performance. We made the cell by using the interdigitated
electrodes with the gap fixed at 25 µm, and various electrode widths ranging from 35 to 115 µm.

We measured the transmittance spectra of the samples under an AC voltage of 80 V
applied between the top and bottom electrodes. The transmittance of the samples at a
wavelength of 600 nm is shown in Figure 5A. The sample with the small electrode width
showed low transmittance. For example, when the electrode width was 35 µm, the trans-
mittance was 35%. As the electrode width increased, the transmittance increased and rose
to 49% when the electrode width was increased to 115 µm. As we discussed above, when
an AC E-field is applied between the top and bottom electrodes, an approximated vertical
E-field is created in the sample cell. The electric field intensity between the capacitor’s
two plates can be shown as E = Q ÷ (ε0 × S), where Q is the amount of charge in the
capacitor’s plate, ε0 is the dielectric constant of the material between the capacitor’s two
plates (in this case, ε0 is the dielectric constant of the PSCLC material), and S is the relative
area of the two plates [27,28]. We can regard the cell as a capacitor, with the top substrate’s
plate electrode and the bottom substrate’s interdigitated electrodes serving as its two plates.
The top and bottom electrodes of the capacitor contain an equal quantity of charge when an
AC field is applied between them. As the electrode width increases, the relative area of the
capacitor’s two plates increases. Since the AC power supply and the PSCLC material are
fixed, the samples created with interdigitated electrodes of various electrode widths have
the same charge Q and dielectric constant ε0. Thus, the E-field of the capacitor decreases
as the relative area of the two plates increases. In other words, when the AC voltage is
held constant, the E-field intensity in the cell decreases as the electrode width increases. In
this sense, a weaker E-field acts on the CLC molecules in the cell, which makes it harder
to realign the CLC molecules from cholesteric texture to focal conic texture. As a result,
the sample with a larger electrode width produces a higher transmittance with the same
applied AC voltage.
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As we discussed above, a DC voltage between the interdigitated electrodes creates a non-
uniformly distributed E-field, which causes a distortion of the CLC helix pitch, resulting in a
broadband reflection. Different electrode widths of the interdigitated electrodes intrinsically
influence the E-field intensity, which in turn affects the reflection bandwidth broadening of the
sample. Therefore, we measured the reflection band of the samples fabricated with various
electrodes. Figure 5B shows the reflection bandwidth of the samples under a DC interdigital
voltage of 50 V. We can observe that the reflection bandwidth decreases as the electrode width
increases. For example, at an electrode width of 35 µm, the reflection bandwidth of the sample
was 451 nm, which gradually decreased to 447, 432, 386 and 371 nm when the electrode width
enlarged from 35 to 55, 75, 95 and 115 µm. We attributed this to the reduction in interdigital E-
field intensity when the electrode width increases. According to Gauss’s theorem, the electric
field intensity generated by a charged plate can be calculated as E = σ ÷ 2ε0 = (Q ÷ S)÷ 2ε0,
where σ is the charge surface density, ε0 is the dielectric constant, Q is the amount of charge
and S is the area of the plate [29,30]. When a DC E-field is applied to interdigitated electrodes,
we can regard the interdigitated electrodes as a charged plate. The equivalent charged plate
area increases as the electrode width increases in the unit area. The DC power supply and
the PSCLC material are fixed, so the amount of charge Q and dielectric constant ε0 of the
samples are the same, both of which were fabricated by using interdigitated electrodes with
different electrode widths. Therefore, the charge surface density σ of the sample decreases
as the electrode width increases. Furthermore, the electric field intensity decreases as the
charge surface density decreases. Specifically, in the sample with small electrode width, the
total electrode area per unit area was small and the E-field intensity was strong. The stronger
E-field makes it easier for the CLC helix to have a non-uniform pitch distribution, resulting in
a broader reflection bandwidth.

For the practical use of electrically responsive dual-function glass as a smart window, an
important factor that needs to be considered is its energy consumption [17]. The electric power
needed to operate the PSCLC was calculated to evaluate its power consumption. Figure 6A
shows exponential decays in the current flow when operation AC voltages of 60, 70, 80, 90
and 100 V were applied. The current of the device reaches its steady state after nearly 200 s.
The steady current increases as the operational voltage increases. Driven by an AC voltage of
100 V, the steady current is 9.076 µA. The power consumption can be calculated as P = V × I,
where V is the applied voltage and I is the current at steady state [17]. The effective area
of the PSCLC is 1.6 × 2.0 cm2. The power factor of the single-phase AC power source is
0.8. Accordingly, at 100 V AC voltage, the total power consumption to switch and maintain
the PSCLC in an opaque state was around 2.3 × 103 mW m−2. Figure 6B shows exponential
decays in the current flow when DC voltages of 30, 40, 50, 60 and 69 V were applied. The
current of the device reaches its steady state after nearly 240 s. Driven by a DC voltage of
69 V, the steady current is 0.227 µA. The corresponding power consumption to switch and
maintain the device in a broad reflection state is calculated to be only 48.9 mW m−2.
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4. Conclusions

After combining a top plate electrode substrate with a bottom interdigitated electrode
substrate, we successfully fabricated a PSCLC smart window capable of regulating both
visible light and infrared (IR) light by applying different electric fields. The interdigitated
electrodes design enables the window to achieve dual functionality by creating different
electric fields. In particular, a vertical alternating current (AC) electric field between the
top and bottom substrate switches the CLC texture to a focal conic texture, thus resulting
in a decrease in transmittance throughout the visible region from 90% to less than 15%.
Furthermore, an in-plane interdigital direct current (DC) electric field leads to helix pitch
distortion of the CLC, thus resulting in a broadband reflection. The reflection bandwidth
in the IR region can be dynamically tuned from 158 to 478 nm. The electric field strength
can be adjusted to regulate both the transmittance in the visible range and the IR reflection
bandwidth. Once the electric field is removed, the window is restored to its initial state.
This attractive feature of the window makes it possible to perform indoor light and heat
management on demand. Such a window would be an extension of the currently available
smart windows. However, the practical application of the LC smart window is limited
by its stability under a strong electric field and under strong light flux. If this problem is
solved or optimized, smart windows have great potential for practical applications in green
buildings and automobiles.
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Abstract: Zero liquid discharge (ZLD) is a technique for treating high-salinity brine to obtain fresh-
water and/or salt using a solar interface evaporator. However, salt accumulation on the surface of
the evaporator is a big challenge to maintaining stable water evaporation. In this study, a simple
and easy-to-manufacture evaporator, also called a crystallizer, was designed and fabricated by 3D
printing. The photothermal layer printed with polylactic acid/carbon composites had acceptable light
absorption (93%) within the wavelength zone of 250 nm–2500 nm. The micron-sized voids formed
during 3D printing provided abundant water transportation channels inside the crystallizer. After
surface hydrophilic modification, the crystallizer had an ultra-hydrophilic channel structure and
gravity-assisted salt recovery function. The results revealed that the angles between the photothermal
layers affected the efficacy of solar evaporation and the yield of solid salt. The crystallizer with
the angle of 90◦ between two photothermal layers could collect more solid salt than the three other
designs with angles of 30◦, 60◦, and 120◦, respectively. The crystallizer has high evaporation and salt
crystallization efficiency in a high-salinity brine environment, which is expected to have application
potentials in the zero liquid discharge of wastewater and valuable salt recovery.

Keywords: high-salinity brine treatment; solar crystallizer; 3D printing; salt collection; zero
liquid discharge

1. Introduction

According to the United Nations Environment Programme, more than half of the
world population will face freshwater shortage by 2025, and water scarcity and water
security should be taken seriously [1,2]. In order to alleviate the shortage of freshwater
resources, many countries have attached great importance to desalinations [3,4]. However,
traditional desalination plants could produce a large amount of high-salinity brine in the
desalination process [5,6]. This results in a large amount of untreated brine discharged
directly into surface water, deep-well evaporation ponds, or the ocean, which causes water
pollution and land salinization [7,8]. Therefore, zero liquid discharge (ZLD) technology
was developed, which is a circular economy-based method for treating high-salinity brine,
involving brine concentration and brine crystallization [9,10]. Using the ZLD technique,
the dissolved minerals in the brine can be concentrated into solids for collection [11,12].
Nevertheless, traditional ZLD has shortcomings, such as low treatment efficiency, energy
consumption, and high cost [13]. Reverse osmosis (RO) membrane filtration is a crucial
component of traditional ZLD. The RO membrane pores could be contaminated by fouling
after long periods of operation. The fouling comes from the accumulation of bacteria,
sludge, metal ions, and other suspended matter. This results in a significant decline in
membrane filtration performance. Therefore, the brine requires pretreatment before passing
through the RO membrane for desalination [14].
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In recent years, the solar-driven interfacial evaporator has been widely studied in the
desalination research due to its low cost, effective use of clean energy, no carbon emission,
suitability for high-salinity brine, and other benefits [15–17]. At present, the evaporator is
mainly used for the treatment of low-salinity brine. By designing the photothermal conver-
sion materials and structure of the evaporator, the salt inside the evaporator can quickly
diffuse into water bodies [18,19]. Such an evaporator can maintain water evaporation
without being affected by salt crystallization [20,21]. Although the aforementioned studies
can prevent the degradation of evaporator performance caused by salt accumulation, the
direct diffusion of salt will cause the salinity increase in the original water body, resulting
in secondary contamination. As we know, the evaporator is also suitable for salt recovery
from high-salinity brine. However, it is very easy for salt to crystallize on the evaporator
surface and within the water channel while treating high-salinity brine. The efficiency of
photothermal conversion and the water transport performance of evaporators will decrease
due to salt accumulation [22,23]. Therefore, enabling an evaporator to have durable water
evaporation performance is key to research during salt recovery.

Some innovative interface evaporators have been designed to achieve efficient water
evaporation while also enabling solid salt collection. Those ideas also realized ZLD goals
of pollution-free, zero energy consumption for high-salinity brine treatment. As shown in
Figure 1, the interface evaporator is able to simplify the traditional ZLD treatment process
by replacing the expensive, contamination-prone RO membrane.
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Figure 1. A schematic diagram of traditional ZLD and interfacial evaporator. (Reprinted with permission
from Ref. [12]. 2022, Elsevier).

The research of interface evaporators focuses on material and structure design. In
terms of evaporator material research, the surface of the evaporator is commonly hy-
drophobically modified to avoid salt crystallization, and the other part remains hydrophilic
for water transmission. Gu et al. [24] modified hydrophobic carbon felt to make it hy-
drophilic through acid treatment, and then coated the top surface with hydrophobic
poly(1,1-difluoroethylene) (PVDF). After the treatment, salt could only crystallize on the
edge of evaporator, without salt accumulation on the top surface. Similarly, Dong et al. [25]
first prepared hydrophilic cellulose acetate film by electrospinning. Then, through hy-
drophobic modification of the top surface with polydimethylsiloxane (PDMS) coating, they
ensured that salt could only crystallize in the hydrophilic part of the evaporator.

In terms of evaporator structure design, some studies have realized selective salt
crystallization at the edge of the evaporator by designing the evaporator’s water transport
channel. Li et al. [26] prepared a water transport structure with a different bending degree
using polyvinyl acetate (PVA) hydrogel. Salt could crystallize along a designated water
flow direction. Bionic structural design is another route to achieve selective salt crystal-
lization. Being inspired by the salt dilution and salt secretion mechanism of halophyte,
Zhang et al. [27] prepared an evaporator capable of surface salt secretion and edge salt
dilution using glass fiber felt and Polypyrrole (PPy). Sun et al. [28] 3D-printed conical PLA
structures with concave grooves by mimicking mussel seashells and then coated the top
layer of the evaporator with PPy to realize freshwater collection.
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In the above research, although the constructed evaporators achieved the ZLD treat-
ment goal of zero energy consumption, the coating materials or the preparation process
used are costly. In addition, when the water delivery channel in the evaporator is nanoscale,
Mg2+ and Ca2+ will block the channel during the desalination of high-salinity brine, which
requires the addition of salt crystallization inhibitors to pretreat high-salinity brine. This
also increases the cost of desalination.

With the aim of free control of the outer shape and inner water transport channel of the
evaporator, seawater evaporation crystallizers were constructed by 3D-printing technology
in this study. The crystallizer structure consists of two parts: (1) the top photothermal
conversion layer, which seems like a sloping roof; and (2) the bottom cube for water transfer.
In addition, the supporting buoyancy layer structure was designed to provide buoyancy
for the crystallizer body and the solid salt collected. The photothermal conversion part
was printed with Polylactic acid (PLA)/bio carbon composite filaments. The water transfer
cube was printed with pure PLA filaments. Due to the hydrophobicity of PLA, the 3D-
printed parts were subjected to hydrophilic modification. Considering that the slope of the
photothermal conversion layer is the crucial factor that determines the effective photother-
mal conversion area, four types of crystallizers were constructed, with the photothermal
layer containing angles of 30◦, 60◦, 90◦, and 120◦, respectively. To evaluate the salt crys-
tallization performance of the crystallizers, the salt crystallization process was run under
an extreme salt concentration environment (20 wt%). The experimental results showed
that the micron-sized water transport channel and superhydrophilicity of the crystallizer
produced continuous water evaporation and optimal salt crystallization performance.

2. Materials and Methods
2.1. Materials

Sodium chloride (NaCl, AR) and Tannic acid (TA, AR) were supplied by Macklin
Biochemical Co., Ltd. (Shanghai, China). Polyvinylpyrrolidone (PVP, Mw~8000) was
supplied by Aladdin Biochemical Technology Co., Ltd. (Shanghai, China). Iron(III) chloride
(FeCl3, AR) was supplied by Damao Chemical Co., Ltd. (Tianjin, China). PLA (4032D) was
supplied by Nature Works LLC (Minneapolis, MN, USA). Hazelnut shells were from Benxi
Agricultural Development Co., LTD. (Benxi, China).

The PLA-C filament for 3D printing was prepared by melt extrusion as follows: 98 g of
PLA and 2 g of the dried hazelnut shell carbon. The preparation process of hazelnut shell
carbon was as follows: in the first step, hazelnut shells were pulverized into particles. Then,
hazelnut shell particles were pyrolyzed for 2 h at 700 ◦C under an N2 atmosphere in a tube
furnace. The heating rate in the furnace was 5 ◦C per minute (OTF-1200X, KEJING, Hefei,
China). Finally, further grinding was run in a ball mill machine (QM 0.4 L, Chishun LLC,
Nanjing, China) and then the ground carbon powder was passed through a 120-mesh sieve
and collected. The PLA was fused and blended with hazelnut shell carbon in a double roll
mixer (BP-8175-A, Baopin precise instrument, Dongguan, China). The blending procedure
was run at 180 ◦C, with the rollers’ rotation speed at 1.5 r min−1. Then, the blends were
smashed into particles smaller than 2 mm by a disintegrator (FW135, Taisite instruments,
Tianjin, China). Finally, a single-screw plastic extruder was used to extrude PLA-C filament
(C2 model, Wellzoom LLC, Shenzhen, China). The extrusion temperature was in the range
of 178–183 ◦C. Pure PLA filament was extruded under the same conditions.

2.2. Design and 3D Printing of the Crystallizer Structure

The model of crystallizer was designed using AutoCAD software (2022 Student edi-
tion, Autodesk software, San Rafael, CA, USA). The T-shaped crystallizer consists of two
parts: the photothermal layers and the water transport layer. The detailed crystallizer
design is presented in Figure 2a and the CAD drawing is provided as a supplementary
document (Figure S1). The photothermal layer of the crystallizer has two rectangular water
evaporation surfaces of 36 mm× 40 mm with a thickness of 6 mm. The angles between two
photothermal layers were designed as 30◦, 60◦, 90◦, and 120◦, respectively. The horizontal
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water transport layer has a cross-section of 6 mm × 40 mm. The water transport layer has
the same volume in contact with brine and a height of 15 mm. The Cura software (Cura
15.04, Ultimaker, Waltham, MA, USA) was used to slice the crystallizer model. The model
slice program was set as without the exterior of the model and an infill density of 60%. An
FFF (Fused Filament Fabrication) double-head printer (Inker 334, Wuhan Allcct Technology
Co., Ltd., Wuhan, China) was used to construct the crystallizer. As shown in Figure 2b,
the photothermal layers and the water transport layer were printed using PLA-C and PLA
filament, respectively. The printing parameters were set as: a nozzle temperature of 200 ◦C,
a hot bed temperature of 60 ◦C, a printing speed of 50 mm s−1, a printing thickness of
0.2 mm, and a nozzle diameter of 400 µm, respectively.
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2.3. Surface Hydrophilic Modification of Crystallizer

PVP-TA-Fe3+ coating was synthesized to improve the hydrophilicity of the crystallizer.
The preparation steps of PVP-TA-Fe3+ coating are as follows: PVP (0.32 g) and TA (0.32 g)
were mixed in 100 mL deionized water by magnetic stirring at room temperature for
5 min. Then, FeCl3 (0.69 g) was added into the PVP-TA solution by magnetic stirring. The
3D-printed structure was immersed into the PVP-TA-Fe3+ solution and then placed in a
vacuum oven for vacuum impregnation. After 12 h impregnation, the structure was dried
at 50 ± 2 ◦C for 6 h. Eventually, the dried structure was rinsed with distilled water under
ultrasound treatment for 2 h to remove the unattached PVP-TA-Fe3+ coating.

2.4. Design and 3D Printing of the Buoyant Structure

The buoyancy layer can ensure that the crystallizer system floats on the brine and
reduces the heat transfer between the crystallizer and brine. In this work, the buoyancy
layer provided a buoyancy force greater than the total weight of the crystallizer itself, its
water content, and salt crystals. The design of buoyancy layer is presented in Figure 3
and the CAD model is provided as a supplementary document (Figure S2). According to
Archimedes’ theorem, the mass of the water body occupied by the buoyancy layer is equal
to the buoyancy exerted on it. The following formula (1) is used to calculate the buoyancy
provided by the buoyant structure [29].

Fbuo = ρ × g × Vdisp (1)

where ρ is brine density, 1035 kg ×m−3, g is radio of gravity to mass, 9.8 N × kg−1, Vdisp

is volume of displacement, m3.
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2.5. Characterization

The microstructure of the crystallizer was observed by scanning electron microscopy at
5 kV (SEM, JSM-7401F, Hitachi, Tokyo, Japan). The contact angle was recorded to compare
the wettability of the crystallizer surface (the optical contact angle, Dataphysics OCA20,
Filderstadt, Germany). The tensile specimens were designed according to ASTM D638
Type IV [30]. All samples were 3D-printed as described in Section 2.2. Tensile tests were
conducted by a universal tensile machine (TSE104B, Wance, Shenzhen, China) with the
tensile rate of 5 mm/min−1. The reflectance (R%) and transmittance (T%) of the crystallizer
at 250 nm–2500 nm were tested by Ultraviolet-visible-near-infrared spectrophotometer (UV-
VIS-NIR, Cary 7000, Santa Clara, CA, USA). The light absorbance (A%) of the crystallizer
was calculated by the equation: A% = 1 − (R% + T%).

2.6. Salt Crystallization Test

The photothermal conversion and crystallization capabilities of the crystallizer were
evaluated under a customized solar simulation test system (Xenon light source, CME-SL500,
Micro energy, Beijing, China). A solar power meter (TES132, ShenZhen, China) was used to
maintain the surface light intensity of the crystallizer at 1000 W m−2. An electronic balance
equipped with a computer was adopted to record the water mass change continuously.
The accuracy of the balance was 0.0001 g (BSA224S, Sartorius, Gottingen, Germany). The
surface temperature of the crystallizer was monitored with an infrared thermal camera
(FLIR E8, Wilsonville, OR, USA). During the water evaporation test, the crystallizer was
embedded in the expandable polyethylene foam (EPF) to isolate the natural evaporation of
bulk water. This also ensured that the photothermal layer of the crystallizer can convert
light to heat and promote the evaporation of brine to generate steam at the interface. To
test the water evaporation of the crystallizer, a 50 mL quartz beaker was used to hold the
crystallizer, high-salinity brine, and EPF. To test the continuous salt crystallization of the
crystallizer, a glass flume was used to hold the crystallizer, high-salinity brine, and buoyant
structure. The test was conducted at an ambient temperature (20 ± 2 ◦C) and relative
humidity (50 ± 5%).

2.7. COMSOL Simulation Test

The mass transfer processes of water and salt include advection, diffusion, and evap-
oration. The laminar flow and dilute material transfer were used for evaluating the ion
diffusion in the crystallizer. The distribution of ion concentration was studied by solving
the following equation:

ρ × eu/et + ρ × (u × ∇u) × u = ∇[−pI + K] + F + ρg (2)

ρ × ∇u = 0 (3)

ec/et + ∇J + u × ∇c = R (4)

113



Polymers 2023, 15, 1656

J = −D × ∇c (5)

where u is the velocity field, set as 4× 10−7 m× s−1; I is the constitutive relation coefficient;
K is the viscosity, set as 8.9 × 10−4 Pa·s; ρ is the brine density, set as 1 035 kg ×m−3; F is
the surface tension at the interface between air and liquid, set as 0. R is the reaction on the
ion surface, set as 0; c is the ion concentration, set as 3589 mol × L−1, corresponding to
20 wt% brine; t is the time, and J is the concentration gradient.

3. Results and Discussion
3.1. Preparation and Surface Characterization of Crystallizer

Bio-based carbon composites are ideal photothermal materials due to their advantages
such as being robust and inexpensive, and their capability to absorb full-spectrum solar
wavelengths [31–33]. In this study, 3D printing was combined with bio-based photother-
mal materials to construct controllable crystallizer structure. As shown in Figure 4a, the
crystallizer structure built by 3D printing consists of the black part printed with PLA-C
filament and the white part printed with PLA filament. PLA-C and PLA filaments were
used to construct the photothermal layer and water transfer layer of the crystallizer, re-
spectively. After being printed, these two parts were integrated together to form the main
structure of the crystallizer. Then, the crystallizer structure was treated with a PVP-TA-Fe3+

coating. After PVP-TA-Fe3+ treatment, the whole structure became significantly black.
The PVP-TA-Fe3+ system utilized its hydrophilic as well as strong adhesive property to
form a stable coating [34–36]. As shown in Figure 4c, the surface of micron-sized water
transport channels without coating was smooth. In comparison, the surface of the structure
became rough after coating (Figure 4d). The contact angle results in Figure 4c, d proved
that the hydrophobic water transfer channels were modified to be ultra-hydrophilic after
the coating treatment. Furthermore, the mechanical property of the crystallizer is crucial
for stable operation of the evaporator system. The tensile experiments demonstrated that
all specimens constructed by 3D printing had a tensile strength above 45 MPa, as shown
in Figure 4b.
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Figure 4. (a) digital photograph of the 3D-printed crystallizer structure without and with coat-
ing; (b) tensile properties of the standard tensile specimen; (c) Microstructure and wettability of
crystallizer without PVP-TA-Fe3+ coating; (d) Microstructure and wettability of crystallizer with
PVP-TA-Fe3+ coating.
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3.2. Buoyant Structure

The hollow cone-shaped buoyant layer was designed parametrically by CAD. The
center of the buoyancy layer holds the crystallizer, and the concave groove of the buoyancy
layer collects the dislodged salt crystals. The buoyancy layer also acts as an insulator,
reducing the heat transfer between the crystallizer and the brine. According to the buoyancy
formula (1) and the specific design data of the buoyancy layer, it can be calculated that the
volume of brine discharged by the buoyancy layer was 158.57 cm3. Therefore, the buoyancy
layer can enable an object weighing 168.375 g to float on the brine. In this experiment,
the buoyancy layer itself weighed 21.64 g, and the weight of crystallizer containing brine
was 25 ± 5 g. Therefore, the buoyancy layer can float an object weighing 120 ± 5 g on
the brine, which indicates that it can provide a stable salt crystallization environment for
the crystallizer.

3.3. Salt Crystallization Performance of the Crystallizer

The hydrophilic coating could ensure efficient water delivery in the micron-sized
channels of the crystallizer. However, salt crystals may accumulate on the photothermal
layer during continuous water evaporation, which affects its evaporation efficiency. The
schematic illustration of the assembly of crystallizer device is shown in Figure 5. The whole
crystallizing system consists of the photothermal layer, water transport layer, and buoyancy
layer. The function of the water transport layer is to transfer brine from the water body to
the photothermal layer. The function of the photothermal layer is to absorb solar radiation
and convert solar energy into heat, warming and evaporating brine to obtain salt crystals.
The buoyancy layer collects the salt crystals produced during the stable operation of the
entire system. By regulating the difference in surface area between the photothermal layer
and the water transport layer, the salt can crystallize on the surface of the photothermal
layer. Meanwhile, the angle between two photothermal layers was designed to ensure that
the salt crystals can fall off on their own by gravity, which supports the stable operation of
the crystallizer.
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Excellent photothermal conversion performance can promote water evaporation and
salt crystallization. The solar absorption of the crystallizer at the full-spectrum wavelength
is shown in Figure 6a, reaching 93%. It indicated that the photothermal layer of the
crystallizer had good light-absorption capacity. As shown in Figure 6b, an indoor solar
simulation device was used to evaluate the water evaporation performance. As shown in
Figure 6c, the water evaporation rate of the crystallizer increased as the angle between the
photothermal layers increased. This is due to the height of the crystallizer itself becoming
smaller as the angle between the photothermal layers becomes larger, and then the brine
was able to reach the photothermal layer more quickly. After the crystallizer had been
running for a specified period, the solid salt was collected from the crystallizer surface
as well as from the buoyancy layer. The solid salt collected was dried at 55 ◦C for 6 h to
a constant weight. As shown in Figure 6c, d, the angle between the photothermal layers
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played a key role in the evaporating rate of the crystallizer. During a specific operation
period, brine mass decreased faster as the angle of photothermal layer inclusion increased.
Correspondingly, the amount of solid salt collected followed the opposite trend. However,
a larger angle between the photothermal layers does not mean better salt crystallization.
When the system had been operating for 8 h, the crystallizer with an inclusion angle of
120◦ collected less solid salt than the one with a 90◦ inclusion angle. This is due to the fact
that the solid salt on the photothermal surface of the crystallizer with an inclusion angle of
90◦ was subjected to a larger gravitational component parallel to the slope than the one
with a 120◦ inclusion angle. As the photothermal conversion process continued, the mass
of salt crystals on the slope increased. When the gravitational component parallel to the
slope overcomes the friction between the salt and the photothermal surface, the salt will
drop off. However, at an inclusion angle of 120◦, it was more difficult for solid salt falling
off from the evaporation surface, resulting in more salt accumulation on the slope, which
reduced its salt collecting efficacy.
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of an indoor solar evaporation setup; (c) mass change of the brine over time at different crystallizer
angles; (d) salt collection of different crystallizers within three durations of test.

Figure 7 demonstrated the distribution of salt crystals on the surface of the crystallizers
at different angles after 1 h and 6 h of operation. After 1 h of operation, salt crystals
appeared on the surface of all crystallizers. After 6 h of operation, the top edge of the
crystallizer at 30◦ and 60◦ were covered with salt crystals, while the top edge of the
crystallizers at 90◦ and 120◦ did not show this phenomenon. The reason for this is that
the brine was not replenished after evaporation, resulting in salt crystal accumulation on
the surface of the photothermal layer. The salt crystalline encrustation could reduce the
photothermal efficiency of the crystallizer, which is detrimental to the long-term operation
of the crystallizer. In contrast, the top edges of the crystallizers with inclusion angles of 90◦

and 120◦ showed no salt crystals wrapped around them, proving that their photothermal
layer enabled rapid brine replenishment along with water evaporation. Among four types
of crystallizers, the water transfer distance from the brine to the photothermal layer of the
crystallizers with inclusion angles of 30◦ and 60◦ is longer, and the water transfer efficiency
is lowered.
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3.4. Simulation of Salt Ion Distribution on the Crystallizer Surface

To perceive the water transportation and the ion concentration distribution during
the operation of the crystallizer, the salt ion distribution in the crystallizer was simulated.
The profile structure of the crystallizers was simulated using COMSOL Multiphysics soft-
ware. The results of the water transport simulation are shown in Figure 8a. It is clear
that the brine was quickly transported from the water transport layer to the photothermal
layer. During brine transportation, brine backflow as well as diffusion occurred simul-
taneously. As the inclusion angle between the photothermal layers became bigger, the
diffusion effect of brine became stronger at the intersection of the photothermal layer and
the water transport layer. At the same time, the backflow effect of brine became more
pronounced. The results of the salt concentration distribution simulation are shown in
Figure 8b. The salt concentration within the water transport layer maintained a bottom-up
increase, whereas the salt concentration within the photothermal layer changed from the
center to the edges. The salt concentration in the photothermal layer were higher in the
crystallizers with inclusion angles of 60◦ and 90◦ than in those with 30◦ and 120◦ inclusion
angles. A higher salt concentration indicated a trend towards better salt crystallization on
the photothermal layer.
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3.5. Long-Term Stability of the Crystallizer at 90◦

Through experiments and simulations, it can be seen that the crystallizer with an
inclusion angle of 90◦ had higher salt crystallization efficiency. To evaluate the long-term
stability of the crystallizer at 90◦, a 12 h run was recorded and analyzed. As shown in
Figure 9a, it is obvious that salt crystals continuously generated on the surface of the
crystallizer with the increase of time. Though the salt mass rose with time, the pores in the
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salt crust ensured successful water transportation [37]. During the evaporation process,
the salt ion concentration could keep in a dynamic equilibrium. Salt crystals would slide
off the photothermal layer when the mass of the salt crystals was large enough [38]. The
shedding of salt crystals ensured that the upper of the photothermal layer was not blocked
by salt crystals, allowing the crystallizer to operate for a long time to produce salt crystals.
Figure 9b shows that under the irradiation of one-sun illumination, the surface temperature
on the upper and middle parts of the photothermal layer was maintained at 42 ± 2 ◦C, and
the lower part of it was maintained at 38 ± 2 ◦C. Although salt accumulated at the lower
part of the photothermal layer, which led to the temperature drop, the overall temperature
of the photothermal layer still showed a high temperature. This was due to the upper
and middle parts of the photothermal layer having a continuous photothermal conversion
ability, which allowed the evaporation surface to transfer heat quickly and ensured the
continuous salt crystallization capacity of the photothermal layer.
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Figure 9. During 12 h operation of the crystallizer: (a) Digital photograph of salt crystallization;
(b) infrared thermal images.

4. Conclusions

In this work, a seawater evaporation crystallizer with designated geometry and an
inner channel was constructed through 3D printing. This crystallizer was capable of
producing salt crystals during the treatment of high-salinity brine. The buoyancy layer in
the design not only provided buoyancy but also acted as salt collector and could reduce the
overall heat loss of the crystallizer. Through experiment and simulation analyses, it was
determined that the salt crystallizer with an angle of 90◦ between the photothermal layers
could maintain continuous salt crystallization and a higher efficiency of salt harvesting in a
high-salinity brine environment. This crystallization system has long-term stability in the
treatment of high-salinity brine and would have practical application in achieving the zero
liquid discharge of high-salinity water and the recovery of valuable salts.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/polym15071656/s1, Figure S1: parameters for designing crystalliz-
ers; Figure S2: model of buoyancy layer.
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Abstract: An integrated solution providing a bi-stable antenna with reconfigurable performance and
light-responsive behavior is presented in this paper for the first time. The proposed antenna includes
a radiation layer with conductivity, which is integrated onto the bi-stable substrate. First, the effect of
the radiation layer material and substrate layer parameters on antenna performance was studied. The
experiment showed that an antenna with CNTF has a wider impedance bandwidth than one with
CSP, namely 10.37% versus 3.29%, respectively. The resonance frequency increases gradually with the
increase in fiber laying density and fiber linear density. Second, the influence of state change of the
substrate layer on the antenna radiation pattern was studied. The measured results showed that the
maximum radiation angle and gain of states I and II are at 90◦, 1.21 dB and 225◦, 1.53 dB, respectively.
The gain non-circularities of the antenna at states I and II are 4.48 dB and 8.35 dB, respectively, which
shows that the antenna has good omnidirectional radiation performance in state I. The display of the
array antenna, which shows that the array antenna has good omnidirectional radiation performance
in state A, with gain non-circularities of 4.20 dB, proves the feasibility of this bi-stable substrate in
reconfigurable antennas. Finally, the antenna deforms from state I to state II when the illumination
stimulus reaches 22 s, showing good light-responsive behavior. Moreover, the bi-stable composite
antenna has the characteristics of small size, light weight, high flexibility, and excellent integration.

Keywords: reconfigurable antenna; bi-stable substrate; radiation pattern; carbon nanotube film
(CNTF); conductive silver paste (CSP)

1. Introduction

Recently, the proposal and research of flexible, multifunctional antennas have greatly
expanded the application of integrated antennas in flexible wearable devices such as
sensors and actuators [1–3]. At the same time, the development of fifth-generation (5G)
wireless necessitates the development of a flexible antenna with integrated structure and
function. The concept of a reconfigurable antenna is a perfect demonstration of structural
and functional integration [4,5]. As mentioned in the previous literature, the reconfigurable
performance of an antenna is mainly reflected by the change in its radiation pattern [6].
At present, the reconfigurable performance of antennas has been realized by researchers
through certain technical means. For example, Alfred et al. [7,8] prepared a reconfigurable
antenna that can achieve reconfigurable changes in the antenna pattern through MEMS
switching in its operating frequency. However, these antennas need an additional MEMS
switch to control the antenna in addition to the antenna device itself, which greatly increases
the weight of the antenna and limits its application. At the same time, these methods
require continuous electrical stimulation to maintain the deformation. After removing
the stimulation, the antenna structure immediately changes back to its initial state, which
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causes energy waste. Therefore, it is necessary to develop a composite antenna with
reconfigurable structure and antenna function.

The bi-stable structure is used to solve the energy-waste problem, by achieving recon-
figurable antenna performance. “Bi-stable” structure refers to two stable configurations
that can be maintained in one of the stable states without the maintenance of external
energy. A short stimulus can make it jump from one stable state to another stable state, and
removing the stimulus leaves the steady state shape unchanged [9]. Researchers have pre-
pared a flexible film with bi-stable characteristics, owing to its structural design as well as
silicone oil dissolved in organic solvents [10–12]. However, this bi-stable structure has low
stiffness, and the dissolution process requires a large number of organic solvents, which is
not environmentally friendly and not suitable for mass production. At present, the external
actuating forces for the response of intelligent structures are mainly smart-actuating [13–17]
and mechanical-force-actuating [18,19]. Among them, light is a common, natural source of
light and clean energy, which can be turned on and off at long distances [20,21]. This simple
actuating method can play a great role in the shape transformation of bi-stable structures.

According to the existing reports, it is known that the bending angle of antennas has
a significant impact on their working frequency and pattern [22]. Hu et al. [23] prepared
the reconfigurable antenna by layering, which laid the foundation for the feasibility of the
research in this paper. The results showed that the antenna has omnidirectional radiation
when it is curled, with a gain of −1.52 dB, and directional radiation when it is unfolded,
with a gain of 9.77 dB. However, these antennas require shape memory alloys and electricity
as external actuating sources during the state-conversion process, and the antennas are
too stiff to be widely used in smart wearable devices. In addition, researchers prepared a
bi-layer encapsulated PCL-TPU shape memory composite structure by 4D printing [24].
The successful implementation of this technology will help people to expand the structural
diversity of shape memory composites. Perhaps in the future, bi-stable structures with
intelligent responses could be prepared directly by 4D printing [25]. Zheng Zhang et al. [26]
prepared a bi-stable laminate using commercial silicone rubber-reinforced carbon fiber ply,
and the state transition was made via gas actuation. However, the gas drive generally
requires substantial air pressure to change its state. Therefore, to meet the needs of space
detection and smart wearable devices, it is crucial and practical to design a light-driven,
flexible, reconfigurable antenna with a simple fabrication method, deformable structure,
low price, low energy consumption, and integrated structure and function. It has been
reported that polydimethylsiloxane (PDMS) can be used as a good antenna substrate
layer material due to its excellent optical properties and good hydrophobic and high
dielectric constants [27–29]. Similarly, as reported in the References, polyimide (PI) fiber is
widely used due to its high strength, low coefficient of thermal expansion (CTE), and high
rigidity [30,31].

In this study, a bi-stable composite antenna is composed of a substrate layer and a
radiation layer. First, the substrate layer, containing a functional layer and middle layer,
is fabricated by antisymmetric laying and a high-temperature curing method. Next, the
radiation layer is prepared with conductive material using screen-printing or laser-cutting
technologies. Next, the antenna performance is studied by experimental methods. The
reflection coefficient (S11) and the radiation pattern in state I and state II are tested. Lastly,
the effects of the radiation layer material and substrate layer parameters on the antenna
reflection coefficient are compared and analyzed.

2. Experimental Section
2.1. Materials

Carbon nanotube film (CNTF) with a thickness of 10–20 µm was purchased from
Zhongke Times Nano Co., Chengdu, China. Conductive silver paste (CSP) (DJ002) was
purchased from Maintenance Co., HongKong, China. PDMS material was commercially
purchased (Sylgard 184 silicone elastomer) Dow Corning., Midland, MI, USA. with a
viscosity of 5500 mPA·s. PI fibers with different linear densities were purchased from
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Jiangsu Xiannuo New Material Technology Co., Ltd., China. PI electro-spun membranes
with thicknesses of 80 µm were supplied by the Hunan Institute of Engineering.

2.2. Preparation of the Bi-Stable Substrate Layer

As shown in Figure 1a, flexible thin-film antennas have important applications in inter-
personal communication, satellite communication, Bluetooth, etc. Figure 1b demonstrates a
bi-stable composite antenna with light-responsive and reconfigurable performance, which
provides new reference and theoretical data for the long-term application of reconfigurable
flexible electronic devices. As shown in Figure 1b, a complete antenna is composed of a sub-
strate layer and a radiation layer. In particular, the substrate layer has a direct influence on
the reconfigurable performance of the antenna. Therefore, we first discuss the preparation
method for the reconfigurable substrate with bi-stable characteristics.
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Figure 1c shows a schematic for designing and fabricating a bi-stable substrate layer for
the antenna. It can be seen that the bi-stable substrate layer consists of a middle layer and a
functional layer. The functional layer includes Functional layer 1 and Functional layer 2,
which are arranged in an anti-symmetric method. The bi-stable substrate layer is pre-cured
using the residual thermal stress caused by the large CTE difference between the PI fiber
and PDMS during high-temperature curing and the arrangement of antisymmetric layers.

It is worth noting that the PI electro-spun membrane should be pasted at the PDMS
curing temperature of 100 ◦C and a curing time of 5 min. At this time, the PDMS is
pre-cured, but it is not completely cross-linked. The PI electro-spun membrane can be
pasted onto Functional layer 1 by the viscosity of PDMS, to prevent slipping. The bi-
stable substrate layer will maintain a stable structure when the sample is taken out at
room temperature (state I). It can reach another stable structure (state II) through external
stimulation. Significantly, in previous studies, we have proved that the oriented-PI-fiber-
reinforced PDMS film has bi-stable characteristics and demonstrates a close relationship
between fiber laying densities and fiber linear densities [32].

2.3. Preparation of the Radiation Layer

The antenna radiation layer was prepared by screen printing and laser-cutting, as
shown in Figure 2. First, the CNTF radiation layer was cut from the commercially available
CNTF film with laser cutting technology and then pasted on the bi-stable substrate during
the curing process. The process used a cutting power of 3 W and 5 cutting times.

123



Polymers 2023, 15, 1585

Polymers 2023, 15, x FOR PEER REVIEW  4  of  12 
 

 

Significantly,  in previous studies, we have proved  that  the oriented‐PI‐fiber‐reinforced 

PDMS film has bi‐stable characteristics and demonstrates a close relationship between fi‐

ber laying densities and fiber linear densities [32]. 

2.3. Preparation of the Radiation Layer 

The antenna radiation  layer was prepared by screen printing and  laser‐cutting, as 

shown in Figure 2. First, the CNTF radiation layer was cut from the commercially availa‐

ble CNTF film with laser cutting technology and then pasted on the bi‐stable substrate 

during the curing process. The process used a cutting power of 3 W and 5 cutting times. 

 

Figure 2. (a) Schematic diagram of laser cutting CNTF. (b) Schematic diagram of the screen‐printing 

process. 

Next, the CSP radiation layer was printed directly onto the cured bi‐stable substrate 

using screen printing technology. At this time, 300 mesh screen cloth was used to pene‐

trate the conductive silver paste. 

2.4. Characterization 

The morphological features of the radiation layer were investigated by a field‐emis‐

sion scanning electron microscope (FE‐SEM 7500F, JEOL Technology and Trade Co., Ltd., 

Beijing, China). A UV light source with a wavelength of 395 nm was used to actuate the 

soft actuator, by means of a UV curing machine (SJUV3D‐104, Shengju Machinery Auto‐

mation  Co.,  Ltd.,  Shanghai,  China).  A  thermogravimetric  analyzer  (TGA8000,  Perki‐

nElmer Enterprise Management Co., Ltd., Shanghai, China) was used  to  test  the high‐

temperature thermal stability of the radiation layer. Carbon nanotube films were cut by a 

portable micro‐engraving machine (K6PRO, Shanghai Diaotu Industrial Co., Ltd., Shang‐

hai, China). 

The Tru EBox Workstation (01RC, LinkZill Corporation, Shanghai, China) was used 

to test the capacitance of the substrate layer. The reflection coefficient (S11) of all antennas 

was tested using a network analyzer (Keysight E5071C, Keysight Technology Co., Ltd., 

Shanghai, China) with open‐short‐load calibration. The radiation pattern made by the ro‐

tation angle position of the horn antenna and the  testing antenna was tested using  the 

network analyzer. 

3. Results and Discussion 

3.1. Effect of Radiation Layer Material on Antenna Performance 

The development of fifth‐generation (5G) wireless will meet the basic requirements 

of small size, light weight, flexibility, and low price. At the same time, 2.1 GHz and 3.5 

GHz are receiving more and more attention as the mainstream frequency bands for 5G 

network deployment. The pattern and conductivity of an antenna’s radiation layer play a 

decisive role in its electromagnetic performance. The radiation layer pattern and dimen‐

sions used in this paper are shown in Figure 3a. The bi‐stable composite prepared in this 

Figure 2. (a) Schematic diagram of laser cutting CNTF. (b) Schematic diagram of the screen-printing process.

Next, the CSP radiation layer was printed directly onto the cured bi-stable substrate
using screen printing technology. At this time, 300 mesh screen cloth was used to penetrate
the conductive silver paste.

2.4. Characterization

The morphological features of the radiation layer were investigated by a field-emission
scanning electron microscope (FE-SEM 7500F, JEOL Technology and Trade Co., Ltd., Beijing,
China). A UV light source with a wavelength of 395 nm was used to actuate the soft actuator,
by means of a UV curing machine (SJUV3D-104, Shengju Machinery Automation Co.,
Ltd., Shanghai, China). A thermogravimetric analyzer (TGA8000, PerkinElmer Enterprise
Management Co., Ltd., Shanghai, China) was used to test the high-temperature thermal
stability of the radiation layer. Carbon nanotube films were cut by a portable micro-
engraving machine (K6PRO, Shanghai Diaotu Industrial Co., Ltd., Shanghai, China).

The Tru EBox Workstation (01RC, LinkZill Corporation, Shanghai, China) was used to
test the capacitance of the substrate layer. The reflection coefficient (S11) of all antennas
was tested using a network analyzer (Keysight E5071C, Keysight Technology Co., Ltd.,
Shanghai, China) with open-short-load calibration. The radiation pattern made by the
rotation angle position of the horn antenna and the testing antenna was tested using the
network analyzer.

3. Results and Discussion
3.1. Effect of Radiation Layer Material on Antenna Performance

The development of fifth-generation (5G) wireless will meet the basic requirements of
small size, light weight, flexibility, and low price. At the same time, 2.1 GHz and 3.5 GHz
are receiving more and more attention as the mainstream frequency bands for 5G network
deployment. The pattern and conductivity of an antenna’s radiation layer play a decisive
role in its electromagnetic performance. The radiation layer pattern and dimensions used
in this paper are shown in Figure 3a. The bi-stable composite prepared in this section was
cut to a size of 40 mm × 40 mm × 0.35 mm to obtain a reconfigurable substrate of the first
state (state I) and the second state (state II).

Carbon nanotube film (CNTF) is a relatively mature conductive film material which,
owing to the in-depth study and maturity of its production process, is becoming more and
more popular [33,34]. In addition, conductive silver paste (CSP) is also very common in
various electronic devices, due to its low price and mature formula [35]. To compare these,
this paper investigates and analyzes the effect of using CNTF and CSP as radiation layer
materials on antenna performance. Figure 3b shows physical pictures of the CSP-based and
CNTF-based bi-stable composite antennas in states I and II. Figure 3c shows the physical
diagram of a CNTF-based bi-stable antenna with a coaxial line feed. One of the enlarged
images is of the connection between the antenna radiation layer and the coaxial line and
the other is of the SMA interface connected to the test end.
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Figure 3d shows the reflection coefficients of bi-stable antennas with different radiation
layer materials in two states. First, it can be seen that the S11 curves of the antennas with
the same radiation layer material coincide in state I and state II. This indicates that the
stable-state changes do not have a large impact on the reflection coefficient and resonant
frequency. However, it can be seen from Figure 3d that the change in radiation layer
material does affect the resonant frequency and reflection coefficient of the antennas. It can
be seen that the resonant frequency and reflection coefficient of the bi-stable antenna with
CNTF as the radiation layer material are 3.47 GHz and −17 dB, respectively. In comparison,
the resonant frequency and reflection coefficient of the bi-stable antenna with CSP as the
radiation layer material are 3.65 GHz and −15 dB, respectively. This is mainly because the
CNTF radiation layer material has better conductivity. The resistivity of the CSP radiation
layer is 5 × 10−5 Ω·cm, while the resistivity of the CNTF radiation layer is 5 × 10−4 Ω·cm.

At the same time, impedance matching efficiency and impedance bandwidths are also
important indexes for evaluating antenna performance, and are thus worth discussing and
analyzing. When the impedance matching efficiency is closer to 100%, the antenna is in an
ideal state. Similarly, when the impedance matching efficiency is closer to 0%, the antenna
impedance is completely mismatched.

As shown in Figure 3d, all antennas with different radiation layer materials at two
states have a reflection coefficient of <−10 dB, indicating the impedance matching efficiency
of all antennas is greater than 90%, which meets the application requirements of antennas.
However, the impedance matching efficiency of the antenna with the CNTF radiation layer
is closer to 100%, which is closer to the ideal state.

The measured characteristics indicate that the resonant frequency of the antenna with
the CNTF radiation layer is f = 3.47 GHz, and the impedance bandwidths (S11 ≤ −10 dB)
are 10.37% (3.29–3.65 GHz). The resonant frequency of the antenna with the CSP radi-
ation layer is f = 3.65 GHz, and the impedance bandwidths (S11 ≤ −10 dB) are 3.29%
(3.59–3.71 GHz). This indicates that the antenna with the CNTF radiation layer has wider
impedance bandwidths than the one with CSP. In summary, the bi-stable antenna with
the CNTF radiation layer has a smaller reflection coefficient, higher impedance matching
efficiency, and higher impedance bandwidths. Meanwhile, the resonant frequency of the
bi-stable antenna with the CNTF radiation layer is closer to 3.5 GHz, which is more in-line
with the use range of a 5G network than that of the antenna with CSP. Since the radiation
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layer is a light-driven heat transfer layer, it will directly contact the heat generated by the
light source during the subsequent light response stimulation process. The study of thermal
stability is therefore very necessary. Figure 3e,f shows the TG curves of CSP and CNTF. It
can be seen that the mass loss rates of CSP and CNTF are 1.71% and 12.98%, respectively, at
50–230 ◦C, which indicates that they have good thermal stability. In addition, Figure 3g
shows the SEM morphology of the CSP and CNTF layers, from which the sheet structure
of the CSP and the tubular structure of the CNTF can be observed clearly. This shows
that the radiation materials themselves have no defects and will not produce errors in the
experimental results, nor affect the testing performance.

3.2. Effect of Substrate Layer Parameters on Antenna Performance

As mentioned earlier, a complete antenna is composed of the substrate layer and
radiation layer, so the impact of changes to the substrate layer parameters on the antenna
performance is also well worth studying and exploring. To make a comparative test, this
paper prepared a bi-stable substrate with different fiber laying densities and fiber linear
densities. The radiation material used for all of the contrast antennas in this section was CSP.
Fiber laying densities refer to the number of fibers per unit length of the functional layer.
Linear density is a textile term that means the fineness of the fiber. Its unit is denier/D,
which refers to the mass (in grams) of fibers with lengths of 9000 m. Figure 4a,b shows
the reflection coefficient of bi-stable antennas with different fiber laying densities and fiber
linear densities in state I. It can be seen that the resonance frequency of the antenna increases
gradually with the increase in fiber laying density and fiber linear density. Conversely, the
impedance bandwidth decreases gradually with the increase in fiber laying density and
fiber linear density. We speculate that this is caused by the change in the dielectric constant
of the substrate layer, because the substrate is generally required to be non-conductive
in antenna design, and the dielectric constant is often used to characterize the degree of
non-conductivity of the material. To verify this conjecture, we looked at the dielectric
constant of the substrate layer with different fiber laying densities and fiber linear densities
by inferring it from the capacitance values.
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First, a schematic diagram of the substrate layer capacitance testing method is shown
in Figure 4c. Second, because the substrate layer is not conductive, the following formula
can be used to derive the dielectric constant of the substrate layer.

εr =
C× d
ε0 × S

(1)

where ε0 is the vacuum dielectric constant, d is the thickness of the substrate layer, S is
the contact area, εr is the substrate layer dielectric constant, and C is the capacitance. The
dielectric constants of the substrate layers with different fiber laying densities and fiber
linear densities are shown in Figure 4d,e. It can be seen from here that the dielectric constant
increased with the increase in fiber laying density and fiber linear density. Combined with
Figure 4a,b, it can be found that the increase in the dielectric constant of the substrate
layer drives the resonant frequency of the antenna to be larger. This phenomenon can be
explained and verified by the following formula:

f0 =
c
λ0

√
εr (2)

where c is the speed of light, λ0 is the wavelength of free space, and εr is the substrate
layer dielectric constant. Therefore, the resonant frequency of the bi-stable antenna can be
adjusted by the dielectric properties of the substrate layer in theoretical practice. However,
it can be seen that the resonant frequency of the laying densities of 9 cm−1 and 7 cm−1 does
not change much, which may be because the influence on the resonant frequency of the
antenna is not obvious when the dielectric constant is too large. In addition, the change
in laying density has little effect on the reflection coefficient of the antenna, but the fiber
linear density seems to have a great influence on the reflection coefficient of the antenna.
This is because the increase in fiber linear density increases the thickness of the bi-stable
antenna’s substrate layer.

3.3. Reconfigurable Performance Analysis of Bi-Stable Antennas

The normalized radiation patterns and gain of an antenna are also important indexes
to measure its electromagnetic performance, especially its reconfigurable performance.
Therefore, it is very important to study the changes to the bi-stable antenna’s radiation
pattern in different states. Figure 5a shows the testing scheme of the normalized radiation
pattern. It can be seen that the whole testing system is composed of a network analyzer,
standard horn antenna, rotary table, experimental antenna, and microwave anechoic
chamber. The experimental antenna is placed on the rotary table to measure the gain values
at different angles. The actual gain of the measured antenna is calculated from the standard
gain antenna and its calibration gain, as shown below:

G = Gs + (Gx −Gw) (3)

where G is the actual gain of the measured antenna, Gs is the gain calibration value (7.5 dB) of
the standard gain antenna at 3.5 GHz, Gx is the receiving gain of the experimental antenna at
3.5 GHz, and Gw is the receiving gain (−27.39 dB) of the calibrated standard gain antenna at
3.5 GHz. According to the relationship between the experimental antenna and the electromag-
netic field direction of the test environment, the expression methods of E-plane and H-plane
come into being. Among them, the E-plane is also called the electric plane, which refers to
the direction plane parallel to the direction of the electric field. The H-plane, also known as
the magnetic plane, refers to the direction plane parallel to the direction of the magnetic field.
Figure 5b shows the E-plane and H-plane radiation patterns of state I at 3.5 GHz. It can be
seen from Figure 5b that the radiation pattern of state I in the electric field plane (E-plane) is
quasi-octagonal, and the radiation pattern in the magnetic field plane (H-plane) is closer to a
circle, which obtains good omnidirectional radiation. The experimental results show that the
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maximum radiation angles of the E-plane and H-plane are at 135◦ and 90◦, respectively. The
measured gains of the antenna are 1.1 dB and 1.21 dB, respectively.
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Figure 5c shows the H-plane radiation pattern of the bi-stable antenna in states I and II
at 3.5 GHz. It can be found that the radiation pattern of the bi-stable antenna also changes
accordingly with the change between state I and II. The experimental results show that the
maximum radiation angles of states I and II are at 90◦ and 225◦, respectively. The measured
gains for states I and II are 1.21 dB and 1.53 dB, respectively. Gain non-circularity is often
used to describe the omnidirectional radiation performance of the antenna. The following
formula is a method for calculating gain non-circularity.

GR = max
(∣∣Gmax −Gavg

∣∣ ,
∣∣Gmin −Gavg

∣∣ ) (4)

where GR represents the antenna gain non-circularity and Gmax, Gmin, and Gavg represent
the maximum gain, minimum gain, and average gain of the antenna in the H-plane.

The gain non-circularities of the antenna at states I and II are 4.48 dB and 8.35 dB,
respectively. This shows that the bi-stable antenna has good omnidirectional radiation
performance in state I. This is because the change to antenna structure causes a change in
radiation direction and intensity of the radiation layer. We speculate that this is because
the antenna radiation layer in state I is flat, while the antenna radiation layer in state II is
bent, and the corresponding current radiation intensity is weakened in a bending direction.
As a result, the main current transmission direction of the antenna is deflected; that is, the
pattern of the same antenna is different under different structures, so it can be considered
reconfigurable. At the same time, it can be seen from the 3D radiation pattern of Figure 5d,e
that the gain of state I and II also changes due to the deformation of the antenna structure,
but both have good gain performance.

To improve the transmission capacity of the antenna, reduce the cost of building a
network in high-traffic areas, and meet the applications of various occasions, several single
antennas with the same resonant frequency can together be used as the basic unit and, with
reasonable planning, be combined in space to form an array antenna. The main function of
the antenna array is to strengthen and improve the directivity of the radiation field and to
strengthen the intensity of the radiation field. The bi-stable composite material prepared in
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this section was cut to a size of 150 mm × 80 mm × 0.35 mm to obtain a reconfigurable
substrate of the first state (curled) and the second state (unfolded). Figure 6a shows the
specific size and shape of the antenna radiation layer array.

Polymers 2023, 15, x FOR PEER REVIEW  9  of  12 
 

 

Gୖ ൌ max ൫หG୫ୟ୶ െ Gୟ୴ห, หG୫୧୬ െ Gୟ୴ห൯  (4)

where  Gୖ  represents the antenna gain non‐circularity and  G୫ୟ୶,  G୫୧୬, and  Gୟ୴  repre‐

sent the maximum gain, minimum gain, and average gain of the antenna in the H‐plane. 

The gain non‐circularities of the antenna at states I and II are 4.48 dB and 8.35 dB, 

respectively. This shows  that  the bi‐stable antenna has good omnidirectional radiation 

performance in state I. This is because the change to antenna structure causes a change in 

radiation direction and intensity of the radiation layer. We speculate that this is because 

the antenna radiation layer in state I is flat, while the antenna radiation layer in state II is 

bent, and the corresponding current radiation intensity is weakened in a bending direc‐

tion. As a result, the main current transmission direction of the antenna is deflected; that 

is, the pattern of the same antenna is different under different structures, so it can be con‐

sidered reconfigurable. At the same time, it can be seen from the 3D radiation pattern of 

Figure 5d,e that the gain of state I and II also changes due to the deformation of the an‐

tenna structure, but both have good gain performance. 

To improve the transmission capacity of the antenna, reduce the cost of building a 

network in high‐traffic areas, and meet the applications of various occasions, several sin‐

gle antennas with the same resonant frequency can together be used as the basic unit and, 

with reasonable planning, be combined in space to form an array antenna. The main func‐

tion of the antenna array is to strengthen and improve the directivity of the radiation field 

and to strengthen the intensity of the radiation field. The bi‐stable composite material pre‐

pared in this section was cut to a size of 150 mm × 80 mm × 0.35 mm to obtain a reconfig‐

urable substrate of the first state (curled) and the second state (unfolded). Figure 6a shows 

the specific size and shape of the antenna radiation layer array. 

 

Figure 6. (a) Digital image of the geometry and size of the antenna array’s radiation layer. (b) Sche‐

matic diagram of the pattern of the bi‐stable antenna array. (c) Radiation patterns of the H‐plane of 

the bi‐stable antenna array at states A and B. (d) 3D radiation pattern of state A. (e) 3D radiation 

pattern of state B. 

As shown in Figure 6a, the distance between each single antenna element is 10 mm. 

Figure 6b shows the schematic diagram of the pattern of the reconfigurable antenna array. 

As shown  in Figure 6b, the size of  the radiation  layer  is  just one cycle around the  first 

stable‐state substrate layer, which is defined as state A; the second stable‐state is defined 

as state B. Figure 6c shows  the radiation patterns of  the H‐plane of  the  reconfigurable 

antenna array at states A and B 

It can be seen that in state A, the gain value of the reconfigurable array antenna in 

each direction does not change much, while in state B, the reconfigurable array antenna 

shows  strong  directional  radiation  characteristics  in  the  90°  direction.  The  gain  non‐

Figure 6. (a) Digital image of the geometry and size of the antenna array’s radiation layer.
(b) Schematic diagram of the pattern of the bi-stable antenna array. (c) Radiation patterns of the
H-plane of the bi-stable antenna array at states A and B. (d) 3D radiation pattern of state A. (e) 3D
radiation pattern of state B.

As shown in Figure 6a, the distance between each single antenna element is 10 mm.
Figure 6b shows the schematic diagram of the pattern of the reconfigurable antenna array.
As shown in Figure 6b, the size of the radiation layer is just one cycle around the first
stable-state substrate layer, which is defined as state A; the second stable-state is defined as
state B. Figure 6c shows the radiation patterns of the H-plane of the reconfigurable antenna
array at states A and B

It can be seen that in state A, the gain value of the reconfigurable array antenna in each
direction does not change much, while in state B, the reconfigurable array antenna shows
strong directional radiation characteristics in the 90◦ direction. The gain non-circularities of
the array antenna at states A and B are 3.47 dB and 4.20 dB, respectively. This shows that
the array antenna has good omnidirectional radiation performance in state A. This further
proves the possibility for reasonable application of bi-stable substrates in the reconfigurable
performance of array antennas.

3.4. Analysis of Light Response Behavior

Recently, with the introduction and implementation of energy-saving and emission-
reduction measures, the application of light response actuation methods has become more
and more popular. The experimental device established to analyze the light response
performance of the bi-stable antenna is shown in Figure 7a. Two cameras were mounted
on the xz and yz planes, respectively, to observe the curvature changes of the xz and yz
planes. The reconfigurable composite antenna used to demonstrate light response behavior
was 40 mm × 40 mm × 0.35 mm. The radiation layer material of the antenna used to test
the light response behavior was CNTF, and the fiber linear density and fiber laying density
were 100D and 5 cm−1, respectively. In the actuation process of the bi-stable composite
antenna, the CNTF radiation layer was used as a photothermal conversion layer for the
bi-stable composite antenna to convert the light response between state I and state II. The
oriented-PI-fiber-reinforced PDMS layer acted as an actuating layer with photothermal
sensitivity, and the electro-spun polyimide film acted as an inert layer. The wavelength of
the light source for the light response experiment was 395 nm.
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Figure 7b shows the relationship between the bending of the bi-stable composite
antenna and the light-actuated time. It can be seen that the curvature change curves can be
divided into state I stage, state II stage, and transition stage according to the state shape.

In addition, a photograph of the bi-stable composite antenna changing with light-
actuated time is shown in Figure 7c. These photos show that the reconfigurable antenna
exhibits significant snapping-through movements under the light. The bi-stable antenna
remains in state II when the light source is removed at 22 s, and the snapping-through
occurs at 20 s, indicating that the bi-stable antenna has a fast response speed and good
stable-structure retention.

4. Conclusions

The reconfigurable antenna represents a new concept for designing antenna structures
by using structurally effective materials. In this paper, a novel bi-stable composite antenna
with reconfigurable performance and light-responsive behavior is realized. First, it is found
that the conductivity of the antenna’s radiation layer material and the dielectric properties
of the substrate layer can significantly change the antenna’s electromagnetic properties.
However, the reflection coefficient curves of state I and II are coincident, indicating that
the structural change has little effect on the reflection coefficient curve for antennas with
the same radiation layer material. Second, the state change has a great influence on the
radiation patterns; the experimental results show that the maximum radiation angles of
states I and II are at 90◦ and 225◦, respectively. The experimental gains for states I and II
are 1.21 and 1.53 dB, respectively. The gain non-circularities of the antenna at states I and
II are 4.48 dB and 8.35 dB, respectively. This shows that the bi-stable antenna has good
omnidirectional radiation performance in state I. Finally, the bi-stable antenna is converted
from state I to state II when the 395 nm ultraviolet light irradiation time is 20 s, and then
the shape of state II remains unchanged. This indicates that the bi-stable antenna has fast
response speed and good stable-structure retention. In summary, the work also shows that
the flexible bi-stable composite structure has the characteristics of light weight, low profile,
large deformation, low energy input, and multiple electromagnetic functions. It therefore
has broad application prospects in deformable and multifunctional structures.
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Abstract: This paper is devoted to the study of the structure and thermomechanical properties of
PVDF-based ferroelectric polymer film. Transparent electrically conductive ITO coatings are applied
to both sides of such a film. In this case, such material acquires additional functional properties
due to piezoelectric and pyroelectric effects, forming, in fact, a full-fledged flexible transparent
device, which, for example, will emit a sound when an acoustic signal is applied, and under various
external influences can generate an electrical signal. The use of such structures is associated with the
influence of various external influences on them: thermomechanical loads associated with mechanical
deformations and temperature effects during operation, or when applying conductive layers to the
film. The article presents structure investigation and its change during high-temperature annealing
using IR spectroscopy and comparative results of testing a PVDF film before and after deposition of
ITO layers for uniaxial stretching, its dynamic mechanical analysis, DSC, as well as measurements of
the transparency and piezoelectric properties of such structure. It is shown that the temperature-time
mode of deposition of ITO layers has little effect on the thermal and mechanical properties of PVDF
films, taking into account their work in the elastic region, slightly reducing the piezoelectric properties.
At the same time, the possibility of chemical interactions at the polymer–ITO interface is shown.

Keywords: PVDF; ITO; ferroelectric polymers; thermomechanical testing; structure; transparency;
piezoelectric properties

1. Introduction

Over the past few years, flexible electronics have been increasingly incorporated into
our daily lives. The first smartphone with a flexible display was officially presented at the
CES 2018 conference, and in 3 years almost all major players in this market have similar
phone models in their lineup. At the same conference, LG also announced the first TV
screen which can be rolled up. Today’s rapid development of flexible electronic devices is
primarily due to significant progress in organic crystalline materials (OCMs) over the past
10 years. In contrast to the traditional complementary metal-oxide-semiconductor (CMOS)
structures mounted on rigid substrates in modern electronics, OCMs, which offer flexibility,
transparency, and cost and weight reduction, have shown great potential in optoelectronics
applications including organic field-effect transistors, LEDs, organic photovoltaics, and
various types of sensors [1,2].
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One such class of promising OCMs for next-generation flexible electronics is ferro-
electric polymers (a relatively new class of electroactive materials based on copolymers
of PVDF and some nylons) [3]. At present, these materials are being actively studied and
find application in various fields of science and technology: as piezo sensors [4,5], biocom-
patible prosthetic materials, nanogenerators/sensors [6–8], and adaptive optical system
elements [8–11]. In contrast to traditional piezoelectrics based on oxide ceramics (PZT,
quartz, lithium niobate, etc.), ferroelectric polymers have mechanical and technological
flexibility and high impact toughness allowing their effective use as large area piezoelectric
generators, high breakdown fields, transparency [12]. Application of transparent elec-
trodes, such as indium tin oxide (ITO) [13] to these films makes it possible to create flexible
transparent sound sources [14] or sub-screen sensors, such as fingerprint scanners [15],
acousto-optical transducers (modulators) and other devices. The creation of structures
based on flexible transparent ferroelectric polymers, which also have high pyroactivity [16]
and exhibit high electrocaloric effect, will significantly increase the potential of this class
of polymeric materials in flexible electronics devices; these structures can be obtained by
adding nanoscale particles to the melted or dissolved PVDF matrix [17]. In contrast, layered
structures also can be useful for various applications. For example, an aluminum electrode
deposited on poly (ethylene-2,6 naphtalate) film was used as a substrate for three-layer
hybrid material consisting of vacuum-deposited barium-strontium titanate coated on both
sides with a spray-deposited PVDF-TrFE copolymer film [18]; this material has a significant
piezoelectric response with low degradation after 340,000 mechanical bending cycles and
can potentially be used in wearable energy collection devices. In opposition to layered
structures, powder-filled PVDF films usually show significant light absorption. For exam-
ple, filled with 15% BaTiO3 PVDF-PMMA composite, film with 0.012 cm thickness has an
optical density of 0.7–1.0 in the visible light wavelength band [19].

Optical characteristics of PVDF-based composites also are being thoroughly investi-
gated at the present time. Rare earth ions doped fibrous PVDF material, for example [20]
can be used for converting near-infrared light to visible light. Owing to its high reflectance
in the wide part of the IR optical band, PVDF copolymer fibers may be used as radiative
cooling material [21].

This research is devoted to the study of some characteristics of hybrid materials ob-
tained by depositing transparent ITO electrodes on a polarized PVDF film, with which, for
example, acoustic waves can be generated when an alternating electric field is applied to it.
The use of such a structure in flexible electronic devices is subject to a number of external
factors. First of all, these are thermomechanical stresses associated with mechanical defor-
mations and temperature effects during operation or during the deposition of conductive
layers to the film. The paper presents a study of the structure by infrared spectroscopy
and comparative results of tests of PVDF film before and after the deposition of ITO layers
in uniaxial tension, its dynamic mechanical analysis, DSC, as well as measurements of
transparency and piezoelectric properties of such a structure.

2. Materials and Methods

The objects of the study are samples of 50 µm-thick polarized PVDF-P00050 film
produced by PolyK (State College, PA, USA) with a declared piezoelectric constant value of
d33 over 30 pC/N. Some samples were coated on both sides of the film with 98 nm thick
optically transparent electrically conductive ITO coating with a specific surface resistivity
of 190 Ohm/� (PVDF + ITO samples). The ITO was deposited by the reactive magnetron
method from 2 metal (Sn and In) targets in an oxygen atmosphere on the QUADRA series
quadrupole magnetron sputtering unit (NPF “Elan-Practic” Ltd., Russia). The magnetrons
of the quadrupole system are evenly spaced around the carousel device, which ensures
high plasma homogeneity during deposition and practically excludes the zones with
low ionization degrees and low atom flux density of the deposited material [22]. In the
deposition process, the polymer film is slowly heated for 10 min from 60 to 100 ◦C, stays
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at this temperature for 7 min in the process during the ITO layer deposition, and slowly
cools down.

IR-spectra were recorded on a VERTEX 70v Fourier-transform IR-spectrometer using
the attenuated total reflection (ATR) method using a Pike Glady ATR adapter with a
diamond crystal in the 4000–400 cm−1 range and spectral resolution of 4 cm−1. Measured
ATR spectra were corrected using OPUS 7 software to allow for the wavelength dependence
of radiation penetration depth into the sample. The absorption spectra of the polymer films
were measured on a TENSOR 37 Fourier-transform spectrometer with a spectral resolution
of 2 cm−1. The structure of PVDF films was investigated by infrared spectroscopy in two
stages. In the first stage, the role of high-temperature annealing (200 ◦C) on volumetric
characteristics of the pure PVDF film was tested. In the second stage, PVDF + ITO samples
were investigated before and after high-temperature annealing.

Thermal and physical-mechanical studies of PVDF film were performed by analogy
with the studies of polylactic acid films, which we conducted earlier in [23].

Thermal properties of the film materials were determined using a differential scanning
calorimeter NETZSCH DSC 204F1 Phoenix (Selb, Germany) in an inert atmosphere at
a flow rate of argon 100 mL/min. Film samples (raw and coated) were heated in the
temperature range from 20 ◦C to 200 ◦C at a rate of 10 ◦C/min. After the first heating
cycle, the samples were kept at 200 ◦C for 5 min and cooled to room temperature, and then
reheated to 200 ◦C at a rate of 10 ◦C/min to record the second DSC curve. These curves
were used to determine the melting heat effect (∆Hm) and then to calculate the percentage
of crystallinity (χc) using the following expression:

χc(%) =
∆Hm

∆H∗m
× 100% (1)

where ∆H∗m = 105 (thermal melting effect for 100% crystalline PVDF [24])
The film samples were tested by the DMA method under tension on a NETZSCH

DMA 242 E Artemis dynamic mechanical analyzer (Selb, Germany). The samples were
coated and uncoated strips with a width of 5 mm and a length of the working part of 10 mm.
Samples were cut out along the material orientation axis (direction 0) and transversely
(direction 90). The cut specimens were tested under isothermal conditions at 30 ◦C The
frequency of external load application was varied from 0.25 to 100 Hz.

Tensile mechanical characteristics of the films (original and coated) were determined
on a Zwick Z100 testing machine (Ulm, Germany) at room temperature and a loading rate
of 1 mm/min. The samples were also cut in two directions: 0 and 90 (Figure 1).

Polymers 2023, 15, x FOR PEER REVIEW 3 of 14 
 

 

ionization degrees and low atom flux density of the deposited material [22]. In the depo-
sition process, the polymer film is slowly heated for 10 min from 60 to 100 °C, stays at this 
temperature for 7 min in the process during the ITO layer deposition, and slowly cools 
down. 

IR-spectra were recorded on a VERTEX 70v Fourier-transform IR-spectrometer using 
the attenuated total reflection (ATR) method using a Pike Glady ATR adapter with a dia-
mond crystal in the 4000–400 cm−1 range and spectral resolution of 4 cm−1. Measured ATR 
spectra were corrected using OPUS 7 software to allow for the wavelength dependence of 
radiation penetration depth into the sample. The absorption spectra of the polymer films 
were measured on a TENSOR 37 Fourier-transform spectrometer with a spectral resolu-
tion of 2 cm−1. The structure of PVDF films was investigated by infrared spectroscopy in 
two stages. In the first stage, the role of high-temperature annealing (200 °C) on volumetric 
characteristics of the pure PVDF film was tested. In the second stage, PVDF + ITO samples 
were investigated before and after high-temperature annealing. 

Thermal and physical-mechanical studies of PVDF film were performed by analogy 
with the studies of polylactic acid films, which we conducted earlier in [23]. 

Thermal properties of the film materials were determined using a differential scan-
ning calorimeter NETZSCH DSC 204F1 Phoenix (Selb, Germany) in an inert atmosphere 
at a flow rate of argon 100 mL/min. Film samples (raw and coated) were heated in the 
temperature range from 20 °C to 200 °C at a rate of 10 °C/min. After the first heating cycle, 
the samples were kept at 200 °C for 5 min and cooled to room temperature, and then re-
heated to 200 °C at a rate of 10 °C/min to record the second DSC curve. These curves were 
used to determine the melting heat effect (∆𝐻) and then to calculate the percentage of 
crystallinity (𝜒с) using the following expression: 𝜒сሺ%ሻ = ∆ு∆ு∗ × 100%  (1)

where ∆𝐻∗ =105 (thermal melting effect for 100% crystalline PVDF [24]) 
The film samples were tested by the DMA method under tension on a NETZSCH 

DMA 242 E Artemis dynamic mechanical analyzer (Selb, Germany). The samples were 
coated and uncoated strips with a width of 5 mm and a length of the working part of 10 
mm. Samples were cut out along the material orientation axis (direction 0) and trans-
versely (direction 90). The cut specimens were tested under isothermal conditions at 30 °C 
The frequency of external load application was varied from 0.25 to 100 Hz. 

Tensile mechanical characteristics of the films (original and coated) were determined 
on a Zwick Z100 testing machine (Ulm, Germany) at room temperature and a loading rate 
of 1 mm/min. The samples were also cut in two directions: 0 and 90 (Figure 1). 

  
(a) (b) 

Figure 1. Dimensions of the film samples tested in tension (a) and the scheme of their cutting from 
the film (b). 

Figure 1. Dimensions of the film samples tested in tension (a) and the scheme of their cutting from
the film (b).

135



Polymers 2023, 15, 1483

The given values (fracture strength σf, maximum strength σm, modulus of elasticity E,
elongation at failure εf, and elongation at maximum strength εm) represent the arithmetic
mean of the measurements for 5 samples for each series of specimens.

The piezoelectric coefficient d33 was measured according to the Berlincourt method [25]
using a PKD3-2000 device (PolyK, State College, PA, USA) for 2 × 2 cm2 samples at 16
points of each sample. Measurements were performed at a calibrated force of 0.25 N on a
frequency of 110 Hz.

The light transmission in the visible and IR wavelength range from 380 to 2600 nm
was determined on a Shimadzu UV-3600i Plus spectrophotometer with a resolution of 1 nm
at normal incidence of light on the sample using the integrating sphere.

Average light transmission and color rendering coefficients were calculated in accor-
dance with European Standard EN 410:2011 Glass in building—Determination of luminous
and solar characteristics of glazing.

3. Results
3.1. Structure of PVDF Films by DSC and IR Spectroscopy

Figure 2 shows the DSC curves obtained for the PVDF and PVDF + ITO films.
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Figure 2. DSC curves for the original PVDF films without ITO (curves 1, 3, 5, 7) and with ITO (curves
2, 4, 6, 8).

The DSC curves obtained by heating the pure PVDF film show a double endothermic
peak (Tm1 and Tm2, Figure 2) which corresponds to the characteristic melting temperature of
the polymer. When the film is reheated, the double endothermic peak is also preserved, but
the intensity of the peak changes (curve 5, Figure 2). The Tm1 peak becomes more intense
which indicates a change in the supramolecular structure. Based on the data obtained, we
can assume that the supramolecular structure of PVDF is formed by two types of crystal
structures. It is known [26–28] that PVDF macromolecules can have at least three types of
crystal structures (α-, β- and γ- phases) depending on the macromolecule conformation.
The double peak on the DSC curve describing PVDF melting indicates the simultaneous
presence of α- and β-crystalline phases in the samples, which is confirmed by infrared
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spectroscopy data (Figures 3 and 4). The double peak in the sample curve is preserved after
deposition of ITO coating on its surface (Figure 2, curves 2, 6). It can be assumed that the
coating conditions do not affect the supramolecular structure of PVDF film.
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Figure 3. IR absorption spectrum in the range of 2750–3250 cm−1 for the original PVDF film (initial)
and after heating to 200 ◦C (annealing).
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 Figure 4. ATR IR absorption spectrum in the 700–1000 cm−1 (a) and 1000–1500 cm−1 (b) range for
the original PVDF film (blue curve) and after heating to 200 ◦C (red curve).

Thermograms of the cooling of PVDF samples (coated and uncoated) (Figure 2, curves
3, 4, 7, 8) are described by a single endothermic peak corresponding to PVDF crystallization.
The peaks’ positions and shapes remain constant for PVDF and PVDF + ITO. It may be
noted that the width of the crystallization peak in the PVDF films with ITO is noticeably
wider than in the pure PVDF films.
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The crystallization and melting temperatures as well as the thermal effects of melting
and percent crystallinity are more clearly shown in Table 1.

Table 1. Melting and crystallization temperatures, melting thermal effects, and percent crystallinity
for PVDF films with and without ITO.

Sample Tm1, ◦C Tm2, ◦C Tcr, ◦C ∆Hm, J/g χc, %

PVDF, heating 1 168 170 136 50 48
PVDF, heating 2 170 172 136

PVDF + ITO heating 1 168 170 135 46 44
PVDF + ITO, heating 2 170 172 136

The results of the study of the pure PVDF film by infrared spectroscopy before and
after annealing are shown in Figures 3 and 4. Figure 3 shows that doublet absorption
spectrum bands (due to the symmetric antisymmetric component) in the region of valence
vibrations of methyl groups noticeably shift toward higher frequencies after annealing. As
follows from the DSC data, the melting peak is characterized by a doublet. One reason
for this may be related to the polymorphism of PVDF crystals [1–3]. Since α-, β- and
γ-phases have different chain conformations, they have their own absorption bands in
the vibrational spectra. Figure 4a shows that in the initial state of the film, there is a large
fraction of the polar β-phase observed, for which an intense absorption band of 840 cm−1

is responsible [1–3].
Since PVDF crystallization from the melt under normal conditions occurs in the

α- phase, its conversion to the polar β- modification is usually performed by uniaxial
stretching at low temperatures [1–3]. It is obvious that this also takes place for the studied
film. Confirmation of this can be found in mechanical tests, where a large difference in
the deformation behavior in two mutually perpendicular directions can be seen. However,
along with the 840 cm−1 band, weak 765 and 795 cm−1 bands characteristic of the TGTG-
chain conformation are observed in the spectrum, which indicate the presence of small
amounts of α-phase [1–3]. It is the presence of the latter that can lead to the low-temperature
endotherm. If this hypothesis is correct, then an increase in the α-phase fraction in the film
should lead to an increase in its intensity. As can be seen from the DSC data, this is noted
in the second heating cycle of the studied film. As follows from Figure 3, the absorption
peaks in the film after annealing are shifted towards higher frequencies. As follows from
the results of [3], this indicates an increase in the α-phase fraction during the annealing,
which is confirmed by an increase in the low-temperature peak on the DSC during the
second heating as compared to the first.

Other information can be obtained from Figure 4, namely the change in the microstruc-
ture of the film surface after annealing, since the micron-sized layer is investigated by
ATR imaging. As follows from the above figures, the intensity of the 840 and 1275 cm−1

bands are practically unchanged after annealing. Since these bands are sensitive to the
presence of long chain regions in the planar zigzag conformation [1–3], the reason for the
observed change may be the pre-polarization of the film. As noted above, the initial film
has a piezo effect.

Figure 5 shows that PVDF film with ITO coatings in the 700–1500 cm−1 range has
strong absorption, as the bands characteristic of the polymer are almost absent in the coated
film. This may be due to the fact that the thickness of the applied ITO turns out to be
greater than the thickness of the probed layer. The possibility of chemical interactions at the
PVDF–ITO interface can be judged from Figure 5c,d. This is indicated by the appearance of
two wide maxima in the region of 1500 cm−1 and 3500 cm−1. They are visible only because,
as can be seen, the polymer itself practically does not absorb in these spectral regions.
Comparison with the spectrophotometer data gives, as can be observed, a qualitative
correspondence.
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son for this phenomenon is not completely clear, but one reason may be related to ther-
mally activated chemical reactions between ITO molecules and PVDF surface molecules. 
An indication of the possibility of such a reaction follows from Figure 6a. It shows that the 
wide ITO 3500 сm−1 absorption band after annealing is strongly shifted toward low fre-
quencies. 

Figure 5. ATR IR absorption spectrum in the 700–1000 cm−1 (a), 1000–1500 cm−1 (b), 1500–2750 cm−1

(c) and 2750–4000 cm−1 (d) range for the original PVDF film (init) and with applied ITO electrodes.

Thermal treatment of films with ITO electrodes (Figure 6) leads to an unusual effect:
bands characteristic of the polymer appear in the spectral region after annealing. The reason
for this phenomenon is not completely clear, but one reason may be related to thermally
activated chemical reactions between ITO molecules and PVDF surface molecules. An
indication of the possibility of such a reaction follows from Figure 6a. It shows that the wide
ITO 3500 cm−1 absorption band after annealing is strongly shifted toward low frequencies.
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(c) range for PVDF and PVDF + ITO films with ITO before (init) and after annealing (aneal).

The possibility of intensification of the noted chemical interactions at the polymer–
ITO interface during annealing indirectly follows from the frequency dependences of the
components of the complex permittivity of three-layer capacitors, metal-polymer-ITO-
metal, which are shown in Figure 7a,b. For comparison, the curves for a similar copolymer
with a conductive layer of graphene-containing material [29] are shown in the graph. It can
be seen that in the case of the inorganic conductive coating, two new dispersion regions
arise in the material at low frequencies.
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3.2. Thermomechanical Test Results

The change in elastic modulus of PVDF films with increasing frequency of load
application is shown in Figure 8. It can be seen that in all cases, the elastic modulus changes
little in the frequency range of 0.25 to 100 Hz. At the same time, the change in E′ values is
about 5%. It should be noted that the curves describing the change in elastic modulus of
PVDF and PVDF + ITO films with frequency are at a different level. The difference between
the modulus E′ values is about 15%.
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Figure 8. Variation of the elastic modulus E′ in direction 0 (curve 1) and in direction 90 (curve 2) with
increasing frequency v for the original and coated PVDF films in directions 0 (a) and 90 (b).

Table 2 (E’ at a fixed frequency (50 Hz)) shows that elastic modulus differs by about
15% for the specimens tested in and across the orientational tensile direction. The coating
decreased the elastic modulus by about 15%. At the same time, the difference in the E′

values for directions 0 and 90 remained at the same level.
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Table 2. Elastic moduli E’ of coated and uncoated PVDF films at a load frequency of 50 Hz.

Cutting Direction E’, GPa (PVDF) E’, GPa (PVDF + ITO)

0 2.8 2.4
90 2.4 2.0

Figure 9 shows typical load diagrams of coated and uncoated PVDF film. In direction
0, the studied samples (coated and uncoated) have the same load diagrams. In both
cases, stresses grow elastically at small deformations. After reaching a strain of 1.5%, the
specimens begin to deform irreversibly. At about 3% strain (stress of about 50 MPa), a
small yield point is observed. With further increase in strain, stresses increase until the
materials fracture.
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The tensile diagrams of the samples cut in the 90 direction are significantly different
from the diagrams described above. As in the previous case, the treated and untreated
films deform elastically until the relative elongation reaches 1.5%. With further increase
in strain, a maximum of stresses corresponding to the temporary strength of the material
is observed. It should be noted that the maximum strength value for specimens cut in
the 90 direction approximately corresponds to the “yield strength” of specimens cut in
the 0 direction. Furthermore, there is a decrease in stresses to the level of 20–25 MPa and
an increase in elongation up to the point of specimen failure. It should be noted that the
coating deposition influenced the film deformability in direction 90.

The change in the elastic-strength properties during coating is shown more clearly in
Table 3.

Table 3. Elastic strength properties of PVDF film.

Sample E, GPa σm, MPa εm, % σp, MPa εf, %

PVDF_0 3.10 ± 0.10 334 ± 15 22.5 ± 1 330 ± 18 22.4 ± 10.0
PVDF_90 3.11 ± 0.13 49 ± 2 4.3 ± 0.3 29 ± 3 100.5 ± 42.1

PVDF + ITO_0 2.87 ± 0.06 305 ± 7 24.0 ± 0.1 289 ± 15 25.7 ± 2.4
PVDF + ITO_90 3.47 ± 0.11 52 ± 2 3.1 ± 0.1 17 ± 5 19.4 ± 7.4

It can be seen that the maximum strength σm in direction 0 for the materials with
and without treatment is almost the same, but differs significantly for different orientation
directions (almost six times greater in direction 0). This difference in maximum strength
values indicates a high degree of film orientation. Tensile strength changes similarly. The
high degree of orientation of the film is evidenced by its deformation corresponding to the
maximum strength and fracture strength. Thus, the fracture strain εf for the pure PVDF
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film differs almost 5 times depending on its orientation (22.4% and 100% respectively for
orientation 0 and 90). Additionally, if coating deposition practically does not change εf in
the case of orientation 0, then in the direction of 90 εf decreases by up to 20%. Such a sharp
decrease in the deformability in the direction 90 is due to the ITO deposition.

The result of determining the elastic modulus was somewhat unexpected, which for
the untreated PVDF film in both directions left about 3.1 GPa, and after coating deposition
it decreased to 2.87 GPa in the 0 direction and increased to 3.47 GPa in the 90 direction.

It should be noted that the modulus determined by the DMA method differs markedly
from the elastic modulus measured under quasi-static loading conditions. Thus, the elastic
moduli in directions 0 and 90 differ by 10% and 20%, respectively.

3.3. Optical and Piezoelectric Properties

The value of the piezoelectric coefficient d33 for the initial films is 28 ± 3 pC/N
(corresponds to the value declared by the manufacturer), and after the deposition of ITO,
respectively, 25± 6 pC/N. It can be seen that the average value of the piezoelectric modulus
d33 after ITO application slightly decreases, although the error increases.

The dependences of the transmittance coefficients of the experimental samples on the
wavelength of the visible and IR ranges are shown in Figure 10.
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The determined values of light transmission coefficients, the average value of trans-
mittance coefficients in the IR wavelength range, and color rendering coefficients of experi-
mental samples are presented in Table 4.
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Table 4. Optical properties of experimental samples.

Sample Average Transmittance in the
Visible Range, %

Average Transmittance in the IR
Range from 780 to 2600 nm, % Color Rendering Index

PVDF 92.6 92.4 81.0
PVDF_ITO 79.6 62.0 84.6

The transparency of the ITO-coated samples decreased by 13% in the visible wave-
length range and by almost 30% in the IR wavelength range from 780 to 2600 nm. The
color rendering of the ITO-coated sample even improved slightly compared to the original
sample.

4. Discussion

As expected, the results of the studies revealed that the viscoelastic behavior of the
films under tension along and across the orientation is described by different loading
diagrams because the initial PVDF film was uniaxial stretched. Therefore, the strength of
uncoated and coated PVDF films differs by an order of magnitude depending on the test
direction.

PVDF is characterized by two melting temperatures, which indicates the presence of
two types of crystal structures (α- and β- phases) in the polymer supramolecular structure.
IR spectroscopy indicates the predominance of the β-phases, which is confirmed by the
high piezoelectric constant of the initial PVDF film.

Heating the PVDF film to 200 ◦C (above the melting point) leads to a slight increase
in the α-, which is confirmed by DSC (increasing Tm1 peak intensity) and IR spectroscopy.
Despite the fact that PVDF crystallization usually takes place in the α-phase, the β-phase is
still present after heating the films above the melting temperature, which can be explained
by the preliminary polarization of the film. This indicates that the polarized PVDF film
retains its ferroelectric properties even after heating to the melting temperature.

The temperature-time mode of ITO deposition has little effect on the structure, thermo-
physical and mechanical properties of the polymer. The maximum strength σm in direction
0 and the shape of the DSC curves during heating for the samples with and without ITO are
almost the same. The piezoelectric constant d33 also changed slightly (from 28 to 25 pC/N).
This allows us to conclude that the ITO deposition process had practically no effect on the
internal structure of the polymer material.

At the same time, the results of the annealing of PVDF films with ITO indicate the
possibility of chemical interactions at the polymer–ITO interface that is indirectly confirmed
by the frequency dependences of the components of the complex permittivity of three-layer
metal-polymer-ITO-metal capacitors.

The possibility of such interactions is confirmed by the broadening of the crystalliza-
tion peaks on the DSC curve after ITO deposition. The chemical interaction between ITO
and the surface layer of the polymer can interfere with the crystallization process during
cooling, and the transition of the melt into a crystal will occur in a wider temperature
range. The slight decrease in crystallinity from 48% to 44% can be explained by structural
disturbance in the polymer surface layer due to the interaction of ITO with polymer chains.

This interaction can also affect the mechanical properties of the ITO-PVDF-ITO struc-
ture. This can explain why the deposition of ITO films affected the film stretch in the
90 direction decreasing the film strain by a factor of 5 times or the unexpected elastic
modulus results noted above.

5. Conclusions

In this paper, we demonstrated flexible transparent film ITO-PVDF-ITO with trans-
parency of 79.6%, a color rendering index of 84, and a piezoelectric coefficient d33 25 ± 6 pC/N
and investigated the effect of the ITO deposition technological process on the properties
of the PVDF film. The manifestation of memory effects was noted for the initial film.
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It is shown by the fact that the characteristics of conformationally sensitive absorption
bands of the film change weakly when the temperature rises even above the melting point.
Hypotheses for this phenomenon are proposed. Infrared spectroscopy in the ATR variant
demonstrates chemical interactions of ITO molecules with the polymer surface layer where
an increased content of defects of both chemical and physical nature is observed for PVDF
films with an applied ITO layer. It can be concluded that the deposition process has almost
no effect on the mechanical, structural, and piezoelectric properties of initial PVDF film
taking into account the operation of such structures in the elastic region, decreasing the
transparency of pure PVDF film by 14% in the visible range. The discovered possible
chemical interactions between ITO and PVDF can provide good adhesion of ITO layers to
the polymer and expand the application potential of such films.
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Abstract: In this work, KH550 (γ-aminopropyl triethoxy silane)-modified hexagonal boron nitride
(BN) nanofillers were synthesized through a one-step ball-milling route. Results show that the KH550-
modified BN nanofillers synthesized by one-step ball-milling (BM@KH550-BN) exhibit excellent
dispersion stability and a high yield of BN nanosheets. Using BM@KH550-BN as fillers for epoxy
resin, the thermal conductivity of epoxy nanocomposites increased by 195.7% at 10 wt%, compared
to neat epoxy resin. Simultaneously, the storage modulus and glass transition temperature (Tg) of the
BM@KH550-BN/epoxy nanocomposite at 10 wt% also increased by 35.6% and 12.4 ◦C, respectively.
The data calculated from the dynamical mechanical analysis show that the BM@KH550-BN nanofillers
have a better filler effectiveness and a higher volume fraction of constrained region. The morphology
of the fracture surface of the epoxy nanocomposites indicate that the BM@KH550-BN presents a
uniform distribution in the epoxy matrix even at 10 wt%. This work guides the convenient preparation
of high thermally conductive BN nanofillers, presenting a great application potential in the field
of thermally conductive epoxy nanocomposites, which will promote the development of electronic
packaging materials.

Keywords: hexagonal boron nitride; epoxy; surface modification; polymer matrix nanocomposites;
thermal conductivity

1. Introduction

The rapid development of modern electronic devices toward high integration, high
power density, and miniaturization presents an increasing requirement for heat dissipa-
tion, which makes it urgent to develop high thermally conductive materials for thermal
management applications [1–4]. Currently, the most commonly used thermal manage-
ment materials (TMMs) are mainly some types of thermosetting polymers, such as epoxy
resin [5], organosilicone [6], polyurethane [7,8], etc. Among them, epoxy resin receives
extensive research as a TMM, by virtue of its high adhesion strength, chemical durability,
and excellent mechanical strength [9–11]. However, the low thermal conductivity of epoxy
resins (~0.2 W m−1K−1) is far from meeting the need for efficient heat dissipation of modern
electronic devices. Therefore, developing TMMs with high thermal conductivity is of great
importance for the electronic and electrical industry.

Incorporating high-thermal-conductivity filler into epoxy matrix is a widely used
method for improving the thermal conductivity of epoxy resin [12,13]. Typical thermal
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conductive fillers include metals (Ag, Al, etc.) [14], carbon-based materials (carbon nan-
otube, graphene, etc.) [15–17], and ceramics (Al2O3, BN, etc.) [18,19]. Compared with
metals or carbon-based materials, ceramic fillers usually exhibit good electrical insulating
characteristic besides high thermal conductivity, which is quite suitable for use as ther-
mally conductive fillers of TMMs. As a ceramic filler with a similar two-dimensional (2D)
structure of graphene, hexagonal BN has excellent thermal conductivity and electrical insu-
lating property, especially the BN nanosheets exfoliated from BN that possess a theoretical
thermal conductivity as high as ~2000 W m−1K−1 [20,21]. Nevertheless, the strong atom
interactions between neighboring planar B and N atoms, commonly referred to as “lip-lip”
interactions, make exfoliating BN significantly more difficult [22].

To date, different means have been explored for the preparation of BN nanosheets, such
as mechanical ball-milling [23], chemical vapor deposition [24], and thermal exfoliation [25].
However, these exfoliation methods still face three main challenges to practical application:
the low yield (Y) of BN nanosheets (<20%), difficult separation of BN nanosheets, and poor
interfacial compatibility between BN nanosheets and polymer matrix. Usually, the obtained
BN nanosheets need to be further surface-modified with silane coupling agents or other
organic molecules in the application of polymer composites [26].

Recently, Chen et al. [27] developed a simple and efficient one-step method for the
preparation of functionalized few-layer BNNPs by solid-state ball milling of commercially
available h-BN and urea powder. Ren et al. [28] reported that the yield and dispersibility
of BN nanosheets can be effectively enhanced via a tannic acid (TA)-assisted liquid-phase
exfoliation, due to the intermolecular interaction. Among these methods, the interaction
between organic molecules and BN, such as Lewis acid–base interactions, was considered
to play a critical role in the exfoliation of BN. Moreover, Agrawal’s group [29] and Liu’s
group [11] demonstrated that by using aminosilane-coupling-agent-modified BN as fillers,
the thermal conductivity of BN/epoxy composites can be improved effectively. Herein, the
KH550-modified BN nanopowders with high content of nanosheets were synthesized via a
one-step ball-milling process for improving the thermal conductivity and mechanical prop-
erty of epoxy nanocomposites. As shown in Scheme 1, the BN particles were directly added
into a mixed solution of deionized water (H2O) and absolute ethyl alcohol (CH3CH2OH)
containing KH550, followed by performing the ball-milling process. On one hand, the -NH2
group (lewis base) of KH550 can interact with B atom (Lewis acid) of BN; on the other hand,
the mechanical impact and shear forces generated by grinding balls could make KH550
molecules easy to insert the gap of BN layers. As a result, a high yield of BN nanosheets was
obtained, and the KH550 were also grafted onto the surface of BN nanosheets under the
action of ball-milling internal heat. Using ball-milled KH550-modified BN as fillers, epoxy
nanocomposites were prepared after blending and curing, and the thermal conductivity
and dynamic thermomechanical property of epoxy nanocomposites were investigated.
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2. Materials and Methods
2.1. Materials

BN powders (hexagonal, 99.9%, ~3 µm), γ-aminopropyl triethoxy silane (KH550, 97%),
and absolute ethyl alcohol (99.7%) were purchased from McLean Biochemical Technology
Co., Ltd. (Shanghai, China). Epoxy resin (E-51), methylhexahydrophthalic anhydride
(MHHPA), and 2.4.6-Tri(dimethylaminomethyl)Phenol (DMP-30) were provided by Hain-
ing Hailong Chemical Co., Ltd. (Jiaxing, China). All raw materials or reagents were not
further purified before use.

2.2. Preparation of BN Nanofillers

Raw BN (R-BN) powders were added into a stainless steel ball grinding tank con-
taining 50 stainless steel grinding balls, followed by pouring a mixed solution of H2O
and CH3CH2OH (volume ratio: 3:7) containing 1% KH550 into the ball-grinding tank at
a ratio of 0.05 g·mL−1 [23]. Subsequently, the ball-grinding tanks were loaded onto the
planetary ball mill, and the ball-milling process was performed at a speed of 500 r/min for
8 h at room temperature. After this, the BN powders in mixed solution were collected by
vacuum filtration, and washed three times with deionized water to remove the unreacted
KH550 molecules. After they were dried for 12 h at 60 ◦C in a vacuum-drying oven, the
KH550-modified BN nanofillers synthesized by one-step ball-milling (BM@KH550-BN)
were obtained. As a contrast, another BN nanofiller, denoted as BM-BN, was prepared
according to the same procedure as BM@KH550-BN, except no KH550 was used in the
mixed solution of H2O and CH3CH2OH. In addition, the BM-BN were also post-modified
with 1% KH550 solution at 60 ◦C for 2 h to obtain the conventional KH550-modified BN
nanofillers (BM-KH550-BN).

2.3. Preparation of BN/Epoxy Nanocomposites

The desired ratios of BN nanofillers were ultrasonically dispersed into absolute ethyl
alcohol at a concentration of 0.05 g·mL−1, and then the epoxy resin was added into the BN
dispersion. With vigorous stirring, the mixed solution of BN/epoxy was reduced-pressure
distilled at 60 ◦C until the absolute ethyl alcohol was fully evaporated. Afterwards, the
MHHPA and DMP-30 were added into the mixed solution in sequence, followed by stirring
for 30 min at room temperature in a vacuum. Finally, the BN/epoxy nanocomposites were
obtained after BN/epoxy mixture was cured at 120 ◦C for 2 h in stainless steel mold. Herein,
the weight ratio of epoxy resin, MHHPA, and DMP-30 was set to 100:85:0.8, and the weight
content of BN nanofillers was set to 1%, 4%, 7%, and 10%.

2.4. Characterization and Measurement

The micromorphology of BN nanofillers and BN/epoxy nanocomposites were investi-
gated by field-emission scanning electron microscope (FE-SEM, Apero 2, a resolution of
1 nm, Thermo Scientific, Waltham, USA) equipped with an energy-dispersive spectrum
(EDS) component and transmission electron microscope (TEM, Talos F200X, Thermo Sci-
entific, Waltham, MA, USA). The samples for EDS were prepared by natural deposition
BN nanofillers on a polished Ti substrate. The fracture surfaces of the epoxy nanocompos-
ites were prepared by cryo fractured in liquid nitrogen. The optical photographs of BN
nanofillers solution (2 mg·mL−1) were taken on a white paper by a smartphone (Mate 40,
Huawei, Shenzhen, China). Fourier-transform infrared (FTIR) spectra of BN nanofillers
were recorded at room temperature by an infrared spectrometer (Bruker, Vertex 70) with the
range from 400 cm−1 to 4000 cm−1. The thermogravimetric analysis (TGA) was performed
by a thermal gravimetric analyzer (TA Instruments (New Castle, DE, USA), Q50) at a
heating rate of 5 ◦C/min from 30 to 800 ◦C under a nitrogen atmosphere according to
the ASTM E1131 standard. Thermal conductivity of BN/epoxy nanocomposites (50 mm
in diameter and 20 mm in height) was tested with a quick thermal conductivity meter
(Xiangyi instrument, DRE-III). The dynamic thermomechanical properties of BN/epoxy
nanocomposites were measured with DMA 850 (TA Instruments) according to the ASTM
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standard D4065-94. The nanocomposite samples were cut into strip-shaped specimens
(60 × 10 × 4 mm3) to match with machine. A temperature scan was conducted from 50
to 200 ◦C with a heating rate of 5 ◦C/min at a frequency of 1 Hz and a strain of 0.05% in
a double cantilever mode. The storage modulus and tan δ (the ratio of loss modulus to
storage modulus) were obtained from DMA analysis, and the glass transition temperature
(Tg) was gained from the peak value of tan δ.

3. Results and Discussion
3.1. Morphology and Element Mapping of BN Nanofillers

Using raw BN (R-BN) powders as materials, three different kinds of BN nanofillers
were prepared by ball-milling method, i.e., BM-BN, BM-KH550-BN, and BM@KH550-BN.
As shown in Figure 1A, the R-BN particles present the typical stacked layered structure and
uneven sizes, with an approximate size range from 1 to 8 µm. After ball-milling treatment
with an aqueous solution (Figure 1B), the obtained BN particles seem to have a smaller size
and thinner thickness than R-BN, and some BN nanosheets appear in BM-BN. This can be
attributed to the impact and shear effect of the ball-milling process [30]. It is also found
that the post-modification with KH550 coupling agents does not change the morphology of
BM-BN nanofillers (Figure 1C). When aqueous solution is substituted with KH550 solution
in the ball-milling process, a large number of BN nanosheets are observed in the obtained
BM@KH550-BN nanofillers (Figure 1D), suggesting the successful exfoliation of R-BN
particles in the KH550-assisted ball-milling process.
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Figure 1. SEM images of different BN nanofillers (A–D).

To estimate the ratio of BN nanosheets (exfoliated BN) in different nanofillers, a
centrifugal separation method was performed at 3000 rpm. Results indicate that the
BM-BN and BM-KH550-BN exhibit a similar yield of BN nanosheets (~38%), indicating
that the surface modification with KH550 does not change the amount of BN nanosheets.
However, a yield of BN nanosheets as high as 73.3% is gained in BM@KH550-BN nanofillers
(Figure 2A). This may be ascribed to the fact that the electron donor -NH2 in KH550 can
readily insert into the layered structure of BN with the assistance of mechanical force
and weaken the atom interactions between electron acceptor B atom and neighboring
planar N atom, resulting in the higher yield of BN nanosheets [31]. For the BM@KH550-
BN nanofillers, the unambiguous BN nanosheets structure are observed in TEM images
(Figure 2B). The dispersibility of BN nanofillers were further evaluated by observing the
stability of BN ethanol dispersion. It can be seen from Figure 2C that the R-BN dispersion
almost becomes clear, and BM-BN dispersion is a little turbid after standing for 24 h. It
is noteworthy that the BM-KH550-BN and BM@KH550-BN dispersion are still relatively
turbid after 24 h, especially BM@KH550-BN, which is ascribed to the fact that the KH550
silane coupling agent can improve the dispersibility of nanofillers, and, simultaneously,
the high ratio of BN nanosheets in BM@KH550-BN is also conducive to the dispersibility
of nanofillers.
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Figure 2. The yield of BN nanosheets in different BN nanofillers (A); TEM images of BM@KH550-BN
nanofillers (B); optical photographs of different BN nanofillers ethanol dispersion after standing for
24 h (C).

The key element distribution of different BN nanofillers were detected by EDS (BN
nanofillers deposited on polished Ti substrate). The element mapping images in Figure 3
show that all the BN nanofillers exhibit a strong nitrogen (N) element signal (green) with
uniform distribution. For the silicon (Si) element (red), it is found that no Si element
signal is detected in R-BN and BM-BN samples. However, the apparent Si element signals
are observed in the BM-KH550-BN and BM@KH550-BN nanofillers, which implies that
the KH550 molecules are successfully bound to the surface of BN nanofillers during the
ball-milling process, since the Si element only exists in KH550 molecules.
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3.2. FTIR Analysis of BN Nanofillers

In order to further investigate the chemical compositions of BN nanofillers, the FTIR
spectra of BN nanofillers were recorded at room temperature. As shown in Figure 4, the
two strong adsorption bands at 1380 and 810 cm−1 are indexed to the in-plane stretching
vibration and out-of-plane bending vibration of B-N bond, respectively [32,33]. It is found
that the adsorption band of typical -OH stretching vibration at 3431 cm−1 is hardly found
in R-BN, but an obvious adsorption band is observed in ball-milling-treated BN nanofillers
(BM-BN, BM-KH550-BN, and BM@KH550-BN), which indicates that the ball-milling treat-
ment enhances the degree of hydroxylation of R-BN [34]. It is noteworthy that a new
adsorption band at 1078 cm−1, which is indexed to the stretching vibration of the Si-O
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bond of KH550, emerges in BM-KH550-BN and BM@KH550-BN, implying that KH550 is
successfully grafted onto the surface of BN nanofillers through the ball-milling process [35].
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3.3. TGA Analysis of BN Nanofillers

The thermal stability of BN nanofillers was analyzed by TGA. It can be seen from
Figure 5 that the R-BN shows little weight loss (only 0.25%) over the whole temperature
range, but the weight loss of BM-BN is estimated to 3.26%, which is mainly ascribed to
the removal of adsorbed water and -OH groups on the surface of BM-BN [36]. In addition,
the weight loss of BM-KH550-BN and BM@KH550-BN are determined to 5.96% and 9.97%,
respectively, implying the higher content of KH550 molecules on the BN surface. The
weight loss of BM-KH550-BN and BM@KH550-BN is mainly attributed to the removal of
adsorbed water and -OH groups, and the decomposition of KH550 molecules [37]. The
weight loss of all the BN nanofillers mainly takes place between 100 ◦C and 400 ◦C. It
is noteworthy that the initial weight loss (below 200 ◦C) of BM-BN is larger than other
BM-KH550-BN and BM@KH550-BN, which may be due to the higher level of -OH groups,
as confirmed by FTIR spectra. Compared to BM-KH550-BN, the higher content of KH550
in BM@KH550-BN usually indicates the better interfacial compatibility between nanofillers
and epoxy resin.
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3.4. Thermal Conductivity Analysis of BN Nanofillers

Using the as-prepared BN nanoparticles as fillers, the BN/epoxy nanocomposites
with different content of BN nanofillers were prepared, and the thermal conductivity
property of BN/epoxy nanocomposites was measured by thermal conductivity meter.
The testing result in Figure 6A shows that the thermal conductivity of the neat epoxy is
only 0.208 W m−1K−1, which is attributed to the fact that the highly cross-linked network
structure of epoxy resin presents a low crystallinity and orderliness, which is not enough to
make phonons propagate quickly [38]. When the four different BN nanofillers are added
into epoxy matrix, the thermal conductivity of epoxy resin has an insignificant enhancement
at 1 wt%. Although the weight content of BN nanofillers increases to 4%, the highest
thermal conductivity with a value of 0.328 W m−1K−1 is obtained in the BM@KH550/epoxy
nanocomposite, which is only 57.7% higher than neat epoxy. This can be understood by
the fact that the small amount of thermally conductive BN nanofillers make it difficult to
form an effective heat conduction path inside the epoxy resin. After the content of BN
nanofillers is greater than 4%, the thermal conductivity of all the BN/epoxy nanocomposites
enhances significantly with the increase in BN nanofillers, due to the gradual contact
with each other among BN nanofillers. It is found that the thermal conductivity of R-
BN/epoxy, BM-BN/epoxy, BM-KH550/epoxy, and BM@KH550/epoxy nanocomposites
at 7 wt% increase to 0.307, 0.354, 0.391, and 0.431 W m−1K−1, respectively. When the
content of BN nanofillers is further increased to 10 wt%, the enhancement of thermal
conductivity of four epoxy nanocomposites presents relatively large differences. For R-
BN/epoxy nanocomposites, the thermal conductivity is only enhanced to 0.325 W m−1K−1

from 0.307 W m−1K−1, which may be ascribed to the fact that the poor dispersion of
R-BN nanofillers and the worse interfacial compatibility between R-BN nanofillers and
epoxy matrix produces a lot of R-BN aggregation formations inside the R-BN/epoxy
nanocomposite, hindering the conduction of heat. However, the BM-BN/epoxy, BM-
KH550/epoxy, and BM@KH550/epoxy nanocomposites are determined to be 0.433, 0.507,
and 0.615 W m−1K−1, which is increased by 108.2%, 143.8%, and 195.7%, respectively
(Figure 6B), compared to the thermal conductivity of neat epoxy resin. The highest thermal
conductivity in BM@KH550/epoxy nanocomposites may be ascribed to the good interfacial
compatibility between the BM@KH550-BN nanofillers and epoxy matrix and the high
content of BN nanosheets in BM@KH550-BN nanofillers, forming more efficient thermal
conductive paths in BM@KH550/epoxy nanocomposite.
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3.5. Thermomechanical Properties of the Epoxy Nanocomposites

The dynamic thermomechanical properties of BN/epoxy nanocomposites were further
tested. The test results show that the storage modulus of neat epoxy resin is 2.28 GPa
(Figure 7A). After incorporation of the 10 wt% BN nanofillers, the storage modulus of
neat epoxy resin enhances in different degrees. For R-BN/epoxy, the storage modulus
only increases from 2.28 GPa to 2.49 GPa, mainly ascribed to the easy aggregations of
raw BN particles at high content. For BM-BN/epoxy, a storage modulus of 2.63 GPa is
achieved, due to the existence of some BN nanosheets in the BM-BN nanofillers. It is found
that the storage moduli of BM-KH550/epoxy and BM@KH550/epoxy nanocomposites
at 10 wt% reaches 2.85 and 3.09 GPa at 50 ◦C, respectively, which is 25% and 35.6%
higher than that of neat epoxy resin, respectively. This is mainly ascribed to the fact that
the reactive amino groups on the surface of the BM-KH550 and BM@KH550 nanofillers
enhance the interfacial bonding strength between nanofillers and epoxy matrix, and the
surface of BM@KH550 has more abundant reactive amino groups [39]. In addition, the
glass transition temperature (Tg) of all the epoxy nanocomposites at 10 wt% were analyzed
by the peak value of tan δ curves. As shown in Figure 7B, the Tg of neat epoxy resin
is determined to be 143.9 ◦C, and an insignificant enhancement in Tg is found in the R-
BN/epoxy (145.6 ◦C). For the BM-BN/epoxy and BM-KH550-BN/epoxy nanocomposites,
the Tg is determined to be 148.9 ◦C and 153 ◦C, respectively, which is higher than the Tg of
neat epoxy. Expectedly, the BM@KH550-BN/epoxy nanocomposite presents the highest
Tg, with a value reaching up to 156.3 ◦C, which is 12.4 ◦C higher than that of neat epoxy
resin. The enhanced Tg in the BM@KH550-BN/epoxy nanocomposite is mainly ascribed to
the fact that the covalent connection between amino groups in BM@KH550-BN and epoxy
groups in the epoxy molecule chain restrain the mobility of the local epoxy molecules
around the BM@KH550-BN nanofillers, enhancing the degree of cross-linking [40]. It is
worth noting that the height of tan δ peak reduces gradually from neat epoxy to the four
kinds of epoxy nanocomposites (R-BN/epoxy, BM-BN/epoxy, BM-KH550/epoxy, and
BM@KH550/epoxy nanocomposites), implying a decrease in the amount of mobile epoxy
chains in epoxy nanocomposites [41].
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3.6. Effectiveness of the BN Nanofillers and Constrained Region of the Epoxy Nanocomposites

To explore the effect of different BN nanofillers on the dynamic thermomechanical
properties of epoxy matrix, the effectiveness of BN nanofillers and constrained region of
the epoxy nanocomposites were analyzed. The factor βf represents the effectiveness of
fillers on the moduli of composites, and can be given by the equation:

βf =
(Gg

′/Gr
′) composite

(Gg
′/Gr

′) matrix
(1)

where Gg
′ and Gr

′ are the storage modulus in the glassy region and rubbery region,
respectively [42]. The Gg

′, Gr
′, and βf of epoxy nanocomposites are listed in Table 1.

The lower βf value represents the higher effectiveness of the filler. Clearly, all the epoxy
nanocomposites have a lower βf value than neat epoxy. Also, the BM@KH550-BN/epoxy
nanocomposite exhibits the lowest βf value (79.2) among the four types of BN nanofillers (R-
BN/epoxy, BM-BN/epoxy, BM-KH550/epoxy, and BM@KH550/epoxy nanocomposites),
indicating the strongest reinforcing effect of BM@KH550 nanofillers on the epoxy matrix.
In addition, the incorporation of fillers in polymer matrix can also affect the entanglement

155



Polymers 2023, 15, 1415

dynamics and mobility of the polymer chains around the fillers. Herein, the volume
fraction of the constrained region can be quantitatively calculated by the tan δ value. The
relationship between tan δ and energy loss fraction (W) of the polymer nanocomposites is
given by the equation [43]:

W =
π tan δ

π tan δ+ 1
(2)

where the energy loss fraction W at the tan δ peak can be expressed by the dynamic
viscoelastic data with the following equation:

W =
(1−C) W0

1−C0
(3)

where C is the volume fraction of the constrained region of the composite, and W0 and C0
are the energy loss fraction and volume fraction of the constrained region of neat epoxy,
respectively [44]. Equation (3) can be rearranged as follows:

C = 1− (1−C0) W
W0

(4)

Table 1. Some characteristic parameters of epoxy nanocomposites at 10 wt% derived from DMA.

Samples Gg
′ (GPa) Gr

′ (GPa) βf W C

Neat epoxy 2.28 0.011 207.3 0.754 0
R-BN/epoxy 2.49 0.013 191.5 0.751 0.004

BM-BN/epoxy 2.63 0.018 146.1 0.747 0.009
BM-KH550-BN/epoxy 2.85 0.026 109.6 0.746 0.011
BM@KH550-BN/epoxy 3.09 0.039 79.2 0.739 0.02

Herein, C0 is taken as zero for neat epoxy, and the C value of epoxy nanocomposites
are calculated by Equation (4). As listed in Table 1, the volume fraction of the constrained
region in the R-BN/epoxy nanocomposite is only 0.004, indicating the weak effect of R-BN
on the epoxy chains. However, the volume fraction of the constrained region in the BM-
BN/epoxy and BM-KH550/epoxy is higher than that of the R-BN/epoxy nanocomposite,
implying the stronger effect of BM-BN and BM-KH550 nanofillers on the epoxy chains
than R-BN nanofillers. For BM@KH550-BN/epoxy nanocomposite at 10 wt%, the volume
fraction of the constrained region reaches 0.02, which is higher than that of the other epoxy
nanocomposites. This may be explained by the fact that a stronger interfacial attraction
exists between BM@KH550-BN nanofillers and epoxy matrix, better restricting the mobility
of the epoxy chains [45].

3.7. Fracture Surface Analysis of the Epoxy Nanocomposites

As is well known, the distribution of fillers in polymer matrix plays an important role
in the thermal conductivity and thermomechanical properties of epoxy nanocomposites.
Since the BM@KH550-BN/epoxy nanocomposite achieves the optimal thermal conductivity
and thermomechanical properties in all the epoxy nanocomposites, it is necessary to
investigate the distribution of BM@KH550-BN nanofillers at different loading content
in epoxy matrix. Thus, the morphology of fracture surfaces of BM@KH550-BN/epoxy
nanocomposites was analyzed. As shown in Figure 8A, the neat epoxy displays a flat
and clean fracture surface, which is a typical characteristic of epoxy resin [46,47]. After
the incorporation of 1% BM@KH550-BN nanofillers into the epoxy matrix, an uneven
fracture surface and little BN particles (yellow arrow) embedded in epoxy matrix are
observed, and the small area of irregular cracks and slightly rougher fracture surface for
the composites are also observed (Figure 8B). It is found that the unevenness of the fracture
surface of the epoxy nanocomposite and the amount of BN particles increase obviously
with the increase in BM@KH550-BN nanofillers, and the large area of irregular cracks
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and the roughness of the fracture surface is also enhanced greatly (Figure 8C–E). When
the weight content of BM@KH550-BN nanofillers reaches 10 wt%, a large number of BN
particles emerge on the fracture surface of the epoxy nanocomposite. It should be noted
that the BM@KH550-BN nanofillers still display a uniform distribution in the epoxy matrix
even if the content of BM@KH550-BN is 10%, which indicates the good dispersion of
BM¬@KH550-BN nanofillers in epoxy matrix.
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Figure 8. The SEM images of fracture surface of neat epoxy (A) and BM@KH550-BN/epoxy nanocom-
posites with different content: 1% (B), 4% (C), 7% (D), 10% (E).

4. Conclusions

In summary, the KH550-modified BN (BM@KH550-BN) nanofillers were successfully
prepared via a one-step ball-milling route, and a high proportion of BN nanosheets and
excellent dispersion stability were confirmed in BM@KH550-BN nanofillers. As a result, the
BM@KH550-BN nanofillers can enhance the thermal conductivity of epoxy nanocomposites
significantly, with an enhancement of 195.7% at 10 wt%, compared to neat epoxy resin.
In addition, the storage modulus and glass transition temperature (Tg) of BM@KH550-
BN/epoxy nanocomposites also increase by 35.6% and 12.4 ◦C, respectively. The calculated
results from the dynamical mechanical analysis show that the BM@KH550-BN nanofillers
have the strongest reinforcing effect and the higher volume fraction of constrained region in
all the epoxy nanocomposites. This is mainly attributed to the high ratio of BN nanosheets
in BM@KH550-BN nanofillers and the good interfacial compatibility between nanofillers
and matrix. This work develops a simple way to prepare high thermally conductive BN
nanofillers, showing a good application prospect in the field of thermally conductive
polymer nanocomposites.
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Abstract: In this paper, the influence of calcium on coal gangue and fly ash geopolymer is explored,
and the problem of low utilization of unburned coal gangue is analyzed and solved. The experiment
took uncalcined coal gangue and fly ash as raw materials, and a regression model was developed
with the response surface methodology. The independent variables were the CG content, alkali
activator concentration, and Ca(OH)2 to NaOH ratio (CH/SH). The response target value was the
coal gangue and fly-ash geopolymer compressive strength. The compressive strength tests and the
regression model obtained by the response surface methodology showed that the coal gangue and
fly ash geopolymer prepared with the content of uncalcined coal gangue is 30%, alkali activator
content of 15%, and the value of CH/SH is 1.727 had a dense structure and better performance.
The microscopic results demonstrated that the uncalcined coal gangue structure is destroyed under
an alkali activator’s action, and a dense microstructure is formed based on C(N)-A-S-H and C-S-H
gel, which provides a reasonable basis for the preparation of geopolymers from the uncalcined
coal gangue.

Keywords: calcium hydroxide; coal gangue; geopolymer; response surface method; alkali activator

1. Introduction

China is one of the countries with the largest coal reserves and produces the highest
amount of coal annually. Coal will be the country’s primary energy pillar in the future,
but its mining process yields large quantities of solid waste. China currently has over 7
billion tons of coal gangue (CG) and more than 2600 large-scale CG hills [1]. Due to these
severe pollution problems, many researchers are searching for materials that can effectively
utilize CG; geopolymers have been proposed as a suitable inorganic binder because of their
excellent durability, mechanical strength [2], and large consumption of CG [3,4]. Alumina
and silica are the main elemental components of CG, and the main mineral components
are quartz, kaolinite, and muscovite. Compared with the high pozzolanic property of
fly ash [5], CG without special treatment has a stable structure and low activity. In the
use of CG, its pozzolanic properties should be maximized through activator. The internal
crystal phase composition of CG can be transformed via calcination at 700–900 ◦C [6,7].
Experimental findings obtained under different reaction conditions [8] have shown that
an appropriate calcination temperature and time are needed to destroy the structures of
kaolinite and quartz and improve the hydration reactivity of CG [9,10]. Raw CG is calcined
at 550 ◦C to convert the kaolinite in its structure into metakaolin, which is then converted
into mullite at 950 ◦C [11].

According to its calcium content, CG can be classified as high-, medium-, or low-
calcium gangue. Compared with alkali-activated slag, geopolymers prepared by calcining
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CG have poor strength and other properties, with their differences in calcium content being
the main factor affecting the performance discrepancy between the two materials [12]. Lime
or red mud and other materials can be added during the calcination of CG to increase its
calcium content and thus enhance its activation efficiency. Li et al. [6] effectively improved
the compressive strength of geopolymers by adding CaSO4 and CaO as activation additives
during CG calcination. Mineralizers, such as fluorite and gypsum, can also promote
CG activation during calcination [13]. Compared with the commonly used high-calcium
mineral admixtures, geopolymers exhibit denser structures, higher bulk densities, and
better compressive strength [14,15]. Chen et al. [16] used CaO and SO3 as admixtures
to promote the geopolymer reaction, thereby increasing the number of gel products and
compensating for the shrinkage of the geopolymer.

Due to considerable research data and activation processes, high-calcium additives
can be added during the preparation of CG-based geopolymers to obtain ideal properties.
However, researchers should focus on the energy consumption and environmental impact
of geopolymers, a new gel material, before using them to replace traditional cement and
other gel materials. CG calcination consumes large amounts of energy, so uncalcined CG
(UCG) should be used to prepare geopolymers. Through experiments, Geng et al. [17] found
that UCG can be mixed with red mud to prepare geopolymers with excellent development
strength. Guo et al. [18] prepared suitable geopolymer grouting materials by compounding
UCG, fly ash (FA), and slag. Preparing geopolymers from UCG is significant for energy
consumption reduction and the environment.

To sum up, high-strength geopolymers can be prepared by mixing calcined coal
gangue with fly ash and other raw materials. However, the energy consumption in the
process of coal gangue calcination is an important factor limiting the utilization of coal
gangue. In this study, UCG was used as the mineral raw material and mixed with FA to
prepare geopolymer (CG–FA geopolymer (CFG)); the effect of calcium on the mechanical
properties and microstructure of geopolymer was investigated by using the mixture of
calcium hydroxide and sodium hydroxide as an activator. Desulfurization gypsum and a
water-reducing agent were used as admixtures to adjust the compressive strength of the
geopolymer. The response surface methodology (RSM) was chosen as the experimental
design to optimize the factors that influence the optimization of geopolymer properties,
and a multifactor, multiresponse collaborative optimization method was adopted. The
CG content, alkali activator content, and Ca(OH)2 to NaOH ratio (CH/SH) were the
independent variables, and the compressive strengths for different curing periods were the
target values. Relevant models were established to analyze the other, different experimental
conditions. The CFG microstructure was examined via XRD and SEM–EDS. FTIR and 29Si
nuclear magnetic resonance (NMR) was used to characterize the changes in the chemical
bonds and degrees of polymerization within the CFG structure.

2. Experimental
2.1. Materials Selection and Pretreatment

The chemical composition of UCG and FA is shown in Table 1. It can be seen from the
table that UCG and FA contain a large amount of SiO2 and Al2O3. Therefore, UCG and
FA were selected as the silicon and aluminum raw materials. The coal gangue used in the
experiment was obtained from Xingtai (Hebei, China). The X-ray diffraction (XRD) analysis
and microstructure analysis is shown in Figures 1 and 2, which demonstrates that there are a
large number of mineral structures such as kaolinite and quartz with stable structures in the
original coal gangue. The fly ash was obtained from the Henan Datang Power Plant. Table 1
shows that the UCG and FA contain a large amount of SiO2 and Al2O3, but the calcium
oxide content of coal gangue is less than 3%, which belongs to low calcium coal gangue.
Additive selection desulfurization gypsum (purity ≥ 93%). The alkali activator is prepared
by blending sodium hydroxide and calcium hydroxide (analytical grade, purity ≥ 98%).
The activator must be mixed with water and cooled to room temperature before use.
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Table 1. Chemical composition of raw material (%).

Materials SiO2 Al2O3 Fe2O3 CaO MgO K2O TiO2 Na2O MnO2 P2O5

FA 59.61 28.85 3.82 3.03 1.02 1.77 1.77 0.78 0.06 0.13
CG 61.72 25.74 4.13 1.18 0.80 2.36 0.93 0.40 0.06 0.08
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The massive coal gangue shall be pretreated before use. First, use a hammer to crush
the large pieces of raw coal gangue, and then put the lumpy coal gangue into the roller ball
mill to crush it into coarse aggregate. After 120 min, grind the material with a planetary
mill and sieve it to prepare fine coal gangue particles. The particle size distribution of coal
gangue after ball milling is shown in Figure 2. The ground coal gangue can increase the
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specific surface area of the particles, significantly improve the gel activity, and facilitate the
dissolution of the reaction process, which is the basis for the preparation of geopolymers.

2.2. Specimen Preparation and Experimental Design

In this study, based on the response surface design experiment, three main factors
were selected to control the performance of geopolymer, and a total of 15 experiments were
carried out. The different levels of the three independent variables are shown in Table 2.
The content of coal gangue was selected as factor A, the activator which has an essential
influence on the properties of silicon-alumina raw materials was chosen as factor B, and
Ca(OH)2 to NaOH ratio (CH/SH) was selected as factor C. The solid–liquid ratio was fixed
at 0.7, and the additional amount of desulfurization gypsum was 12% of the solid waste
silica-alumina material.

Table 2. Factors and levels in Box–Behnken design.

Independent
Variable Factor

Coding and Level

−1 0 1

A, Coal gangue
content 30% 40% 50%

B, Alkali activator
content 15% 22.5% 30%

C, CH/SH 0.5 1.25 2

According to the experimental conditions, an appropriate amount of sodium hydrox-
ide was dissolved in water with calcium hydroxide powder and allowed to stand for 12 h.
The activator and raw materials were mixed in a pure slurry mixer at 1000~1200 r/min
for 15 min. The mixed slurry was poured into a 40 mm × 40 mm × 40 mm six-joint mold.
Then, the mold wrapped with plastic film was placed into a high temperature curing box
at 80 ◦C for 24 h. The sample taken from the mold was placed in a curing box at 25 ± 1 ◦C
and 95% relative humidity.

2.3. Macroscopic Test and Microstructure Characterization

The CFG macroscopic properties were tested in compressive strength: the experi-
mental data were tested according to GB/T 17671-2020 by an automatic cement constant-
force test machine.

The chemical bonds of the geopolymer were characterized in the reaction process by
Fourier Transform Infrared Spectroscopy (FT-IR) (Nicolet380). The type and composition of
the polymer product was determined by SEM (FlexSEM1000, Hitachi, Hong Kong, China)
by observing the microstructure and morphology of the material. An X-ray diffractometer
examined the mineral composition. The sample scanning speed was controlled at 5◦/min,
and the scanning range was 5~80◦ (2θ◦). The chemical shifts of 29Si NMR samples were
tested using a spectrometer. The Gaussian linear peak was fitted by PeakFit v4.0 software
to obtain the relevant result.

3. Results and Discussion
3.1. Validation and Analysis of ANOVA Model

Table 3 lists the experimental compressive strengths of the geopolymer samples
for different curing periods and analysis results obtained from the Design-Expert soft-
ware. An analysis of the nonlinear fit of models shows that the second-order model is
the most effective. The specific regression model for compressive strength (Y) is shown
in Equations (1) and (2).

Y7d= 5.47 − 1.16A + 0.77B + 0.96C − 0.72AB − 0.15AC − 3.23BC + 1.82A2+1.84B2 − 0.13C2 (1)
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Y28d= 11.87 − 3.44A − 0.94B + 1.3C + 2.7AB + 0.42AC − 3.18BC + 2.09A2+0.19B2 − 3.18C2 (2)

where A is the CG content, B is the alkali activator content, and C is the CH/SH value.

Table 3. Compressive strength test results of geopolymer.

Run A (%) B (%) C

7d
Compressive

Strength
(MPa)

28d
Compressive

Strength
(MPa)

1 30 15 1.25 8.9 22
2 50 15 1.25 7.5 8.6
3 30 30 1.25 12.2 14.3
4 50 30 1.25 7.9 11.7
5 30 22.5 0.5 7.2 12.8
6 50 22.5 0.5 5.7 6.2
7 30 22.5 2 8.9 14.5
8 50 22.5 2 6.8 9.6
9 40 15 0.5 2.1 5.1
10 40 30 0.5 9.8 10
11 40 15 2 11 14.1
12 40 30 2 5.8 6.3
13 40 22.5 1.25 5.1 13.1
14 40 22.5 1.25 5.8 11
15 40 22.5 1.25 5.5 11.5

The relationship between the 7- and 28-day-curing compressive strength results and
the independent variables were analyzed using RSM. Their coefficients of variation were
7.53% and 9.05% (<10%) [19], and the feasibility of the equation analysis was verified. The p
value can be used to express the effectiveness of the hypothesis and mismatch test analysis
during the analysis; the p value between 0.05 and 0.1 is significant, and that below 0.05
is very substantial [20]. Table 4 lists the results of the ANOVA analysis of the regression
model. The p values of the factors are less than 0.05, showing that the regression effect is
significant [21], whereas the p values of the interaction terms are all less than 0.05, indicating
that the partial p values are significant. The test reliability of the polynomial equations
is tested using R2 values. As seen in Table 5, the R2 values of the 7- and 28-day-curing
compressive strength models are 0.9834 and 0.9787, respectively.

Table 4. Response surface test results of geopolymer.

Response 7 d Compressive Strength 28 d Compressive Strength

F-Value p-Value F-Value p-Value

Model 32.82 0.0006 25.48 0.0012
A 35.35 0.0019 89.11 0.0002
B 15.71 0.0107 6.63 0.0498
C 24.23 0.0044 12.74 0.0160

AB 6.87 0.0470 27.49 0.0033
AC 0.29 0.6108 0.68 0.4468
BC 136.03 <0.0001 38.01 0.0016
A2 39.84 0.0015 15.23 0.0114
B2 40.95 0.0014 0.13 0.7353
C2 0.21 0.6626 35.27 0.0019

Lack of Fit 0.2319 0.5963
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Table 5. Model reliability test analysis.

Group Std.
Dev./Mpa R2 Adj R2 Pred R2 C.V./% Adeq

Precisior

Model Y7d 0.55 0.9834 0.9534 0.7706 7.53 21.205
Model
Y28d

1.03 0.9787 0.9402 0.7917 9.05 18.892

3.2. Influence of Various Factors on Compressive Strength

The influence of A, B, and C on the 7-day-curing compressive strength is shown in
Figure 3. Figure 3a reveals an interaction between A and B. When the value of A is 30, a
large amount of FA enhances the reactivity of the raw material. As the B value increases,
the concentration of the alkali activator increases, thereby accelerating the dissolution of
the raw material structure. The relationship between A and C in Figure 3b shows that as
the value of C increases, the dissolution of the raw material structure accelerates, and the
calcium ions in the reaction process react with the silicon–oxygen tetrahedra to form a gel
structure, which improves the 7d compressive strength. As shown in Figure 3c, with a
decrease in the B content, the slurry strength decreases and then increases. As C gradually
decreases, the compressive strength increases significantly. However, when C is 2, the
7-day-curing compressive strength decreases slightly with the B value. This is because
when C is high, with the increase in the B value, more calcium ions react with the silica
tetrahedron to improve the compressive strength and carbonization occurs at the same
time. By contrast, excess calcium ions will carbonize with carbon dioxide in the air to form
carbides, such as calcite, the reduction in calcium content will reduce the reaction of active
silicon–alumina materials and decrease the 28d strength growth.
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Figure 4 shows the response surface of the effects of A, B, and C on the 28-day-curing
compressive strengths of the specimens. Figure 4a shows that the experimental results
of the slurry decrease with an increase in A because the large quantity of impurities and
more structurally stable quartz and kaolinite structures in the UCG reduce the structural
compactness of the geopolymer. The correspondence between A and B in Figure 4a suggests
that the slurry strength is high when B is about 10%. With a gradual increase in alkali
activator concentration, more unreacted sulfate radicals and alkaline cations will remain in
the structure in the later stages of the reaction, which will corrode the material structure
and reduce the structural strength. As shown in Figure 4c, compressive strength increases
with C when the latter is below 1.1. However, when the C value is higher than 1.1, the
compressive strength decreases. This is because with an increase in calcium concentration,
the gel phase increases and the polymerization degree of the material increases. Still, an
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excessively high calcium concentration will accelerate the reaction early, thus reducing the
calcium content in the later reaction stages and decreasing the gelation in the subsequent
curing process. Part of the calcite structure generated in the early stage will also dissolve in
the later reaction stages, thereby reducing the gel structure and strength.
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After the influence of each independent variable on compressive strength was evalu-
ated, the maximum 28-day curing compressive strengths of the geopolymer were regarded
as the optimal values. The optimized conditions are as follows: 30% CG content, 15% alkali
activator content, 1.727 CH/SH value, and the results of compressive strength predictions
for 7-day curing (11.494 MPa) and 28-day curing (22.513 MPa). Experiments were per-
formed using these optimal ratios, and the experimental 7- and 28-day curing compressive
strengths are 11 MPa and 20.5 MPa, respectively. The error between the specimens’ com-
pressive strengths in the experiments and the model’s predicted values is less than 10%,
which means that the numerical model has high accuracy.

3.3. FTIR Spectroscopic and Mineral Morphology Analysis

Figure 5 shows the XRD results for the geopolymer paste samples in Table 3. According
to Figure 6, the absorption peak of kaolinite in CG almost disappears. The diffraction peak
of quartz still exists but has a reduced intensity, indicating that the structure of the crystal
phase of CG has been destroyed under the action of the composite alkali activator. A broad
hump is observed in the 2θ range of 22–35◦, indicating the presence of C–S–H and C–
(N)A–S–H gels [22]. As the A value increases, the diffraction peak intensities of quartz and
kaolinite also increase, mainly because the activation efficiency of the UCG decreases [23].
The unreacted coal gangue particles can build up and destroy the integrity of the structure,
resulting in reduced strength. As the B value increases, the increase in calcium content
promotes the formation of C–S–H in the early stage and improves the early strength. The
2θ characteristic peaks at 14◦ and 29◦ indicate the presence of a nosean. The excessive c
value increases the sodium content in the reaction precursor, and the excessive sodium
reacts with gypsum to form nosean which accumulates in the material structure, damaging
the performance of the geopolymer.
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Figure 6 depicts the FTIR spectra of different samples on day 28. The bands at
3440 cm−1 and 1650 cm−1 can be attributed to the tensile and bending vibrations of H–O–H
in the molecular water [24]. The stretching vibration peak at 1450 cm−1 can be attributed to
the tensile vibrations of the sample’s O–C–O bonds. The characteristic infrared absorption
peaks of geopolymers are usually distributed within 900–1300 cm−1, which is related to
Si–O–T (T = Si, Al) asymmetric stretching [25]. The stretching vibration peak from 1009
to 1030 cm−1 is related to the asymmetric stretching of the Si–O–Si (Al) bond of the C–
(N)A–S–H gel. The vibrational peak at 790 cm−1 is associated with quartz [26]. The bands
around 460 cm−1 are associated with the symmetrical stretching vibrations of Si–O–Si,
which may be associated with kaolinite [27]. As the A value decreases, the corresponding
absorption peak wave numbers at 460 cm−1 and 539 cm−1 gradually decrease while moving
higher. The absorption peak at 1450 cm−1 decreases with increases in the B and C values,
indicating that CG does not fully participate in the reaction, which is consistent with the
XRD analysis results.
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3.4. Microstructure Analysis

The surface morphology of the CFG was observed and analyzed using SEM–EDS.
The microstructures of the samples and their EDS spectra under different experimental
conditions are shown in Figure 7 and Table 6, respectively. As shown in Figure 7a,d, large
numbers of flocculent- and gel-like hydration products are generated in the reaction; the
main components are C–N–A–S–H and C–S–H [28,29]. As shown in Figure 7c,d, there is also
some calcite and C-S-H in the structure. Microstructure analysis of different samples shows
that with a decrease in A, a new C(N)–A–S–H gel forms. This is because of an increase in
the active silica–alumina substances participating in the reaction process, which increases
the amount of gel product and enhances microstructure density. Moreover, the shrinkage
in the geopolymer itself or the mechanical property test may have created microcracks
in the sample [30]. Increases in the values of B and C lead to the accumulation of excess
alkali cations and residual sulfate in the structure during the reaction, thus compromising
the structure’s integrity, makes the microstructure loose, increases the pore structure, and
reduces the mechanical strength.
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Figure 7. The SEM images of the CFG at 28d of Group 1 (a,b), Group 11 (c,d) and Group 6 (e,f).

Table 6. The atomic percentage of elemental composition at each spot in Figure 7.

Position O% Na% Al% Si% S% Ca% Si/Al Description

1 38.494 12.373 16.772 23.939 0 8.422 1.421 N(C)–A–S–H
2 41.284 4.74 10.792 27.743 1.245 14.196 2.7 C(N)–A–S–H
3 40.542 2.526 18.041 18.529 0 15.136 1 C–A–S–H
4 41.456 26.145 2.318 7.253 18.521 4.306 3.14 N–A–S–H
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3.5. 29Si NMR Analysis

In the structure of silicate mineral materials, each Si atom is generally surrounded
by four O atoms to form a [SiO4]4− tetrahedron, the basic structural unit of silicate [31].
In the 29Si NMR test analysis, the different 29Si NMR signals corresponding to these five
tetrahedral backbones represent the silicon–oxygen tetrahedron’s aggregation degree [32].
As seen in Figure 8 and Table 7, the absorption peak in the CG raw material is mainly
from the Q0

3 structural unit from kaolin (at −93.59 ppm) and the Q0
4 structural unit from

quartz (at −110.14 ppm) [33]. Compared with the findings in Figure 8a,b, Q0
3 and Q0

4

move to a lower chemical shift when the strength decreases during the reaction between
the alkali activator and CG. Under the action of the mixed alkali activator, the quartz
and kaolin in CG decrease, and the polymerization degree in the sample increases. As
depicted in Figure 8b–d, the peak strengths of quartz and kaolinite at −190 ppm and −109
ppm increase with A. When A increases to 50, the chemical shift at −92 ppm reappears,
consistent with the XRD analysis results. The large intensity peak from −83 to −87 ppm
comes from the Q4 structural unit of N–A–S–H or N (C)–A–S–H [34]. As shown in Table 7,
with increases in B and C, the relative areas of Q0

3 and Q0
4 decrease and then increase. The

relative area of Q2
4 decreases gradually, indicating that the gradual decline in the network

polymerization degree of reaction products leads to a reduction in compressive strength.
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Table 7. Relative peak area of the fitted curve of 29Si NMR spectra (%).

Sample Q0
1 Q0

2 Q0
3 Q2

3 Q2
4 Q1

4 Q0
4

CG 6 13 45 0 0 27 8
1 0 7 29 32 13 14 5
11 0 8 34 37 11 10 0
6 0 24 38 0 12 18 8

3.6. Analysis of Geopolymerization Process

Figure 9 shows the XRD spectra and infrared vibration bands of sample 1 on the 7th
and 28th days and the unreacted CG, respectively. The peak of 2θ at 29◦ corresponds to
calcite and C-S-H structure. The calcium content in the structure at the early stage of the
reaction is high, which promotes the calcite formation at the early stage and improves
the 7d compressive strength [35]. However, as curing progresses, the peak strength of
CaCO3 structure decreases [36]. Figure 6 shows that the stretching vibration peak at
1450 cm−1 can be attributed to the tensile vibrations of the sample’s O-C-O bonds. The
absorption peak broadens and shifts higher as the reaction proceeds, indicating that the
calcite structure has been decomposed, which is consistent with the XRD analysis findings
(calcite (CaCO3)) [16]. The crystal structure and functional group analysis show that
the quartz and kaolinite structures were decomposed in an alkaline environment at the
early stage of the reaction. At the same time, the high concentration of calcium content
was carbonized to generate calcite and C-S-H, which were partially decomposed in the
subsequent reaction process. The mechanism diagram of possible bond formation of
alkali-activated UCG is shown in Figure 10.
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Figure 10. Mechanism diagram of possible bond formation in the reaction between UCG and gypsum.

4. Conclusions

We created a geopolymer called CFG, which is environmentally friendly and has good
economic value. UCG was used as the raw material, and desulfurization gypsum and an
alkaline activator (essential for CG utilization and recovery) were used as ligands.

The composite alkali activator, prepared by mixing sodium hydroxide and calcium
hydroxide while increasing the calcium content, was used to prepare the geopolymer from
UCG. It has been found that the addition of unburned coal gangue was an important
factor affecting the compressive strength of geopolymer by optimizing the ratio. With the
increase in coal gangue content, the compressive strength decreased. When the content
of coal gangue was 30%, the maximum 28-day compressive strength was 22 MPa. The
microstructure characterization and analysis showed that the inert structure of UCG could
be dissolved to a large extent under the action of a mixed activator of sodium hydroxide
and calcium hydroxide. The dissolved coal gangue and fly ash formed new structures
under the action of activators, such as C-S-H and calcite. Adding the proper Ca(OH)2
and desulfurization gypsum to provide additional calcium content improved the early
compressive strength. It could also produce a composite gel structure of N (C)–A–S–H with
high strength characteristics.
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In this study, coal gangue and fly ash were used as raw materials to prepare geopoly-
mer, and the effect of calcium on the formation of geopolymer was also discussed. The
experiment provides an experimental basis for the development of UCG and has good
economic value. Future research will continue to simplify the activation process of coal
gangue in order to improve the utilization rate of coal gangue and reduce the cost of
preparing geopolymer.
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Abstract: To limit the dangers posed by Cu(II) pollution, chitosan-nanohybrid derivatives were
developed for selective and rapid copper adsorption. A magnetic chitosan nanohybrid (r-MCS)
was obtained via the co-precipitation nucleation of ferroferric oxide (Fe3O4) co-stabilized within
chitosan, followed by further multifunctionalization with amine (diethylenetriamine) and amino acid
moieties (alanine, cysteine, and serine types) to give the TA-type, A-type, C-type, and S-type, respec-
tively. The physiochemical characteristics of the as-prepared adsorbents were thoroughly elucidated.
The superparamagnetic Fe3O4 nanoparticles were mono-dispersed spherical shapes with typical
sizes (~8.5–14.7 nm). The adsorption properties toward Cu(II) were compared, and the interaction
behaviors were explained with XPS and FTIR analysis. The saturation adsorption capacities (in
mmol.Cu.g−1) have the following order: TA-type (3.29) > C-type (1.92) > S-type (1.75) > A-type(1.70)
> r-MCS (0.99) at optimal pH0 5.0. The adsorption was endothermic with fast kinetics (except TA-type
was exothermic). Langmuir and pseudo-second-order equations fit well with the experimental data.
The nanohybrids exhibit selective adsorption for Cu(II) from multicomponent solutions. These
adsorbents show high durability over multiple cycles with desorption efficiency > 93% over six cycles
using acidified thiourea. Ultimately, QSAR tools (quantitative structure-activity relationships) were
employed to examine the relationship between essential metal properties and adsorbent sensitivities.
Moreover, the adsorption process was described quantitatively, using a novel three-dimensional (3D)
nonlinear mathematical model.

Keywords: superparamagnetic nanohybrids; chitosan derivatives; copper adsorption; polyamine
and amino acid moieties; selectivity; mathematical modeling

1. Introduction

Water pollution is among the most severe problems facing humanity today, and it
has drawn the attention of all scientists. The release of industrial effluent into the aquatic
environment is a serious global concern due to the possibility of heavy metal contamination
in water reserves [1–3]. The mining, electroplating, automobiles, metal processing, textile,
and battery manufacturing sectors all contribute significantly to heavy metal pollution.
Heavy-metal-containing effluent is routinely released into water bodies as a result of
industrial activity, causing a slew of environmental issues [4–7]. Copper is among the most
precious and widely utilized metals in the industry [3,8]. Copper in industrial effluent
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is particularly dangerous. When ingested in excess, copper accumulation in the liver
causes gastro-intestinal problems. Copper poisoning occurs when an excessive amount of
copper is consumed, producing nausea, liver and kidney failure, vomiting, and abdominal
discomfort [9,10]. The World Health Organization states that the Cu(II) permitted maximum
in surface water is 3 mg L−1 [9]. Thus, different technologies are frequently applied for
removing heavy metals from water, including (i) precipitation, (ii) solvent extraction,
(iii) impregnated resins, (iv) ultrafiltration, and (v) adsorption and ion exchange [2,9,11,12].
However, practically all of these techniques are often costly, require multiple stages, are
environmentally unfriendly, produce organic wastes, and are ineffective, especially at
low metal concentrations [13,14]. Thus, adsorption methods are usually thought to be
more effective for treating diluted effluents, due to fast kinetics, reusability, environmental
friendliness, selectivity, and high efficiency [1,15,16].

More recently, adsorbent materials such as modified natural materials [1,11], low-cost
biopolymers [2,6,17,18], metal–organic-frameworks-based materials [16,19,20], carbona-
ceous materials (e.g., biochar and activated carbon derived from biomass wastes) [14,21,22],
synthetic polymers [23,24], and nanomaterials [18,25] have been used in the field of Cu(II)
removal. Biosorption has been proposed as an environmentally acceptable green technique
for the elimination of different contaminants [2,26–28]. Sustainable biomass with numerous
functional groups (–NH2 and –OH), renewable resources, and good hydrophilicity are
promising and economically feasible alternatives to synthetic polymer adsorbents [9,29,30].
Modified biopolymers based on polysaccharides are excellent examples of these adsor-
bent types [29]. Chitosan (CS, as an amino-polysaccharide) is a powerful biosorbent for
eliminating heavy metals because it possesses a distinct set of characteristics (for example,
nontoxicity, biocompatibility, biodegradability, and bioactivity) and is nature’s most abun-
dant and least expensive biopolymer [2,26,30]. To promote adsorption capacity, selectivity,
and mass transfer: multiphase nanohybrids were designed as a development of function-
alized organic–inorganic nanohybrids [3,24,31]. CS was selected and adapted due to its
chemical compatibility with the Fe3O4 nanoparticles’ fabrication [32,33].

The synergism and mixing between two or more individual components were pro-
posed to design and create new multiphase nanomaterials with improved characteristics,
such as multifunctionalization, reaction velocity, stability, and the cost-effectiveness [25,29,30].
This is the driving force behind the development of multifunctionalized chitosan-based
hybrid magnetic materials. Magnetic nanohybrids using Fe3O4 nanoparticles are an in-
novative type of composite [24,34]. Magnetic-adsorption technologies have been widely
employed for contaminants’ removal because it significantly enhances the specific surface
area (which reduces restrictions imposed by intraparticle diffusion), and it is rapid, simple,
sensitive, and extraordinarily effective. Furthermore, after equilibration is completed,
depleted adsorbents can be recovered by utilizing an external magnetic field [31,34–37].
Until now, no published work has been reported containing the extensive and in-depth de-
scription required for mechanistic investigations of the synthesis stages and post-chemical
modification, adsorption, and desorption mechanisms for copper with such magnetic mul-
tifunctionalized chitosan nanohybrids, which pose different active sites that have not been
tested before. Herein, we describe the synthesis of four multifunctionalized chitosan adsor-
bents based on the functionalization of polymer support (by in situ Fe3O4 nanoparticles
co-precipitation covered with a thin chitosan layer) with different reactive groups via amine
polydentate (diethylenetriamine) and amino acids (e.g., alanine/cysteine/serine) grafting.
These adsorbents were extensively characterized to justify the synthesis routes (including
the iron oxide and organic synthesis mechanism involved in the chemical modification).
These functionalization pathways brought a good opportunity for comparing the impact of
grafted groups on the physicochemical properties of the materials (including CHNS/O (ele-
mental analysis), HR-TEM (high-resolution transition microscope), XRD (X-ray diffraction),
textural properties (using the Brunauer–Emmett–Teller (BET technique) and Barrett–Joyner–
Halenda (BJH method)), pHZPC titration (pH zero-point charge), FTIR (Fourier-transform
infrared spectroscopy), TGA/DTA (Thermogravimetric analysis/Differential Thermal Anal-
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ysis), VSM (vibrating sample magnetometer), EDX (Energy dispersive X-ray Spectroscopy),
and XPS (X-ray photoelectron spectroscopy) techniques. The batch experiments were used
to investigate the structure activity relationship and compare adsorption performance, se-
lectivity test, and the adsorption–desorption cycle was used to investigate the regeneration
and reusability of these nanocomposites. Furthermore, the experimental results were fitted
with kinetics and isotherm models (with conventional modeling equations). The adsorption
and desorption mechanisms were analyzed and studied using spectroscopic techniques
(particularly, FTIR and XPS). Moreover, an effective mathematical method for determin-
ing adsorption capacity at varying initial concentrations and pHs was developed using a
special modeling methodology for quantitative nonlinear description in three dimensions.

2. Materials and Methods
2.1. Materials

Chitosan (CS, CAS: 9012-76-4) was purchased from Acros Organics. Diethylenetri-
amine (99%), 1,4-dioxane (>99%), epichlorohydrin (99%), cysteine (≥98.5%), FeCl2.4H2O
(>99%), alanine (≥98%), FeCl3 (>99%), Arsenazo III, and serine (≥99%) were provided
from Sigma-Aldrich (Saint-Louis, MS, USA). Every reagent was used as received. Standard
atomic absorption solutions (Cu, Co, Ni, Cd, and Zn, 1000 mg/L−1 nitrate form in nitric
acid) were from Scharlau Chemie (Barcelona, Spain). Samples (5 mL) were centrifuged to
separate them. The supernatants were taken, and the remaining Cu(II) concentration was
analyzed. Total Zn, Cd, Ni, Co, and Cu concentrations in mixed complex solution were
measured using AAS (flame atomic absorption spectrophotometer) (GBC Avanta-EGf 3000,
Scientific equipment Ltd., Melbourne, Australia).

2.2. Preparation of Adsorbents

The adsorbents employed in this study were synthesized according to the previous
article, as a foundation, and with minor modifications [25,32]. A schematic representation
for the fabrication of magnetic nanohybrid adsorbents is represented as a general method
in Scheme 1.
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2.2.1. Preparation of Activated Crosslinked Chitosan−Magnetite Nanohybrid

A precipitation method combined with hydrothermal treatment was applied to pro-
duce nanohybrid magnetic chitosan particles through a one-step process, which involved
in situ co-precipitation of ferrous and ferric ions mixture simultaneously with the dissolved
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chitosan particles under alkaline conditions [35]. Chitosan solution was firstly prepared
by dissolving 5 g of chitosan powder in 600 mL of acetic acid solution (5% w/w). Then
6.22 g of FeCl2 and 9.60 g of FeCl3 (with a molar ratio of 1:2, respectively) were added and
homogeneously dispersed within the chitosan solution. The resulting solution mixture
was subjected to chemical precipitation by the dropwise addition of NaOH (2 M), under
steady stirring, at 40–45 ◦C, and the pH was controlled to 10.0–10.5. The suspension was
kept under heating and constant stirring for 1 h at 90 ◦C before the nanohybrid particles
were separated by decantation and magnetic attraction. Secondly, an alkaline solution
of 0.01 M epichlorohydrin with pH 10.0 was added to the freshly obtained nanohybrid
particles with a mass ratio of 1:1, and the reaction mixture was maintained under heating
and continued stirring for 2 h at 50 ◦C. After that, the resulting material was collected by
magnetic separation and washed extensively with ethanol and distilled water to remove
any unreacted epichlorohydrin. Finally, the previously obtained crosslinked magnetic
chitosan nanohybrid particles were suspended in 200 mL of ethanol/water mixture (1:1
v/v), followed by the addition of 10 mL of epichlorohydrin, and the mixture was heated
and refluxed for 3 h at 70 ◦C. Thereafter, the activated nanohybrid particles were obtained,
filtered, and washed extensively with ethanol and distilled water to remove any residual
reagent [32,38].

2.2.2. Nanohybrid Functionalization

The sequential stages for the functionalization of the activated crosslinked magnetic
chitosan nanohybrid with diethylenetriamine, as well as amino-acid functionalities, were
presented in Scheme 1A. Briefly, the diethylenetriamine moiety was grafted as follows:
the epichlorohydrin-activated nanohybrid (2.5 g) was suspended in 50 mL of ethanol, and
25 mL of diethylenetriamine was added. Then the reaction mixture was maintained under
reflux for the next 18 h, at 75–80 ◦C [32,39].

On the other hand, alanine, cysteine, and serine moieties were grafted according to
the following procedure: The epichlorohydrin-activated nanohybrid particles (2.5) were
suspended in 150 mL of dioxin, and then 6.0 g of alanine/serine/cysteine was added and
the pH of the mixture was adjusted to 9.5–10 by using 1 M NaOH solution. After that,
the mixture was kept under reflux for the next 18 h at 95 ◦C [25]. After the reaction, all
end-products were collected by magnetic separation and extensively washed with ethanol
and double-distilled water. Finally, the obtained adsorbent materials were freeze-dried for
at least 24 h.

2.3. Characterization Techniques

The obtained superparamagnetic multifunctional chitosan adsorbents were charac-
terized by HR-TEM, CHNS/O, XRD, BET, pHZPC titration, FTIR, TGA/DTA, VSM, EDX,
and XPS techniques. More detailed information for the different characterizations is
offered in Supplementary Materials Section S1. To examine the material’s chemical sta-
bility, a simple technique for testing and evaluating the chemical resistivity and durabil-
ity of the nanohybrids was achieved by leaching under acidic and alkaline media [25].
So, various pHs (1.0–10.0) were used to submerge and then leach these materials (mass
10.0 mg/10 mL solution, at 25 ◦C for 48 h). After that, the treated samples were fil-
tered and thoroughly washed (using deionized water), and both treated and untreated
samples were dried for 8 h at 75 ◦C. The mass loss efficiency was calculated as follows:
(∆wt% = ((m0 −meq) × 100)/m0), where m0 is the untreated dry mass, and meq is the
treated dry mass. After several adsorption/desorption cycles, the nanohybrid materials
were further examined for functional stability, using FTIR spectroscopy.

2.4. Adsorption Experiments

Batch adsorption tests have been performed at a fixed adsorbent dose (0.5 g.L−1) to
investigate the pH influence (the pH0 ranging from 2.0 to 7.0), agitation time (time was
varied from 0 to 360 min at pH0 5.0), sorption isotherms (at initial Cu(II) concentration
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from C0: 0.128 to 1.243 mmol Cu.L−1 at temperatures ranging from 298 to 328 ± 2 K, and
pH0 5.0), and adsorbent reusability at 298 ± 1 K and 150 rpm. The adsorption capacity (qeq,
in mmol Cu.g−1) and the distribution coefficient (D, in L.g−1) were evaluated using the
following equations (Equations (1) and (2), respectively):

qeq =
(Co −Ceq)× V

m
(1)

D =
qeq

Ceq
=

(Co −Ceq)

Co
× V

m
(2)

where C0 and Ceq (in mmol Cu.L−1) refer to the initial and remaining Cu(II) concentration
after equilibrium, m (in g) points to is the adsorbent amount, and V (in L) corresponds to
the volume.

Investigating the selectivity concerns in complicated solutions is required for assessing
the potential of novel materials. A standardized study was carried out using the most
common ions found in industrial wastewater, e.g., those from battery plants (such as
Cu, Co, Zn, and Cd). For this test, an equimolar mixed solution was prepared (using
standard atomic nitrate solutions). The adsorption test was conducted at pH0 5.0, for 4 h,
at room temperature (298 ± 1 K) and 150 rpm, with an adsorbent dose of 0.5 g.L−1. The
supernatant concentrations were determined by AAS after centrifugation and separation.
The adsorption characteristics could also be modulated by utilizing some chosen models
(as shown in Supplementary Table S1) to match the adsorption kinetics and isotherms.

The adsorbent reusability was investigated after six adsorption–desorption cycles
utilizing acidified thiourea (0.25 mol.L−1 at pH: 2) as eluent and regeneration agent (SD:
1 g.L−1, 150 rpm and 298 ± 1 K for 60 min).

The desorption efficiency (DE,) and the regeneration efficiency (RE) were described
using the equations below (Equations (3) and (4)):

DE =
CD × VL × 100

md × qd
(3)

RE =
qd × 100

qe
(4)

where qd (in mmol Cu.g−1) points to the first adsorption capacity, CD (in mmol Cu.L−1)
refers to eluate Cu(II) concentration, VL relates to the eluent volume, and md (in g) repre-
sents the adsorbent weight used in desorption tests. All data are means of duplicates with
a standard deviation of ±4–6%.

3. Results and Discussion
3.1. Fabrication Mechanism

Scheme 1A depicts the synthesis steps of multifunctionalized magnetic chitosan
nanohybrid, whereas Scheme 1B depicts the chemical structure of the various derivatives.
The nanohybrid was formed via heterogeneous nucleation through an in situ hydrothermal
co-precipitation of Fe2+ and Fe3+ in chitosan solution at a pH of ~10.5 with NaOH solution.
Firstly, Fe3O4 nanoparticles were utilized as a nucleation site for chitosan thin-layer forma-
tion [35]. The fundamental general process for producing mixed iron oxide (i.e., magnetite
(Fe3O4)) growth of nanoparticles begins after NaOH is introduced to iron solutions, as
shown in the following procedures in Equations (5)–(10) [25,40].

Deprotonation step:

Fe3+ + xH2O → 2Fe(OH)3−x
x + xH+ (5)

Fe2+ + yH2O → Fe(OH)2−x
y + yH+ (6)
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Ferrihydrite intermediate production:

2Fe(OH)+2 + Fe(OH)+ + 3OH− →
(

Fe3+
)

2

(
Fe2+

)(
OH−

)
8 (7)

Oxidation and dehydration step:

2Fe(OH)3−x
x + Fe(OH)2−y

y → Fe3O4 +
2x + y

2
H2O (8)

When ferrihydrite dehydrates, magnetite forms:
(

Fe3+
)

2

(
Fe2+

)(
OH−

)
8 → Fe3O4 + 4H2O (9)

Overall reaction:

2FeCl3 + FeCl2 + 8NaOH → Fe3O4 + 8NaCl + 4H2O (10)

This reaction occurs in the presence of N2(g) to prevent Fe2+ from converting to Fe3+;
otherwise, different ferric hydroxide forms, such as maghemite, hematite, and goethite, can
be formed by oxidizing magnetite [40].

Chitosan particles were crosslinked using epichlorohydrin to prevent them from dis-
solving under acidic environments and from losing adsorption ability when amine groups
participated in the case of aldehyde linkage [41]. Indeed, the unfunctional crosslinking
agent was employed to give covalent connections with the C6–OH in chitosan moiety,
resulting from the epoxide ring breakage and the release of a chlorine atom [25].

The plausible mechanism for the formation of the crosslinked chitosan (as depicted in
Scheme 2A) involves the nucleophilic ring opening of the epoxy ring of the epichlorohydrin
under basic conditions by primary OH of the less steric hindrance (C6–OH). The second
step involves the nucleophilic displacement of the chloride by the nucleophilic primary
hydroxyl group of the second chitosan molecule from another chain, followed by the
elimination of the HCl under basic conditions after forming the crosslinked chitosan. After
that, the activation phase provides active spots on the surface of chitosan, allowing for
chemical modification with amine and amino acid moieties.
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Scheme 2B shows the SN
2 pathway (SN

2: substitution nucleophilic bimolecular), which
might have a role in the nucleophilic assaults of the epoxy ring on nitrogen (CS–NH2).
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A carbonium ion is formed when an N-atom attacks the external carbon (which is less
sterically inhibited).

Scheme 3 shows two pathways (A (SN
1) or B (SN

2)) which could be involved in the
nucleophilic displacement of –Cl with electron-rich terminal hetero atoms (e.g., nitrogen
(present in –NH2), oxygen (as –OH in serine), and/or sulfur (as –SH in cysteine). For
diethylenetriamine grafting, the postulated mechanism of the amination (Scheme 3A) is
a typical substitution nucleophilic unimolecular (SN

1) reaction that is preferred in protic
solvents such as ethanol [39]. Chloride nucleophilic displacement by electron-rich nitrogen
of the amine occurs via the formation of carbocation intermediates, and it is maintained
and supported by ethanol solvation and hence favors product formation.
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1 mechanism (A) and for serine

(as reprehensive for amino acids) grafting via SN
2 mechanism (B,C).

Meanwhile, for amino-acid grafting (Scheme 3B), under alkaline conditions and heat-
ing, the usual SN

2 reaction takes place between nucleophilic sites available at the terminal
–NH2 and/or –SH/–OH on alanine/cysteine/serine–amino acid and the C-atom connected
to the Cl atom that is considered to become the promoter for the chemical reaction [25,38].
This reaction is enhanced by an alkaline aprotic solvent such as dioxane. For cysteine/serine
grafting, the carboxylic group is an electron-withdrawing site that contributes to the reduc-
tion of the N-lone atom’s electron pair, trying to make them lesser nucleophilic (Scheme 3C);
this may explain why other –SH/–OH groups are favored versus –NH2 where possible.
Meanwhile, the –NH2 group seems to be more active and preferred in alanine, despite
the fact that certain amino groups may be implicated in the reaction. The majority of the
grafting seems to occur using an alternate substituent via –SH/–OH active sites.

3.2. Materials Characterization
3.2.1. Physical Characterization
Nano-Structure Characterization—HR-TEM Analysis

The TEM micrographs of four adsorbents (A-type, S-type, C-type, and TA-type) were
shown in Figure 1a–d. The Fe3O4 nanoparticles formed as compact spherical spots encircled
by bright regions represented the polymeric shells [42] (due to the differences in electron-
absorbing capacities of organic and inorganic components [34]); they have a uniform
spherical morphology, are finely shaped, and have a mono-dispersed appearance. As a
result of dipole/dipole magnetic interactions, the Fe3O4 particles pose an affinity to coalesce
and agglomerate [41,43]. This exhibits the incorporation of Fe3O4 NPs into the polymer
matrix, which was successfully prepared. The clumping validates the great magnetism, just
like it was evaluated via magnetism tests. TEM images were used to determine and identify
the exact the Fe3O4 nanoparticle size. The mean crystalline size for A-type, S-type, C-type,
and TA-type was estimated to be 10.43 ± 1.9, 14.79 ± 3.2, 14.01 ± 3.7, and 8.45 ± 1.4 nm,
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utilizing histograms image software to count particles with a limited size distribution
(Figure 1a–d), in line with XRD findings. In general, the diameter of Fe3O4 particles is
smaller than 20 nm, suggesting that the adsorbents are nanocomposites.
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The HR-TEM picture (Figure 1e,f) for TA-type, according to the SAED (selected area
electron diffraction) pattern, exhibits that particles majorities visible and found in the bright
field image with an ordered spherical shape (Figure 1e). This pattern has an inverted spinel
structure (magnetite/hematite), which supports the two phases deduced from the XRD [39].
It is clear by precisely examining the SAED pattern that the spinel structure peak (311)
related to the first intense magnetite broad ring of magnetite (or hematite) displays an
outstanding efficient epitaxial formation of Fe3O4 single crystals [39,44]. Furthermore, the
(511) and (220) planes of the Fe3O4 spinel structure were discernible. According to the
HRTEM image, the nanoparticle ensembles are composed of a number of single crystals
with polycrystalline particles (Figure 1e). Interestingly, the inter-planar distance (311) of the
Fe3O4 planes is consistent with the crystalline fringe spacing of 0.248 nm (~2.48 Å) [24,44].

Crystalline Structure—XRD Analysis

The XRD spectra of the as-prepared nanohybrids are shown in Figure 2: magnetite
(Fe3O4) has a crystalline cubic spinel shape [43]. Based on the JCPDS (PDF No. 65-3107)
database file, all nanohybrids contain eight typical diffraction peaks for Fe3O4 at 2θ around
19◦, 30◦, 35◦, 43◦, 54◦, 57◦, 62◦, and 74◦ [39,45]. Furthermore, the possibility of hematite
(Fe2O3) coexisting with ferromagnetic properties cannot be left out., according to the find-
ings of the XPS study, which is discussed later. The Fe2p band in the adsorbents (TA-type
and C-type) spectrum may be deconvoluted by XPS into three signals (each signal having
a unique doublet band) associated to Fe3+ in both octahedral (at BEs ~710.27–710.68 eV,
~712.81–713.23 eV, and ~732.42–732.39 eV for octahedral geometry) and tetrahedral (at
BEs: 716.45–716.96 eV and ~727.12–727.69 eV), and Fe2+ (at BEs ~723.80–724.31 eV for
tetrahedral geometry). The relevant satellite bands have a low resolution. Moreover, an
Fe2p3/2 signal (Fe3+- octahedral form) at roughly 711.0–711.6 eV might be assigned to the
most prevalent kinds of iron oxides, such as hematite (Fe2O3) or maghemite (g-Fe2O3) [46].
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The SAED pattern indicated the nanohybrids’ polycrystalline structure, which is
characterized by the presence of sharp and continuous loops (Figure 1e). Furthermore,
XRD spectra were used to evaluate the diameters of the crystalline Fe3O4 nanoparticles by
using the Debye–Scherrer Equation: (D = kλ/βCosθ) [36,47], where D is the mean particle
diameter (in nm), k is the shape factor (0.9), λ is X-ray radiation wavelength (~1.5418 Å), θ
is the diffraction angle, and β is the FWHM (full width at half maximum) of the selected
X-ray diffraction peaks. The size was estimated to be around 9.43, 10.83, 9.78, and 9.01 nm
for A-type, S-type, C-type, and TA-type, respectively, for the most intense (311 index) peak
(validated by SAED picture) [38].

From the aforementioned findings, Figure 2C depicts the structural Fe3O4 character-
istics. Magnetite is composed of Fe2+Fe2

3+O4 (generally so-called mixed oxide “Fe3O4”),
where Fe1 and Fe2 are associated with Fe2+ and Fe3+, respectively, showing cation posi-
tions inside the octahedron and tetrahedron, respectively, and O denotes the oxygen anion
position. The unit cell of spinel magnetite is a cube composed of 32 O2− anions that are
formed by 8 Fe2+Fe2

3+O4 molecules [39]. The packed face-centered cubic of Fe3O4 (FCC)
is composed of oxygen anions that comprise 64 Fe1 (tetrahedral) and 32 Fe2 (octahedral)
vacant spaces that are partially occupied by Fe3+ and Fe2+ cations [48].

Textural Properties—BET Surface Analysis

The textural features of the as-prepared nanohybrids were assessed using the BET
method: N2(g) sorption (i.e., via the adsorption–desorption) and isotherms. Nitrogen
isotherms of nanohybrid derivatives mirror Type-IV isotherms associated with mesoporous
adsorbents (Supplementary Figure S1) [38,49]. The specific surface areas calculated using
the BET method (SBET in m2.g−1) for all nanohybrid derivatives were found and follow the
following sequence: TA-type (75.27) > S-type (61.05) > A-type (~60.38) > C-type (~42.56).
Moreover, the textural qualities of all nanohybrids are essentially similar: likely to be
mesoporous in structure. The typical pore diameters are ~27.5, 26.9, 22.5, and 3.9 nm for
TA-type, S-type, A-type, and C-type. However, the significant whole pore volume (WPV in
cm3.g−1) was recorded: TA-type (0.57) > S-type (0.41) > A-type (0.36) > C-type (0.12).

182



Polymers 2023, 15, 1157

Thermogravimetric Analysis (TGA)

The thermogravimetric properties of S-type are depicted in Figure 2A. Significant
variations could be found in terms of weight loss and the numbers of degradation stages,
as well as in the DTG diagrams (Supplementary Figure S2a,b). The deterioration profile is
distinguished by four transitions: (a) The first phase (until 202–206 ◦C) is concerned with
the liberation of absorbed water molecules at the adsorbent surface [47], and the conse-
quent structural changes resulted in a 12% weight decrease. (b) The second phase (within
206–350 ◦C) results in a weight loss of 25–27% (cumulative wt. loss: 37–39%) [17], which is
linked to the decomposition and destruction of amine moieties in chitosan (itself) and its
amine and amino acid derivatives [35]. (c) The third phase (from 350 and 439 ◦C) resulted
in a weight loss of around 4–7% (max. wt. loss: 41–44%) and includes depolymerization
and pyranose rings disintegration [47]. (d) The final phase (up to 650 ◦C) corresponds to
the char entire disintegration, which accounts for about 56.2%. This fraction corresponds to
the magnetic core amount in the composites. The tracker of magnetite with char remaining
at higher temperatures may throw this judgement off [35].

Furthermore, the DTG graph (Supplementary Figure S2b) indicates three significant
valleys, namely at ~234.0 ◦C (strong and abrupt), at ~345.1 ◦C, and at ~415.2 ◦C, as well
as a mild valley at 502.5 ◦C, related to the variations in the TGA profile slope and the
release of adsorbed and structured water (where the samples were freeze-dried gave
the strongest valleys), the breakdown of amine and amino acid moieties in adsorbent
(i.e., chitosan and the derivatives), the depolymerization and breakdown in pyranose ring
accompanying char formation, and, eventually, the char’s thermal deterioration (final
portion of deterioration) [35,47].

Magnetic Properties—VSM Analysis

The magnetic profiles of MCS and their derivatives were evaluated and analyzed
using VSM (Supplementary Figure S2c). The hysteresis curves of all nanohybrids ma-
terials exhibit extremely small remanence magnetization (Mr), coercivity field (Hc), and
no hysteresis loop (Supplementary Table S2: the basic physicochemical features of these
nanohybrid materials; that is, the magnetization of the residue was almost zero, indicating
superparamagnetic behavior. The magnetic saturation (Ms) is 42.97 emu.g−1 for MCS;
nevertheless, after chemical modification via amine and amino acids immobilization, the
Ms values (in emu.g−1) were reduced and arranged as follows: r-MCS (42.97) > TA-type
(31.13) > A-type (26.94) > S-type (23.21) > C-type (22.84). Because Ms values are connected
to the amount of Fe3O4, the organic coating thickness increases with further chemical
functionalization, resulting in a reduction of the iron oxide quantity and, hence, a decrease
in Ms values [25,39]. Meanwhile, these Ms values are sufficient for simple and efficient
magnetic separation from aqueous solutions [38,39].

3.2.2. Chemical Characterization
XPS Spectroscopy

The XPS survey signalizes the elemental composition of all nanocomposite derivatives
(Supplementary Figure S3): C1s, N1s, O1s, Fe2p, and S2p signals at the binding energy
(BE) of 286.97–288.29 eV, 400.17–401.37 eV, 532.74–533.88 eV, 711.96–713.41 eV, and 165.5 eV,
respectively. Furthermore, two peaks at 710.3–711.4 eV (Fe2p3/2) and 725–726 eV (Fe2p1/2)
distinguished the magnetite. The core levels’ profiles for essential components are depicted
in Figure 3 (and Supplementary Table S3). The deconvoluted spectra were determined by
the assignments and average atomic fractions [50]. The C1s curve figures out the peaks at
285.6 (corresponding to C–H, C–C, Cadvent), 286.3 (related to C–OH, C–N, C–O–C, C–S),
and 287.5–288.8 (attributed to C=O (Amide), and –COOH). The N1s spectrum represents
the N– containing functional groups since the related peaks to (N–H, C–N (amide) and
(–NH2, >NH (amine)) appeared at BE of ~399.3 and ~400.3 eV, respectively. A slight shift
for amino acid derivatives was observed that could be due to the carboxylate environment.
The O1s curve depicts the belonging peaks at BEs: 529.61 eV (corresponding to Lattice O
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(Fe–O, Fe3O4)), 530.87 eV (refers to C=O, –O–C=O), and 532.51 eV (related to C–OH, O–H
in H2O, and C–O–C). The S2p graph depicts the S–containing functional groups at BEs:
164.17 eV (C-S (2p3/2)) and at 168.05 eV C-S-C (S2p1/2).
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The primary peaks of Fe3+ 2p3/2 and Fe3+ 2p1/2 that are considered to be distinct Fe3O4
are located at ~710.27–711.67 and ~723.80–724.60 eV, respectively, in the Fe2p spectrum
(Figure 3) [37,51]. After fitting the Fe2p dual peaks, we noted that Fe2+2p3/2 peaks emerge
at ~712.16–713.02 eV and Fe3+ 2p1/2 peaks appear at ~719.43–720.21 eV, confirming the
existence of Fe2+ and Fe3+, respectively, corresponding to Fe3O4. The Fe2+ 2p3/2 peaks
appear at ~712.16–713.02 eV, while the Fe3+ 2p1/2 peaks arise at ~719.43–720.21 eV, proving
the coexistence of Fe2+ and Fe3+, respectively, which corresponds to Fe3O4 [37], whereas
the Fe2+ 2p1/2 satellite peak occurs at ~723.81–725.01 eV [37,52].

Element Analysis-CHNS/O

The effective chemical modification of chitosan backbone was confirmed using CHNS.
Supplementary Table S2 summarizes and compares the elemental analysis of the various
samples. The organic fraction (associated to C and N, wt. %) of raw chitosan (rCS) and
magnetic chitosan (MCS) was examined and found to be substantially lower (52.7–53.9%)
for rCS because of the magnetite content that represents ~53.5% of overall mass. After
crosslinking process, the N-content (in mmol%) of crosslinked magnetic chitosan (CMCS)
reduced from 2.56 to 2.17, owing to increased epichlorohydrin binding, which is consistent
with the small decreases in the C and H contents. In the meantime, after activation via
terminal –Cl atom insertion, the activated matrix (ACMCS) molar mass increased steadily;
thus, the wt.% of C, H, and N was diluted and reduced [25]. Subsequently, immobilization
of multifunctional moieties: the rise in C, H, N, and S content (in wt/wt) indicated the
successful functionalization and grafting onto ACMCS. More particularly, the N content
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virtually increased from 1.41 mmol N.g−1 to 2.69, 2.58, 2.35, and 3.72 mmol N.g−1 for
A-type, S-type, C-type, and TA-type, respectively [25,39]. Assuming C-type, the S content
(in wt,%) of 3.01% supports effective cysteine grafting [38].

To estimate magnetite proportion of nanohybrid materials, the thermal degradation
characteristic of the S-type was used (see Section Thermogravimetric Analysis–TGA). The
S-type was a stand-in for distinct derivatives, since all nanohybrids have the same matrix
and the only change is in the grafted moieties. The magnetic core portion accounted for 48–
52 ±0.5% of total weight. This fact is critical when considering the adsorption performance,
as the inorganic fraction contributes half the total weight of the adsorbents and has a lower
affinity for Cu(II) ions than the organic component of chitosan derivatives.

FTIR Spectroscopy

Synthesis stage: to characterize the functional groups of the nanohybrid adsorbents,
infrared spectroscopy was utilized and is presented in Figure 4a. The spectra were essen-
tially all fairly similar; the primary distinctions were in the relative strength. The band at
616–627 cm−1 corresponds to the υFe–O stretching vibration in Fe3O4 [25,36]. The peaks
at ~533–558 cm−1 and ~456–480 cm−1 result from the split of the υ1(Fetetra–O band) and
υ2(Feocta–O band) which is the blue-shift of bulk Fe3O4, respectively [25,31]. Generally,
the strong and broad absorption peaks at ~3468–3400 cm−1 are relevant to the stretching
vibration for –NH2/>NH and –OH stretching vibration (and their overlapping) and hy-
drogen bonds in polysaccharides [31]. The peaks at 2923–2936 cm−1, 2852–2869 cm−1,
and 1387–1392 cm−1 are assigned to C−H symmetric and asymmetric stretching vibration,
respectively (in –CH2 (methylene groups)), and C–H bending, respectively [26,35,53]. The
peak around 2432–2334 cm−1 is caused by the CO2 vibration. The substantial peak at
1602–1610 cm−1 could be ascribed to >NH bending vibration (−NH2 and >NH amine
bend, in plane deformation), and C=O (Amide I) and/or (COO−) carboxylate group sym-
metric stretching vibration [23,30]. The bands at 1330–1256 cm−1 (referring to C–H (in
CH2) symmetric deformation and stretching vibration of C−N) and the ranges between
1112 and 11161 cm−1 and between 936 928 cm−1 (corresponding to stretching vibration of
secondary –OH and C–O–C (in β–glucosidic bridge) [31], and β-D-glucose unit of carbohy-
drate ring) [54]. The peaks at 854–798 cm−1 and 722–711 cm−1 (corresponding to stretching
vibration of secondary –OH and C–O–C bridge [54],) are caused by C-H out-of-plane bend
bending vibration of C–H and –NH twist, respectively [26,35,39]. The C–C–N out-of-plane
bending mode was assigned to the weak band at 464–480 cm−1 [23,55]. The absence of
the C–S functional group’s peak at 742 cm−1 could be due to the overlapping with other
groups [41].

FTIR for characterization of Cu(II) interactions with TA-type and C-type nanohybrids:
The FTIR spectra for both TA-type and C-type adsorbents are affected by Cu(II) adsorption
(Figure 4b,c and Supplementary Table S4) as follows:

(a) For TA-type: The bands’ intensities tend to strongly decline and red-shift at 3468,
3441, and 3398 cm−1 (assigned to −OH and −NH functionality); 2936 and 2857 cm−1

(–CH2 groups); 1605 cm−1 (υsC=O (Amide I), (1◦/2◦) amine bend and their overlapping);
and 850 cm−1 (C–H out-of-plane bend), shifting to 3467, 3436, 3391, 2923, 2858, 1602, and
818 cm−1, respectively. Meanwhile the blue-shift at 1326–1260 cm−1 (υC–N stretching),
1113 cm−1 (C–O–C bridge υs), 928 cm−1 (υsC–O, 1◦ OH group, carbohydrate ring, and
υsC-N), 710 cm−1 (−NH twist), 533 cm−1 (υ1Fetetra–O), and 464 cm−1 (υ2Feocta–O) moved
to (1330–1261 cm−1), 1117 cm−1, 932 and 714 cm−1, 541 and 472 cm−1, respectively.

(b) For C-type: The bands’ intensity alteration and blue-shift at 3436 cm−1, (υs (–OH
and –NH), 1404–1392 cm−1 (υsCH2 def., (1◦/2◦) –OH bend, and COO− salt), 1330-1265 cm−1

(υC-N and –OH bending, –C–O str. (primary υs(–OH)), 1113 cm−1, 855 cm−1, 1113 cm−1,
722(−NH twist), 627 (υsFe–O–Fe and C–H bending), and 591 and 480 cm−1, (υ1Fetetra–O
and υ2 Feocta–O, respectively) shifted to 3416 cm−1, 1400–1387 cm−1, 1329–1260 cm−1,
1112 cm−1, 853 cm−1, 714 cm−1, 624 cm−1, 541 cm−1, and 456 cm−1. Meanwhile, the red-
shift was at 2927 and 2857 cm−1 (–CH2 groups), 1609 (υsC=O (Amide I), COO− salt, (1◦/2◦)
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amine bend and their overlapping), and 932 cm−1(υsC–O, 1◦ OH group, and υsC-N) to
2931 and 2858 cm−1, 1610 cm−1, and 936 cm−1. The reactive groups involved in metal
interaction were identified and discussed with other XPS and adsorption results and are
presented in Scheme 4 (and Section 3.3.7).
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In both adsorbents (TA-type and C-type), numerous bands related to the stretching
vibrations of M−OH and O−M−O were seen in the FTIR spectra at the 400–800 cm−1

range [23,35]. These changes were caused by Cu(II) binding through complexation with
various reactive groups that alters the environment.

FTIR spectra after Cu(II) desorption: Figure 4b,c (and Supplementary Table S4) also
display the TA-type and C-type nanohybrids’ spectra after six regeneration cycles (adsorp-
tion/desorption of copper). The adsorbents’ FTIR spectra were little impacted. Although
the copper desorption was effective (Section 3.3.5), several tracer bands associated with
some attached Cu(II) ions remained on each regenerated adsorbent’s FTIR spectrum, whose
spectrum between copper loaded and raw adsorbents can be thought of as “intermediary.

pHZPC—Drift Titration

Supplementary Figure S2d displays the rCS, MCS, and multifunctionalized nanohy-
brid titration patterns. The consecutive chemical changes have a significant impact on the
acid–base properties [35]. The pHZPC (is equivalent to ∆pH = 0) for rCS is 8.57 ± 0.02, and it
correlates to the pKa of 6.3–6.6 for chitosan’s –NH2 groups [26]. After the incorporation of the
Fe3O4 core in MCS, the pHZPC dropped to 7.26 ± 0.03. The triamine/alanine/cysteine/serine
immobilized onto MCS nanohybrid hardly influences the pHZPC: from 7.26 ± 0.03 for
MCS to 7.88 ± 0.01, 7.66 ± 0.02, 7.78 ± 0.03, and 8.48 ± 0.02 for A-type, S-type, C-type,
and TA-type, respectively, consistently with charge density, screening impact, and Fe3O4
amount [30]. The maximal obvious rise in ∆pH is at pH0 4.0, ascribed to the maximum
protonation degree, which declines as the pH0 increases.

Surely, after triamine/alanine/serine/cysteine grafting, the pHZPC increased, most
likely as a result of the extra functionalities grafting (e.g., amine and carboxylate moi-
eties). Amino acids contain carboxylic acid groups having pKa values ranging from 2.11
to 2.35, whereas their amine groups have pKa values ranging from 9.15 to 9.69 [25]. The
overall pHZPC of amino acid nanohybrids were closest to those of the amine group of
alanine/cysteine/serine in comparison to the carboxylate group end. After diethylene-
triamine, immobilization was proportionate to the pKa values 3.58, 8.86, and 9.65 of the
amine active sites [56]. Fraga et al. measured the pHZPC for DETA grafted on graphene
oxide, and it was found to be 8.21 [57], wherein the ∆pHZPC was 0.29 pH unit (the change
achieved 8.48), as a result of the support impact switched from graphene oxide to chitosan.

Chemical Analysis—Semi-Quantitative EDX

The EDX graphs of nanohybrid materials (Figure 5 and Supplementary Figure S4)
exhibited the appearance of C, N, O, and Fe signals, with an additional S signal for the
C-type. The EDX analysis indicates the existence of the characteristic peak for Kα Fe (at
6.403 keV) and Lα (poor peak) at 0.705 keV, as well as the emergence of a minor peak
(having a low sensitivity signal at 0.393 keV for the Kα N), thus validating the hybrid
formation. The O kα1 signal (at 0.525 keV) and C kα signal (at 0.277 keV) were observed.
Moreover, the S element in the C-type is identified by S kα and S Lα signals at 2.307 and
0.149 keV, respectively [58]. It should be noted that the semi-quantitative evaluation is
restricted to a depth of penetration equivalent to the incident electron’s wavelength, as well
as a relative fraction with inadequate detection sensitivities [13]. The Cu(II) adsorption
clearly shows a definite peaks of Kα Cu signal (at ~8.040 keV) and faint peak of Lα at
~0.930 KeV, respectively, indicating the existence of Cu(II) with an estimated weight percent
reflecting efficient adsorption.

From the obtained results, it is clear that Cl atoms at the terminal end of activated
magnetic nanohybrid (which consider the only main site for further functionalization)
completely disappeared after functionalization with polyamine and amino acid, indicating
that the grafting efficiency was more than 99%, and consequently the purity of the material
should be like that seen in the XPS and EDX analysis of the final products adsorbent (see
Figures 5, S3 and S4). Moreover, the high purity of all used reagents was high purity, and
all products were extensively washed to remove unreacted species.
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throughout a pH0 range of 2–7 to determine an appropriate pH range for adsorption. The 
pH value had a substantial influence on the adsorption performance of the r-MCS, TA-
type, A-type, S-type, and C-type (Figure 6a), and the capacities trend versus pH (as a 
function of equilibrium pH (pHeq)) was also quite comparable. Figure 6a shows that the 
adsorption capacity rose initially and subsequently nearly fixed as the initial (pH0: from 
2.0 to 7.0) and equilibrium pH increased or climbed. The optimal pH0 for the r-MCS, TA-
type, A-type, S-type, and C-type was 5.0–7.0, and their adsorption capacities were 0.41, 
1.56, 0.71, 0.83, and 0.93 mmol Cu.g−1, respectively. The adsorption capabilities of the 
multifunctionalized materials were all greater than adsorption capacity of r-MCS (qeq: 0.41 
mmol Cu.g−1) at optimal pH0 = 5.5–7.0. Adsorption capabilities are quite low at pH0 < 5.0, 
and rising pH equals greater capacities. In a low-pH environment, H+ would biasedly bind 
to the functional groups located on the nanohybrids surface, making it harder for Cu(II) 
ions to bind. When the pH steadily rises at pH0 > 5.0, the deprotonation process may cause 
Cu(II) to interact with functional groups, enhancing the nanohybrids’ adsorption ability [4,6]. 
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Figure 5. EDX measurements of TA-type and C-type adsorbents before (a) and after Cu(II) adsorption
from synthetic solution (b) and complexed system (c).

3.3. Adsorption Investigations
3.3.1. Effect of Initial pH

The solution pH, as a significant physiochemical property, is crucial and has implica-
tions in the metal sorption. This parameter can alter the adsorbent’s surface charge, as well
as the metal’s speciation [4,6,25]. Cu(II) adsorption was investigated throughout a pH0
range of 2–7 to determine an appropriate pH range for adsorption. The pH value had a
substantial influence on the adsorption performance of the r-MCS, TA-type, A-type, S-type,
and C-type (Figure 6a), and the capacities trend versus pH (as a function of equilibrium
pH (pHeq)) was also quite comparable. Figure 6a shows that the adsorption capacity rose
initially and subsequently nearly fixed as the initial (pH0: from 2.0 to 7.0) and equilib-
rium pH increased or climbed. The optimal pH0 for the r-MCS, TA-type, A-type, S-type,
and C-type was 5.0–7.0, and their adsorption capacities were 0.41, 1.56, 0.71, 0.83, and
0.93 mmol Cu.g−1, respectively. The adsorption capabilities of the multifunctionalized
materials were all greater than adsorption capacity of r-MCS (qeq: 0.41 mmol Cu.g−1)
at optimal pH0 = 5.5–7.0. Adsorption capabilities are quite low at pH0 < 5.0, and rising
pH equals greater capacities. In a low-pH environment, H+ would biasedly bind to the
functional groups located on the nanohybrids surface, making it harder for Cu(II) ions to
bind. When the pH steadily rises at pH0 > 5.0, the deprotonation process may cause Cu(II)
to interact with functional groups, enhancing the nanohybrids’ adsorption ability [4,6].

All in all, as the pH0 went from 2.0 to 5.0, the adsorption increased, and then the pH
rose over 5.0 and the Cu(II) adsorption remained steady. This process could be related to
the precipitation since it impacts metal ion adsorption [4]. To prevent interference with the
precipitation mechanism, an appropriate pH0 value ~5.0 was chosen for further studies.
Indeed, the initial solution pH is pushed toward lower pH values: the pHeq is closely similar
with somewhat higher at initial pH values (pH0: 5.02–7.01) (Supplementary Figure S5a).
However, the slight lowering is recorded as follows: for TA-type (at pHeq of 6.16–6.35) >
C-type (at pHeq of 5.71–5.87) > A-type (at pHeq of 5.46–5.58) > S-type (at pHeq of 5.02–5.28);
the solution appears to be buffered [38]. Supplementary Figure S5b depicts the relation
between the log10D plot vs. pHeq as being linear. The line slope for r-MCS, TA-type, A-type,
S-type, and C-type was 0.1796, 3.228, 0.2894, 0.3652, and 0.437, respectively, and it is related
to the stoichiometric exchange in conjunction with the attached metal ions in the Cu(II)
ion-exchange mechanism [32,59].
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Figure 6. The pH effect (a), adsorption kinetics (b), isotherms (c), and thermodynamics (d).

3.3.2. Adsorption Time Effect and Kinetic Studies

The implications of adsorption period on the adsorption capacities were investigated
further to investigate the kinetic parameters (Figure 6b). Adsorption reaction may be
separated into two stages: the initial stage observed substantial increases in adsorption
capacity, followed by a progressive slowing until adsorbents achieved saturation after a time
duration. The kinetic curve in Figure 6b shows that, during the quick initial stage (within
the first 10 min), the adsorbents remove approximately 68.6%, 72.3%, 68.2%, 57.4%, and
55.1% for the TA-type, A-type, S-type, C-type, and r-MCS, respectively, of the total sorption,
representing a physisorption mechanism. Furthermore, the initial slope is greatly enhanced,
and this may be connected to the adsorbent sensitivity for Cu(II) ions (particularly for the
TA-type, S-type, C-type, and A-type over r-MCS, constantly, with a specific surface area
for the different nanohybrids). The TA-type adsorbent exhibited the fastest adsorption,
followed by amino acid derivatives, when compared to the raw chitosan. It should be
noted that the adsorption equilibrium times were ordered as follows: TA-type (30 min) >
C-type (50 min) > S-type (60 min) > A-type (90 min) > r-MCS (240 min).

As a result of complementary adsorption, the second slower step (within 10 and 40 min)
follows, exemplifying a chemisorption mechanism (through electrostatic interaction and/or
chelation). Finally, equilibrium between adsorption and desorption is reached. According
to textural analysis, all nanohybrid adsorbents had mesopores that were wide enough
(the pore size range ~3.4–8.3 nm) to enable Cu(II) to flow through (Shannon radius for
[Cu(H2O)6]2+ hydration is 0.62–0.94 Å [60]). (Corrected and done). This implies that Cu(II)
ions can diffuse rather freely within the adsorbents’ mesoporous network, thus showing
that the delayed sorption step contributes to global sorption, which is most likely related to
resistance to intraparticle diffusion.

To properly understand the adsorption kinetics, time-dependent data were simulated. The
kinetic behavior was modeled using PFORE and PSORE (Supplementary Table S1) [61–63].
The experimental adsorption kinetics were exhibited after modeling and linearization
with several models, as illustrated in Supplementary Figures S6 and S7 and Table S5. The
PSORE kinetic model’s correlation coefficient is closest to 1. As a result, the PSORE kinetic
model may be used to explain Cu(II) adsorption. The PSORE model was founded on the
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concept that the adsorbent and adsorbate, i.e., between functionalized chitosan derivatives
and Cu(II), are mostly chemisorption mechanisms [25,63]. Moreover, the goodness of the
PSORE model was proven by approximately equal adsorption capacities (qm,cal. and qm,exp.;
Supplementary Table S5): the PSORE model’s overestimated values ranged from 1.7% to
4.7%, whereas the PFORE model’s underestimated values differ by 8.0–48.6%.

Supplementary Figure S7 depicts a multilinear plot (and Supplementary Table S5)
that gives the values of the critical characteristics for intraparticle diffusion rate constants
(Kid). Supplementary Figure S7 shows three-stage multilinear plot. The first two main
phase with greater Kid,1 and Kid,2 values were sorted as follows: Kid,1 > Kid,2, implying
that the initial stage involves fast sorption at the most immediately accessible binding
sites, as well as interior meso- and macropores [64]. The concentration tendency from
the solution to the adsorbent therefore decreased, delaying the mass transfer of copper
ions to inner reactive groups in mesopores. Finally, the Kid,3 was almost zero in the last
part, owing to adsorption–desorption equilibria, assuming that the adsorbents are almost
saturated [25,33].

3.3.3. Initial Cu(II) Concentration Effect

The adsorption equilibrium data as a function of qeq = f(Ceq) indicate how the Cu(II)
ions can be divided between both the aqueous phase (Ceq) and adsorbent surface (qeq)
(under various initial concentrations and selected experimental conditions) [10,35,61].
The initial metal-ion concentration propels the adsorption process by eliminating the
mass transfer resistance between the liquid solution and the adsorbent surface phase [61].
The Cu(II) adsorption was examined by varying the initial Cu(II) concentration and the
temperature. According to Figure 6c, all adsorbents follow the same pattern: at low
concentrations, the adsorption capacity increased as the initial and equilibrium Cu(II)
concentrations increased. The isotherm diagram compares Cu(II) adsorption capacities at
pH0 5.0 and 298 K and demonstrates that the maximal real adsorption capabilities (qeq,
in mmol.Cu.g−1) are arranged as follows: TA-type (3.29) > C-type (1.71) > S-type (1.55)
> A-type (1.48) > r-MCS (0.86). The benefit of r-MCS functionalization is clear; the peak
adsorption capacity is about 3.33 times greater for TA-type and nearly doubled for amino-
acid derivatives (1.72–1.95 times). Furthermore, this reveals the vast superiority of the
TA-type’s adsorption efficiency over that of the amino acid derivatives, which is compatible
with the findings of pH influence and equilibration time.

The variation in the adsorption efficiency of the nanohybrids was assumed to be
attributable to the differences in the functional and structural features of four amine and
amino acid derivatives. As the polyamine–magnetic-chitosan derivative with diethylenetri-
amine, which is known as 2,2’-iminodiethylenetriamine [39]; meanwhile, for amino acid
derivatives [36,65]: with alanine (a “simple” amino acid contains solely amino and carboxyl
groups), Serine (a hydroxyl-containing amino acid) contains amino, carboxyl and hydroxyl
groups [25] and cysteine (is a thiol-containing amino acid) possesses sulfhydryl, amino and
carboxyl groups [38,42]: the major Cu(II) adsorption site is the amine/carboxyl group in
addition to –SH/–S– or –OH/–O– groups. Moreover, this may explain why amine groups
preferentially interact with alternative groups such as –SH or –OH (for cysteine and serine,
respectively) and behave as coordination sites in adsorption reaction, as demonstrated by
XPS analysis in the next section.

Table 1 shows a comparison with various adsorbents; however, a real compari-
son is impossible, owing to variances in experimental circumstances. The comparison
shows that the TA-type and C-type adsorbents are the best, although the S-type and
A-type adsorbents have an equivalent adsorption performance to conventional and tra-
ditional adsorbents. Despite this fact, some of the selected adsorbents had faster ki-
netics, such as Fe3O4/Cel-DETA [3], and N-aminorhodanine-modified chitosan hydro-
gel [17], within ~20 min, and greater adsorption capacities (e.g., urea calcium alginate
beads functionalized with CR dye ~6.941 mmol.g−1 [6], Cd–metal–organic framework
MOF ~6.842 mmol.g−1 [19], and Meso/micropore-controlled hierarchical porous carbon
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~4.134 mmol.g−1 [21] and ethylenediamine-tetraacetic acid (EDTA) into layered double
hydroxides (LDH) ~1.902 mmol.g−1 [66]). As a result, the TA-type and C-type appear to be
more competitive adsorbents for Cu(II) recovery than the S-type and A-type. Adsorbents
can be rated in terms of kinetics and adsorption capacity as follows: TA-type (30 min) >>>
C-type (50 min) > S-type (60 min) > A-type (90 min) > r-MCS (240 min), which corresponds
to the overall form of the fractional strategy to equilibria. Thus, all adsorbents have reason-
able and good adsorption capacities and short equilibration times. Furthermore, with a pH
range of 5.0–6.5, this implies that these nanohybrids adsorbents are suitable candidates for
copper adsorption.

Table 1. Copper adsorption performances using different adsorbents.

Adsorbent Operating Condition
(pH0, Time, Temp. (in ◦C), SD (g.L−1))

qm,
mmol Cu.g−1 Ref.

Pristine natural zeolite
5.5, 24 h, 26 ◦C, 1.0

0.235
[28]PDA treated zeolite powders 0.45

Zr-based MOFs (MOF-801) 5.5, 180 min, 27 ◦C, 0.4 0.278 [16]
DTPA modified sludge 3.0, 60 min, 25 ◦C, 0.4 0.557 [67]

Foamed geopolymer sphere 5.0, 48 h, 27 ◦C, 1.0 0.596 [68]
CS-GLA 5.0, 360 min, 26 ◦C, 5.0 0.601

[17]Aminorhodanin@CS 5.0, 20 min, 26 ◦C, 5.0 0.984
Melamine–HCHO–DTPA 4.5, 60 min, 20 ◦C, 10.0 0.729 [7]

N-Ch-Sal 5.0, 120 min, 26 ◦C, 1.0 1.331 [10]
Mag. Cel-DETA (MCGT) 5.4, 5 min, 25 ◦C, 1.0 1.449 [18]

Silkworm excrement biochar 5.0, 24 h, 25 ◦C, 1.0 1.471 [4]
MgAl-EDTA-LDH 5.0, 60 min, 25 ◦C, 1.25 1.901 [66]

Meso/microporous Carbon 5.0, 120 min, 25 ◦C, 0.35 4.134 [21]
Cd-terephthalate-MOF-2 6.0, 60 min, 27 ◦C, 0.5 6.842 [19]

CR dye@Urea Ca-alginate 6.5, 90 min, 55 ◦C, 1.5 6.94 [6]
r-MCS 5.0, 240 min, 55 ◦C, 0.5 0.987

Here
A-type 5.0, 90 min, 55 ◦C, 0.5 1.696
S-typr 5.0, 60 min, 55 ◦C, 0.5 1.745
C-type 5.0, 50 min, 55 ◦C, 0.5 1.921

TA-type 5.0, 30 min, 25 ◦C, 0.5 3.287

The Temkin, Langmuir, and Freundlich adsorption isotherms (Supplementary Table S1)
were utilized and tested to simulate adsorption process (Supplementary Figure S8). As
demonstrated in Supplementary Table S6, the correlation terms show that the Langmuir
model had a greater association with the adsorption process than the Freundlich model,
since the latter has a rather high correlation value (R2). Furthermore, the adsorption capa-
bilities were regularly overestimated for the Langmuir model (∆qeq: 4.7–6.5%, 10.5–19.1%,
and 10.8–20.1% for the TA-type amine derivative, amino acid derivatives, and r-MCS, re-
spectively), whereas they were underestimated for the Freundlich model (∆qeq: 41.6–46.6%,
26.1–30.6%, and 36.5–45.2%, respectively). Consequently, a limited number of identical ac-
tive sites are scattered throughout the adsorbent’s surface, resulting in monolayer uniform
sorption. The resulting curve is close to the experimental locations, thus illustrating the
Langmuir model’s ability to suit and fit the adsorption isotherms [13,23,69].

The Temkin model also provides a fair match to experimental profiles (in some situa-
tions). This concept is often related to a linear lowering in adsorption heat with growing
surface saturation (in contrast to the Freundlich model, assuming logarithmic variation in
adsorption heat) [23,69]. Supplementary Table S6 and Figure S8c show the Temkin model
variables. The BT coefficient is the Temkin isotherm constant, which is proportional to
the adsorption heat. The BT values for the r-MCS, A-type, S-type, and C-type increased
with the temperature (contrary to the TA-type). Additionally, the energetic parameter (AT)
yielded the same findings [23]; as previously stated as an example, consider the compari-
son between bL and qm in the Langmuir adsorption isotherm (Supplementary Table S6).
Moreover, these findings agree with the thermodynamics results.
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3.3.4. Temperature Effect and Thermodynamic Parameters

The effects of temperature on adsorption ability were studied and compared at four
varying temperatures (e.g., 298, 308, 318, and 328 K). Supplementary Figure S9 demon-
strates that the adsorption capacity and affinity that are associated with the initial slope for
both the r-MCS and amino acid derivatives increase with increasing temperature: endother-
mic copper adsorption. Although the TA-type shows a reciprocal pattern, the adsorption
capacity marginally reduces as the temperature rises; that is, TA-type adsorption is exother-
mic (Supplementary Figure S9). Furthermore, the Langmuir characteristic (bL) is related
to the adsorption energy: the greater the bL-value is, the greater the adsorption energy
and interaction of adsorbent–adsorbate [70]. Supplementary Table S7 demonstrates that,
for amino-acid derivatives, the bL values (in L mmol−1) rise with temperature from 298
to 328 ±2 K and are ordered as follows: C-type (1.642–2.089) > S-type (1.454–2.042) >
A-type (1.134–1.759) > r-MCS (0.988–1.360); thus, the copper adsorption is endothermic.
Meanwhile, the TA-type exhibits a completely distinct reciprocal behavior: with the in-
creasing temperature, the bL values fall from 4.770 to 3.257 L mmol−1; hence, the process
is exothermic.

Supplementary Table S6 reports the modeling of the adsorption isotherms; the Lang-
muir models match the experimental profiles only slightly better. The thermodynamics
might be investigated according to the Langmuir isotherm. Lima et al. state that the Lang-
muir’s affinity coefficient (bL) characteristics are utilized after converting (to L mol−1 from
L mg−1) and correcting for water molality [71]. The Van’t Hoff equation and Gibbs function
equation (Equations (11) and (12)) were utilized to compute thermodynamic parameters
(∆Ho, (the enthalpy change, in kJ mol−1), ∆So (the entropy change, in J mol−1 K−1), and
∆Go (the Gibbs free energy change, in kJ mol−1)) [35,38]:

ln bL = −∆H0

R
× 1

T
+

∆S0

R
(11)

∆G0 = ∆H0 − T∆S0 (12)

where the global gas constant is R = 8.314 J/mol.K, and the absolute temperature in Kelvin
is T, in K. The slope and intercept of the relation diagram of ln bL vs. 1/T plot (Figure 6d)
are used to obtain the ∆Ho, and ∆So values. Figure 6d depicts two opposite trends obtained
with the amino acid and amine derivatives with increasing the temperature.

Supplementary Table S7 shows the different three thermodynamic parameters derived
using the Van’t Hoff formula and the Gibbs function equation. For the amino acid deriva-
tives, the positive ∆H◦ indicates that the Cu(II) adsorption is endothermic in nature [72],
whilst the TA-type adsorbent has an entirely different behavior: the negative value indicates
the exothermic nature [59,73]. Moreover, the ∆Ho values < 40 kJ/mol demonstrate the
presence of physical forces in the Cu(II) adsorption reaction. The net ∆Ho is the summation
of the dehydration enthalpy (∆Hdehydr, that is thought to be positive because of the energy
necessary to break the hydrated metal ions’ ion–water and water–water bonds) and the
enthalpy of complexation (∆Hcomplex, also negative) [47]. Furthermore, the endothermic
process includes several phases, namely Cu(II) transfer to the solid surface, dehydration,
and complex formation [74]. All of these reactions require heat to induce the adsorption
(reciprocal to the TA-type).

The positive ∆So revealed that adsorption improves the randomness of the state envi-
ronment and global system and that the solution grew more disordered [23,37]. Moreover,
the negative ∆G◦ values within a comparable range show that the sorption process is spon-
taneous. According to Zai [75], sorption is both physical and chemical in nature whenever
the ∆G◦ values ranges from −20 to −80 kJ mol−1. Moreover, Supplementary Table S7
indicates the absolute values (|∆H◦| < |T∆S◦|); the copper adsorption is regulated by
entropic rather than enthalpic changes [26,35].
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3.3.5. Adsorbent Reusability

Adsorption/desorption cycles up to six runs were carried out. The elution of
Cu(II) was performed using thiourea (0.25 mol.L−1) acidified with H2SO4 (at pH 2).
The experimental adsorption and desorption conditions are systematically listed
under Supplementary Table S8. Six sequential sorption/desorption cycles are shown in
Supplementary Table S8, with a little decline in both adsorption and desorption efficiency
for each sorption stage. After the sixth cycle, the efficiency losses in adsorption and desorp-
tion were about 5.3–9.1% and 4.5–5.3%, respectively. This confirmed that all adsorbents
exhibited high levels of stability, reusability, and durability for repeated use.

3.3.6. Chemical Stability Examination

The nanohybrid samples were soaked and agitated for one day in various pH solu-
tions, ranging from pH0 1 to 10, in the pHZPC experiment. After collection and magnetic
separation, the nanohybrids were constant and very stable. The dry samples’ mass-loss
efficiencies after acidic and alkaline treatment against the mass of the untreated samples
(under identical conditions) were ~1.9–4.7%. The maximal mass loss values were recorded
and observed at pH0: 1.0 > pH0: 2.0 because of the surficial Fe3O4 particles’ dissolving [25].
Moreover, after the sixth adsorption/desorption cycle, C-type and TA-type FTIR spectra (as
examples of nanohybrids) confirmed the functional stability and chemical resistivity (see
Supplementary Table S2). Moreover, the little drop in adsorption/desorption characteristics
supports and verifies the durability of all the nanohybrid materials [26]. These findings
showed how extremely robust and durable these materials are.

3.3.7. Metal Adsorption Interaction and Complexation

XPS spectroscopy. XPS was employed to investigate the chemical environments of
surface components, as well as the composition features of the survey XPS spectrum of
TA-type and C-type (as a representative for amino acids-derivatives) before and after Cu(II)
sorption (Figure 7). The core level signals of Cu2p are quite intense for TA-type and C-type
adsorbents (see Figure 4). Cu(II) binding is underlined by the formation of a doublet at
~932.98–943.08 eV (Cu2p3/2) and ~952.18–953.58 eV (Cu 2p1/2).

Supplementary Table S3 outlines the band-fitting results from HRES spectra for the
bare TA-type and C-type monohybrids that were considerably compared after Cu(II) bind-
ing for C1s, O2s, N1s, S2p, Fe2p, and Cu2p signals (Figure 7a). Notably, the most substantial
changes are detected for the remaining chosen signals of the main elements, where Fe2p
was hardly affected after Cu(II) adsorption (see Figure 3). Variations in the proportional
contributions and change in BEs of the various bands provide the active sites engaged in
the adsorption process that are mostly preceded by Cu(II) interacting with N–, S–, and O-
containing groups such as (amine >NH/–NH2), (–SH/thiolate), and (–OH/>C=O/–COO−),
respectively. The new significant Cu2p double peaks in the XPS spectrum clearly verified the
Cu(II) adsorption by TA-type and C-type. The Cu2p excitations can be deconvoluted into
some multiple-Cu2p peaks into two subpeaks’ spin–orbit (L–S) split assigned to Cu2p3/2
(~953 eV) and Cu2p1/2 (~932 eV), accompanied by the corresponding ~8–9 eV satellite
peaks from the Cu2p3/2 (Figure 7b,c) [8]. These satellite peaks can be assigned as 3d→4s
shake-up transitions [76].

The deconvolution of the Cu2p3/2 displays two different BEs states that can be as-
cribed to CuO and cupric ions that reside in octahedral positions and interact strongly
with both adsorbents [12], respectively. The two main large asymmetric peaks were fitted
into two subpeaks for Cu+ 2p3/2 (at 932.70–933.38 eV), Cu2+ 2p3/2 (at 934.73–935.52 eV),
Cu+ 2p1/2 (at 945.26–952.94 eV), and Cu2+ 2p1/2 (at 952.56–955.89 eV) which were situ-
ated (Supplementary Table S3) [8]. The Cu+ 2p3/2 at 932.70–933.38 eV, and Cu+ 2p1/2 at
945.26–952.94 eV were observed, owing to low values of the shake-up satellite/main peak
ratio, likely related to a reduction in Cu+ [12].
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In light of the mechanism discussion, various hypotheses for the coordination mech-
anism during adsorption reactions have been offered. Interaction mechanisms of Cu(II)
with TA-type and C-type adsorbents were suggested from the FTIR and XPS findings. The
coordination number for Cu(II) is 4–6. Cu(II) with six coordination number having d9

configuration favors a distorted octahedral structure that is governed by a direct result of
Jahn–Teller instabilities [77].

Based on XPS analyses, Cu(II) may exist in three different forms (Cu(II), [Cu(NO3)]+,
and [Cu(OH)]+), where NO3

− group from standard Cu(NO3)2 solution. Scheme 4 depicts
the intuitive graph. Thus, two contribution styles (I and II) form chelating rings with five
members; more chelate rings enhance the stability of the formed complex and subsequently
improve the metal adsorption capability. Furthermore, Scheme 4 displays the hypothesized
desorption mechanism (via employing acidified thiourea), since the solution’s acidity
promotes and breaks the chelation modes (model(V)). Moreover, thiourea is structurally
identical to urea, with the exception that the oxygen atom is substituted with a sulfur
atom. Thus, the CS(NH2)2 molecule may bind and coordinate with both terminal N atoms
of –NH2.

3.3.8. Adsorption Selectivity

To assess the efficacy of such nanohybrids adsorbents for Cu(II) removal and adsorp-
tion, the adsorption behavior of Cu(II) from equimolar solutions of the multicomponent
system (C0: 1 mmol.L−1 of divalent metal ions, e.g., Cd(II), Zn(II), Co(II), and Ni(II)),
with a total concentration that reaches up to 5.01 mmol metal.L−1 at pH0 5.0 and room
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temperature 25 ◦C. For r-MCS and nanohybrid derivatives, the maximum adsorption
capacity (qm, mmol.metal.g−1), distribution ratios (D, L.g−1), and selectivity coefficients
(SCmetal/Ni = Dmetal/DNi, where Ni(II) was chosen as the standard because of its lower ad-
sorption capacity), are shown in Figure 8. The cumulative adsorption capacities are ordered
as follows (qm, in mmol.g−1): TA-type (∑qm: 3.33) > S-type (∑qm: 2.12) > C-type (∑qm:
2.07) > A-type (∑qm: 1.95) > r-MCS (∑qm: 1.16). These qm-values were higher than those for
Cu(II) in single solutions by 1.09%, 35.80%, 20.47%, 31.85%, and 30.79% for TA-type, S-type,
C-type, A-type, and r-MCS, respectively. The enhanced accessibility of multi-central amine,
hydroxyl, and thiol groups for metal ion adsorption and binding might explain the lack
of selectivity for Cu(II). Copper adsorption capacities for TA-type, C-type, S-type, A-type,
and r-MCS were 1.73, 1.29, 1.10, 1.07, and 0.58 mmol Cu.g−1, respectively, and were lower
than those of synthetic solutions. This suggests that all nanohybrid adsorbents retained
a strong affinity, adsorption capacities, and selectivity for Cu(II) over other co-elements,
despite a complex composition containing high salty and competing metals. This might be
due to a differential in reactivity to other co-ions. This effect is most likely explained by the
ionic radius differences and changes around 0.69–0.95 Å for Cd(II), Co(II), Zn(II), Ni(II),
and ~0.75 Å for Cu(II). This difference in size provides more adaptability to reactive group
accessibility, which could be impacted by steric hindrance.
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selectivity coefficient (SCmetal/Ni) (c): (pH0, 5.0; SD, 0.5 g.L−1; T, 298 K; time, 120 min; 200 rpm).

Moreover, the C-type adsorbent is considerably more efficient and consistently su-
perior for Cu(II) adsorption than other adsorbents. The second affinity chosen is Cd(II);
this is most probably due to sulfur functional groups (i.e., regarded as a soft base), which
are more reactive and sensitive to soft acids, such as Cd(II) [78], lowering the total affinity
and selectivity of C-type adsorbent for Cu(II). Generally, no obvious association exists
between HSAB (hard and soft acid-and-base theory) rank and metal adsorption affinity;
Cd(II) is regarded as a soft acid. Other co-metals, on the other hand, are borderline metals
(e.g., Ni(II), Zn(II), Co(II), and Cu(II)) [78].
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The EDX measurements after multicomponent treatment reveal high selective Cu(II)
adsorption for all materials (Figure 5 and Supplementary Figure S4). The other co-ions
of multi-elements were identified by two characteristic peaks of Kα and poor Lα signals
as follow: at 8.637 keV and 1.012 keV, respectively, for Zn signals; at 7.477 keV and
0.851 keV, respectively, for Ni signals; and at 6.929 keV and 0.776 keV, respectively, for Co
signals. Meanwhile, there was the appearance of Cd signals of Kα at 23.175 keV and Lα at
3.133 keV [58].

These selectivity patterns were reflected in the D (distribution ratio) plots, which
emphasize the increased affinity for Cu(II) in particular (Figure 8b). Therefore, Cu(II)
showed highest D-values in L.g−1 with the following orders: TA-type (D: 12.79) > C-type
(D:3.65) >S-type (D: 2.43) > A-type (D: 2.29) > r-MCS (D: 0.81). Moreover, the graph of
selectivity coefficients versus Ni(II) (i.e., SCmetal/Ni) presented in Figure 8c can be used to
sort the metal ions’ selectivity for each adsorbent:

TA-type: Cu(II) (20.58) >>> Co(II) (1.25) > Ni(II) (1.00) > Zn(II) (0.82) > Cd(II) (0.26).

C-type: Cu(II) (13.77) >>> Cd(II) (1.13) > Ni(II) (1.00) > Zn(II) (0.88) > Co(II) (0.31).

S-type: Cu(II) (9.04) >> Co(II) (1.78) > Zn(II) (1.39) > Ni(II) (1.00) > Cd(II) (0.36).

A-type: Cu(II) (7.59) >> Co(II) (1.28) > Ni(II) (1.00) >Zn(II) (0.72) > Cd(II) (0.35).

r-MCS: Cu(II) (4.12)> Co(II) (1.30) > Ni(II) (1.00) >Zn(II) (0.71) > Cd(II) (0.29).

The results show that the adsorbents have a high and strong affinity and selectivity
for copper ions over other co-metals. In a trial to interpret these adsorption patterns via the
physicochemical parameters of different co-metal cations, the concepts of QSAR were ap-
plied [79]; some key characteristics include hydrated ionic radius (in Aº), electronegativity
(Pauling units), and effective ionic charge (Supplementary Table S9 and Figure S10). The
statistical data analysis (through R2 values) showed skewing with the grouped co-cations
(Cd(II), Zn(II), Co(II), and Ni(II)) versus Cu(II). The highest correlation coefficients were
achieved when a direct relationship between adsorption capacity versus effective ionic
charge (i.e., the most effective factor) and followed by atomic number (i.e., the second one)
(Figure S10), except for the C-type, which may be controlled by HSAB rather than QSAR.

3.3.9. Direction of a Relationship between Variables

Meanwhile, there is not a strong relation between the QSAR tools and/or HSAB
ranking and the obtained metal adsorption order.

3.4. Simulation and Graphical Mathematical Modeling

Recent multimedia advancements have expanded in the 3D (three-dimensional) infor-
mation available. Therefore, effective data management involves appropriate approaches
for its representation and processing. Nonlinear models have lately grown in popularity,
not just for accuracy criteria but also for broadening the model’s applicability [59,80]. The
system requirements are effectively realized due to the focus on correctness throughout
the simulation study. The latter is performed by the use of MATLAB software, a non-
linear regression, and a graphical technique. To measure the fitting and goodness of the
suggested technique, the description evaluates the broad distribution of interactions be-
tween particular points (pH0 and C0 versus their response qeq). The general Langmuir
equation in nonlinear form (q = qm.KCn/(1 + KC)m) was utilized to illustrate multiple 3D
models [61,80] because the Langmuir isotherm matches the data better.

Both initial pH and Cu(II) concentration parameters versus their response Cu(II)
adsorption can be connected by Equation (13) [80]. By adapting the Langmuir equation to
integrate the initial pH and Cu(II) concentrations, we obtained the general formula and
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shown in Equation (13). It was adapted using ∆G (Gibbs energy change), as shown below
in Equation (14):

For q(pH0 ,C0)
=

qm × k× pHm ×Cn
(

1 + k× pHf ×Ce
)g (13)

∆G = −R× T× logek =
−8.314× 298× log(4.166×63.546×1000)

e
1000

= −30.9361 (14)

where qe(pH0,C0) is the resultant adsorption capacity for a given pH0, C0, and qm, the
maximum adsorption capacity (for TA-type and A-type was 3.29 and 1.48 mmol Cu.g−1, re-
spectively). C0 and pH0 refer to initial Cu(II) concentration and initial pH, respectively [80].
K is the adjusted Langmuir constant. Letter symbols (e.g., m, n, f, e, and g) correspond to
constant factors of the valuables.

Depending on the adsorption results at the various pH0s and C0s, in line with the
methodical process in Equation (13), the experimental results were visually displayed in
a 3D graph (Figure 9 and Supplementary Figure S11). This equation can be used for the
pH0 (range from 2.0 to 7.0) and C0 (range from 0.32 to 6.27 mmol Cu.L−1); these ranges suit
the equation well. This mathematical formula often correlates better with experimental
profiles: SSE, R2, and Adj R2 components support this fitting [80]. Furthermore, the
calculated free energy (∆G:−30.94 kJ.mol−1 at 298 K) is generally comparable with practical
thermodynamic findings (see Supplementary Table S10).
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Figure 9 and Supplementary Figure S11 (and Equation (13)) illustrate how the function
power is and present all parameters. The greater the order of exponential magnitude,
the greater the effect on the influence and the response of qe(pH0,C0) [59]. According to
the results of Equation (13)’s application, the numerical values of the exponential for all
adsorbents are presented in Supplementary Table S10. For TA-type, the exponentials are
ordered and arranged as follows: n = 3.85 > m = 2.615 > g = 2.714 > e = 1.325 > f = 0.50.
Based on n and m values of Cn and pHm, respectively, the most crucial element is the
initial concentration (C0), followed by the second component (pH0). Moreover, this relates
to the exponent values of the denominator’s coefficients, i.e., e and f values for C0 and
pH0, respectively, whilst the product of both (pH0×C0) is more effective than C0 and pH0
individually. This is congruent with the experimental findings.

The extent to which the theoretical findings coincide with the experimental data via
the error percentage is used (Error % = (qe,exp. − qe,Math.)×100)/qe,exp.) to validate the math-
ematical methodology. Supplementary Table S11 illustrates the validation and comparative

197



Polymers 2023, 15, 1157

findings of the mathematical modeling for the pH0 range (2.0 to 7.0) and initial concen-
tration ranges (C0: 0.32–6.27 mmol Cu.L−1). The mathematical method’s accuracy (∆) is
assessed and found to be overstated by (∆ < 7.78%) and underestimated by (∆ < 3.51%). The
presence of a blank gap on the figure’s surface in Figure 9 and Supplementary Figure S11
indicates that the results, in this case, cannot be applicable to the TA-type. Moreover,
Supplementary Table S11 shows that the high error percent (Error %) for TA-type and
other adsorbents was observed at pH0 2.0 (except for A-type), and also at pH0 7.0 for
TA-type only.

4. Conclusions

Four eco-friendly superparamagnetic multifunctionalized chitosan nanohybrids were
prepared suitably to be used as efficient adsorbents for Cu(II) ions. A facile method for
synthesizing superparamagnetic Fe3O4/chitosan nanohybrids was reported via a hetero-
geneous nucleating of Fe(II)/(III) in a chitosan solution. The grafting of diethylenetriamine,
alanine, serine, and cysteine moieties (via an intermediary chlorinated step of crosslinked
epichlorohydrin–chitosan/Fe3O4 nanohybrid), giving TA-type, A-type, S-type, and C-type,
respectively, improves the adsorption capacities (vs. non-functionalized chitosan nanohy-
brid) due to the specific reactivity of amine, carboxylate, hydroxyl, and sulfhydryl (thiol
and/or thioether group) groups. The chemical changes are validated by CHNS, TEM,
pH-titration, XPS, VSM, XRD, and FTIR analysis. The grafting of additional active sites
considerably improves Cu(II) adsorption properties: the maximal adsorption capacity
is more than triplicated (~3.33 times) for polyamine and nearly doubled for amino acid
derivatives (~1.73–1.96 times) when compared to raw chitosan nanohybrid at pH0 ~5.0. The
equilibrium is achieved after 30–90 min of contact and matches the pseudo-second-order
rate equation well. The Langmuir equation efficiently fits the sorption isotherms, and the
Cu(II) adsorption process is endothermic for the amino acid derivatives (opposite to the
amine derivative), spontaneous, and followed by increasing the randomness in the system.
Copper desorption is exceedingly efficient (using 0.25 mol.L−1 thiourea solutions at pH 2.0),
and the nanohybrid could be recycled at least six times. All nanohybrids materials display
outstanding functionality, durability, performance, strength, and stability. In the selectivity
test, copper adsorption from equimolar multicomponent systems demonstrates that all
adsorbents have a surprising affinity toward Cu(II). The affinities are compatible with the
metals’ HSAB properties and the adsorbents softer/harder ordering. Furthermore, QSAR
methods were employed to correlate intrinsic co-ion characteristics with their comparative
affinity. Moreover, a mathematical simulator is being developed and built based on ex-
perimental data. The mathematical formula was validated and confirmed with measured
values and the output findings.

The future perspectives of the presented research are as follows: this work can be
tested for a wide range of heavy metal ions and cationic and anionic dye removal due to
the wide effective pH range, high stability, and multifunctionalization with different active
sites; thus, the developed chitosan hybrid in this study is a promising material in the field
of wastewater treatment.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/polym15051157/s1, Table S1. Selected kinetics and adsorption
isotherms models. Table S2. Effect of functionality on the adsorbent feature and adsorption character-
istics. Table S3. Analysis of XPS spectra: assignment of the core-level signals (BEs and AF). Table S4.
FTIR chemical assignments. Table S5. adsorption kinetics parameters of Cu(II) adsorption. Table S6.
Adsorption isotherms parameters of Cu(II) adsorption. Table S7. Thermodynamic parameters for
Cu(II) adsorption. Table S8. Metal desorption and adsorption cycles. Table S9. Chemical properties
of selected metal ions. Table S10. The parameters and constants of Generalized Langmuir equation
and Goodness of fit for all adsorbents. Table S11. Comparison for experimental adsorption capac-
ity (qe,exp) and mathematically calculated (qe,cal.) for r-MCS, TA-type, A-type, S-type, and C-type
adsorbents. Figure S1. Textural characterization of TA-type (a), S-type, A-type (b), and C-type (c):
BET surface area analysis and pore size analysis (insert). Figure S2. Thermogravimetric analysis
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of S-type nanohybrid: TGA (a); DTG (b); magnetization curves (c); and the pHZPC of r-CS, MCS,
and all nanohybrids (d). Figure S3. XPS survey spectra of TA-type, A-type, S-type, and C-type
nanocomposites. Figure S4. EDX measurements of raw r-MCS, A-type, and S-type materials before
(a) and after Cu(II) adsorption from synthetic solution (b) and mixed system(c). Figure S5. Effect of
initial pH versus equilibrium pH (a) and plot of distribution ratio (D, L g−1) vs. pHeq (b). Figure S6.
Kinetics models PFORE and PSORE for Cu(II) adsorption. Figure S7. Kinetics models of interparticle
diffusion for Cu(II) sorption. Figure S8. (a) Langmuir isotherm models, (b) Freundlich isotherm
models, and (c) Temkin isotherm models for Cu(II) adsorption. Figure S9. Adsorption isotherms for
all adsorbent types at different temperatures (i.e., T: 298, 308, 318, and 328 K); time of 120 min for
TA-, A-, S-, and C-type; and time of 240 min for r-MCS). Figure S10. Correlation between intrinsic
physicochemical characteristics (atomic number (a), hydrated ionic radius (b), electronegativity (c),
and effective ionic charge (d)) and their adsorption capacities (qm). Figure S11. Generalized Langmuir
including initial pH and initial Cu(II) concentration. References [23,25,30–32,34,38,39,43,53,54,61] are
cited in Supplementary Materials.
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Abstract: Spent Fluid Catalytic Cracking (FCC) Catalyst is a major waste in the field of the petroleum
processing field, with a large output and serious pollution. The treatment cost of these waste catalysts
is high, and how to achieve their efficient reuse has become a key topic of research at home and
abroad. To this end, this paper conducted a mechanistic and experimental study on the replacement
of some carbon blacks by spent FCC catalysts for the preparation of rubber products and explored the
synergistic reinforcing effect of spent catalysts and carbon blacks, in order to extend the reuse methods
of spent catalysts and reduce the pollution caused by them to the environment. The experimental
results demonstrated that the filler dispersion and distribution in the compound are more uniform
after replacing the carbon black with modified spent FCC catalysts. The crosslinking density of rubber
increases, the Payne effect is decreased, and the dynamic mechanical properties and aging resistance
are improved. When the number of replacement parts reached 15, the comprehensive performance
of the rubber composites remained the same as that of the control group. In this paper, the spent
FCC catalysts modified by the physical method instead of the carbon-black-filled SBR can not only
improve the performance of rubber products, but also can provide basic technical and theoretical
support to realize the recycling of spent FCC catalysts and reduce the environmental pressure. The
feasibility of preparing rubber composites by spent catalysts is also verified.

Keywords: spent FCC catalyst; physical modification; SBR composites; reinforcement mechanism

1. Introduction

With the increase in car ownership, the demand for tires is growing rapidly every
year [1,2]. Rubber composite is widely used in the tire industry for its excellent compre-
hensive performance and processing performance [3,4]. In order to meet the requirements
of tire use, rubber compounds need to be prepared with a variety of reinforcing fillers to
improve their performance [5,6]. In the process of tire preparation, the amount of filler
accounts for more than 1/3 of the amount of tire rubber formula, and is becoming one
of the most important materials in the tire rubber composition [7,8]. Compared with the
high economic cost and serious environmental pollution caused by traditional fillers (car-
bon black), the “green tire” has become the main direction of automotive tire design and
development [9–12].

Fluid Catalytic Cracking (FCC) is one of the important refinery processing technolo-
gies and has a pivotal position in the petroleum refining industry [13–15]. In the process
of the petroleum catalytic cracking, the amount of the FCC catalyst is very large, and a
large number of spent catalysts are also produced, which is called spent FCC catalysts in
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the industry [16]. This part of the spent FCC catalysts cannot meet the catalytic cracking
requirements of petroleum; however, these catalysts still have high activity, and the residual
activity of spent FCC catalysts can be used again in other fields. After our extensive prelimi-
nary research, we found that waste FCC catalysts applied to the waste tire pyrolysis process
can significantly improve the quality of pyrolysis oil and meet the requirements of waste
tire pyrolysis [17–19]. Therefore, the regeneration, recycling, and harmless application of
spent catalysts is a key research direction in the future [20,21].

The FCC catalyst is a kind of porous, microsphere granular solid acid catalyst, which
is made of active components (Y and ZSM-5 molecular sieve), matrix (kaolin), and binder
(silica, alumina, etc.) by spray drying [22,23]. Kaolin, silica, and other substances are the
main additives in rubber. Agustini S et al. [24] used kaolin as a filler for natural rubber to
prepare solid tires for scooters. The vulcanization properties, mechanical properties, and
thermal properties of the rubber compound were investigated. The experimental results
demonstrated that the amount of kaolin had a great influence on the maximum torque,
scorch time, optimum curing time, and mechanical properties of the vulcanized rubber.
The thermogravimetric analysis demonstrated that the thermal stability of the rubber was
influenced by the amount of the kaolin-filling fraction. Tan J et al. [25] ground anthracite
coal to replace carbon-black-filled styrene–butadiene rubber (SBR) to prepare composites
of styrene–butadiene rubber (SBR) and modified anthracite coal (MA). The experimental
results demonstrate that the anthracite flakes can be well dispersed in the rubber matrix,
providing good reinforcement properties. In addition, the low content of carbon black or
silica composite fillers further promoted the dispersion of coal particles in the rubber, which
effectively enhanced the mechanical reinforcing properties of coal particles and the thermal
stability of rubber composites. Wang Z et al. [26] investigated the possibility of illite as
an alternative natural rubber (NR) filler. The experimental results demonstrated that illite
treated with cetyltrimethylammonium bromide (CTAB) could enhance the crosslinking
density and dispersion of illite-NR, and the mechanical properties and wear resistance of
illite/NR composites could be improved. Phuhiangpa N et al. [27] investigated the effect of
the nano calcium carbonate (NCC) and micron calcium carbonate (MCC) on natural rubber
composites. The experimental results demonstrate that two kinds of fillers (MCC and NCC)
and filled rubber composites showed the same trend, but the effect of the small particle
size in NCC on the composite properties was more pronounced and could be better used to
adjust the rubber product characteristics and processing properties.

To extend the reuse methods of spent catalysts and reduce the pollution caused by
them to the environment, this paper conducted a mechanistic and experimental study on
the replacement of some carbon blacks by spent FCC catalysts for the preparation of rubber
products, and the feasibility of the application of the spent catalysts to prepare rubber
composite was also explored. The use of the spent FCC catalyst as a filler to replace part
of the carbon black for rubber composite preparation can not only realize the recycling of
waste rubber products, but also reduce the environmental pollution caused by the improper
treatment of the spent catalyst. The feasibility of preparing rubber composites by spent
catalysts is also verified.

2. Experiment
2.1. Experimental Scheme

To explore the influence of the number of replacement parts of spent FCC catalysts
and the vulcanization system on the properties of rubber composites, the experimental
formulations used in this study are shown in Table 1.

The purpose of the 1#–4# in Table 1 is to study the influence of replacing different
ratios of carbon black on the mechanical properties of the rubber composites before the
modification of the spent FCC catalyst. The purpose of the 5#–7# is to study the influence of
particle size and pore size variation on the mechanical properties of rubber composites after
the modification of spent FCC catalysts. The purpose of the 8#–10# is to study the influence
of adding the S, accelerator NS, and silane coupling agent Si69 on the reinforcement
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performance of the filler with the increase in the replacement amount of the modified spent
FCC catalyst.

Table 1. Experimental formulation.

Samples 1# 2# 3# 4# 5# 6# 7# 8# 9# 10# Manufacturer

SBR1500 100 100 100 100 100 100 100 100 100 100
PetroChina Dushanzi

Petrochemical Company,
Karamay, China

Zinc oxide 3 3 3 3 3 3 3 3 3 3
Shijiazhuang Yunpo Chemical

Technology Co., Ltd.,
Shijiazhuang, China

Accelerator
NS 1 1 1 1 1 1 1 1.07 1.13 1.2

Shandong Shangshun
Chemical Co., Ltd.,

Weifang, China

Sulphur (S) 1.75 1.75 1.75 1.75 1.75 1.75 1.75 1.87 1.98 2.1
Chaoyang Tianming Industry

& Trade Co., Ltd.,
Beijing, China

Silane
coupling

agent Si69
\ \ \ \ \ \ \ 0.25 0.5 0.75 Shandong Xiya Chemical Co.,

Ltd., Linyi, China

Carbon black
N660 50 45 40 35 45 40 35 45 40 35 Shanghai Cabot Chemical Co.,

Ltd., Shanghai, China
Spent fcc
catalyst \ 5 10 15 \ \ \ \ \ \ Sinopec Jinan Oil Refinery,

Jinan, China
Modified

spent FCC
catalyst

\ \ \ \ 5 10 15 5 10 15 Sinopec Jinan Oil Refinery,
Jinan, China

Note: The unit of component dosage in the table is g.

2.2. Experimental Process
2.2.1. Spent FCC Catalyst Modification

First, the spent FCC Catalyst was ball milled (all-round planetary ball mill, QM-QX4,
Nanjing Nanda Instruments Co., Ltd., Nanjing, China) at 180 r/min for 2 h. Then, the
spent FCC catalyst was calcined (tube furnace, MFLGKD 405-12, Shanghai Muffle Furnace
Technology Instruments Co., Ltd., Shanghai, China) at 600 ◦C for 3 h. Subsequently, the
spent FCC catalyst and deionized water were mixed 1:5 for ultrasonic (ultrasonic disperser,
VCY-1500, Shanghai Yanyong Ultrasonic Equipment Co., Ltd., Shanghai, China) treatment
for 1 h, with continuous stirring during the ultrasonic process. Finally, the spent FCC
catalyst was filtered and dried (electric blast drying oven, DHG-9240A, Shanghai Yiheng
Scientific Instrument Co., Ltd., Shanghai, China) to complete the preparation of the spent
FCC catalyst. The modification process of the spent FCC catalyst was roughly shown
in Figure 1.

Polymers 2023, 15, x FOR PEER REVIEW 4 of 16 
 

 

2.2. Experimental Process 
2.2.1. Spent FCC Catalyst Modification 

First, the spent FCC Catalyst was ball milled (all-round planetary ball mill, QM-QX4, 
Nanjing Nanda Instruments Co., Ltd., Nanjing, China) at 180 r/min for 2 h. Then, the spent 
FCC catalyst was calcined (tube furnace, MFLGKD 405-12, Shanghai Muffle Furnace Tech-
nology Instruments Co., Ltd., Shanghai, China) at 600 °C for 3 h. Subsequently, the spent 
FCC catalyst and deionized water were mixed 1:5 for ultrasonic (ultrasonic disperser, 
VCY-1500, Shanghai Yanyong Ultrasonic Equipment Co., Ltd., Shanghai, China) treat-
ment for 1 h, with continuous stirring during the ultrasonic process. Finally, the spent 
FCC catalyst was filtered and dried (electric blast drying oven, DHG-9240A, Shanghai 
Yiheng Scientific Instrument Co., Ltd., Shanghai, China) to complete the preparation of 
the spent FCC catalyst. The modification process of the spent FCC catalyst was roughly 
shown in Figure 1. 

 
Figure 1. Flow chart of spent FCC catalyst modification. 

2.2.2. Preparation of Rubber Composites 
First, the butadiene rubber was plasticized into thin pieces of about 4mm in the open 

mixing machine (open mixing machine, X (S) K-160, Shanghai Rubber Machinery Factory, 
Shanghai, China) for later cutting and compacting. Subsequently, rubber, fillers (carbon 
black and spent FCC catalyst), and small materials were added to the mixer (laboratory 
small mixer, 0.3 L, Harbin Harper Electric Technology Co., Ltd., Harbin, China) to com-
plete the preliminary preparation of rubber products. Then, the S and accelerator NS were 
added to the open mixing machine to complete the preparation of the compounded rub-
ber. Finally, the mixed rubber pieces after standing for 12 h were used for the initial testing 
and vulcanization. 

The vulcanization time T90 of each group of blends is measured by a rotorless sulfu-
rometer (rotorless vulcanization instrument, M-2000-AN, high-speed rail detection instru-
ment (Dongguan) Co., Ltd., Dongguan, China). Using a flat vulcanizing machine (flat vul-
canizing machine, XLD-400X400X2, Qingdao Yilang Rubber Equipment Co., Ltd., Qing-
dao, China) for vulcanization, the vulcanization conditions are 150 °C × 1.3 T90. 

2.3. Characterization 
The Payne effect of the compound was tested by a rubber processing analyzer (Rub-

ber Processing Analyzer, RPA2000, Alpha Technologies, Inc., Akron, OH, USA). The fre-
quency was 1Hz, the strain range was between 0.28% and 40%, and the temperature was 
60 °C. 

The Mooney viscosity of the compound was tested by the Mooney viscometer 
(Mooney viscometer, PremierMV, Alpha Technology Co., Ltd., Akron, OH, USA) accord-
ing to the standard ISO 289-1: 1994. 

Vulcanization properties of the compound were tested by a rotorless rheometer ac-
cording to the standard ISO 6502:1991, and the test temperature was 150 °C. 

The hardness test of rubber was carried out using a Shore hardness tester (Shore 
hardness tester, LX-A, Shanghai Liuling Instrument Factory, Shanghai, China) according 

Figure 1. Flow chart of spent FCC catalyst modification.

205



Polymers 2023, 15, 1000

2.2.2. Preparation of Rubber Composites

First, the butadiene rubber was plasticized into thin pieces of about 4mm in the open
mixing machine (open mixing machine, X (S) K-160, Shanghai Rubber Machinery Factory,
Shanghai, China) for later cutting and compacting. Subsequently, rubber, fillers (carbon
black and spent FCC catalyst), and small materials were added to the mixer (laboratory
small mixer, 0.3 L, Harbin Harper Electric Technology Co., Ltd., Harbin, China) to complete
the preliminary preparation of rubber products. Then, the S and accelerator NS were
added to the open mixing machine to complete the preparation of the compounded rubber.
Finally, the mixed rubber pieces after standing for 12 h were used for the initial testing
and vulcanization.

The vulcanization time T90 of each group of blends is measured by a rotorless sul-
furometer (rotorless vulcanization instrument, M-2000-AN, high-speed rail detection in-
strument (Dongguan) Co., Ltd., Dongguan, China). Using a flat vulcanizing machine
(flat vulcanizing machine, XLD-400X400X2, Qingdao Yilang Rubber Equipment Co., Ltd.,
Qingdao, China) for vulcanization, the vulcanization conditions are 150 ◦C × 1.3 T90.

2.3. Characterization

The Payne effect of the compound was tested by a rubber processing analyzer (Rubber
Processing Analyzer, RPA2000, Alpha Technologies, Inc., Akron, OH, USA). The frequency
was 1Hz, the strain range was between 0.28% and 40%, and the temperature was 60 ◦C.

The Mooney viscosity of the compound was tested by the Mooney viscometer (Mooney
viscometer, PremierMV, Alpha Technology Co., Ltd., Akron, OH, USA) according to the
standard ISO 289-1: 1994.

Vulcanization properties of the compound were tested by a rotorless rheometer ac-
cording to the standard ISO 6502:1991, and the test temperature was 150 ◦C.

The hardness test of rubber was carried out using a Shore hardness tester (Shore
hardness tester, LX-A, Shanghai Liuling Instrument Factory, Shanghai, China) according to
the standard ISO 7619-1:2004. The rubber rebound rate was tested using a rubber rebound
tester (rubber rebound tester, DIN-53512, Dongguan Songjiao Testing Instruments Co., Ltd.,
Dongguan, China) according to the standard ISO 4662-1986. The abrasion was tested
by the DIN roller abrasion tester (DIN roller abrasion tester, GT-2012-D, Taichung Gao
Tai Testing Machine Co., Ltd., Taiwan, China) according to the standard ISO 4649-2002.
Tensile tearing properties were tested using the tensile testing machine (Tensile Testing
Machine, AI-7000-MGD, Gautech Testing Instruments (Dongguan) Co., Ltd.) according to
the standard of ISO 37-2005 and ISO 34-1:2004.

The dynamic mechanical properties of vulcanized rubber were tested by a dynamic
thermo-mechanical analyzer (dynamic thermo-mechanical analyzer, EPLEXOR 150N,
GABO, Ahlden, Germany). The dynamic strain was 0.25%, the static strain was 7%,
the heating rate was 2 ◦C/min, the temperature range was −65~65 ◦C, and the frequency
was 10 Hz.

The aging experiment of rubber was tested by using a hot air aging box (hot air aging
box, GT-7017-M, High-Tech Testing Instruments Co., Ltd., Taiwan, China) according to the
standard ISO 188-1998.

3. Results and Discussion
3.1. Analysis of Physical–Chemical Characteristics of Spent FCC Catalysts

The characterization results of XRD spectra of the spent FCC catalyst before and after
modification are shown in Figure 2.

The crystal plane spacing of the spent FCC catalyst before and after the modification
has not changed much in Figure 2. There was no new diffraction peak, indicating that the
spent FCC catalyst did not change its phase composition after the modification [28,29].
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Figure 2. XRD spectrum of spent FCC catalyst.

The volume change and distribution of the particle size of the spent FCC catalyst
before and after the modification are shown in Table 2 and Figure 3.

Table 2. Changes in particle size and volume of spent FCC catalyst before and after modification.

Before Modification After Modification Reduce Proportion (%)

Dv (10)/µm 0.0306 0.0259 15.36
Dv (50)/µm 12.8 0.163 98.73
Dv (90)/µm 55.0 18.7 66.0
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The particle size of the spent FCC catalyst decreased significantly after a modification
from Table 2 and Figure 3. The average particle size of the spent FCC catalyst decreased
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from 12.8 µm to 0.163 µm, which may be due to the serious agglomeration phenomenon
before the modification of the spent FCC catalyst. During the ball milling process, the
collision between the ball, the cylinder wall, and the spent FCC catalyst or the spent FCC
catalyst self-grinded with each other, which contributed to the particle size reduction.

The changes of the specific surface area of the spent FCC catalyst before and after the
modification are shown in Table 3.

Table 3. Brunauer–Emmett–Teller (BET) characterization results.

Specific
Surface Area

(m2/g)

Substrate
Surface
(m2/g)

Micropore
Surface Area

(m2/g)

Total Pore
Volume
(mL/g)

Micropore
Volume
(mL/g)

Before
modification 75 17 58 0.1564 0.0104

After
modification 89 29 60 0.1884 0.0152

The changes of the pore size morphology before and after the modification of spent
FCC catalysts are shown in Figure 4.
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Figure 4. Changes in pore morphology of spent FCC catalysts before and after modification. (a) Before
modification; (b) after modification.

From Table 3 and Figure 4, it can be observed that the specific surface area and pore
volume of the spent FCC catalyst increase after the modification. Because the ball milling
reduces the catalyst particle size; the combination of calcination and sonication reduces the
adsorbed material on the catalyst (on the surface and inside the pores), thus increasing the
specific surface area and pore volume [30].

The relative percentages of major elements before and after the modification of the
spent FCC catalysts are shown in Figure 5.

It can be observed from Figure 5 that the elements contained in the spent FCC catalyst
before the modification mainly include aluminum (Al), silicon (Si), lanthanum (La), etc.
The relative content of Si and Al elements increased after the modification of the spent
FCC catalyst, while the content of the cerium (Ce) remained basically unchanged and the
relative content of the other elements decreased. This may be due to the volatilization of
coke and other substances adsorbed from crude oil during the high-temperature calcination
process, which caused the elemental content of the spent FCC catalyst to change.
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3.2. Processing Performance Analysis of Rubber Composites

The rubber vulcanization characteristics of the different proportions of carbon black
replaced by the spent FCC catalyst before the modification are shown in Table 4.

Table 4. Vulcanization characteristics of rubber composites with spent FCC catalyst before modification.

1# 2# 3# 4#

Mooney viscosity/MU 70.90 70.14 69.27 68.77
ML/(N·m) 2.13 2.06 1.87 2.19
MH/(N·m) 20.27 12.75 9.96 9.85

MH-ML/(N·m) 18.14 10.69 8.09 7.66
T10/min 11.92 10.07 10.2 8.87
T90/min 29.53 36.83 44.11 46.00
T100/min 56.33 59.59 59.72 59.93

Note: 1#, 2#, 3#, respectively corresponding to the experimental group in Table 1.

The rubber vulcanization characteristics of modified spent FCC catalyst replacing
carbon black with different proportions are shown in Table 5.

Table 5. Vulcanization characteristics of rubber composites after modification with spent FCC catalyst.

5# 6# 7# 8# 9# 10#

Mooney
viscosity/MU 70.68 69.13 68.95 70.31 69.27 68.46

ML/(N·m) 1.94 1.92 1.84 2.15 2.08 1.99
MH/(N·m) 18.43 18.2 16.12 22.08 21.70 21.29

MH-ML/(N·m) 16.53 16.28 14.28 19.93 19.62 19.30
T10/min 10.8 12.05 12.22 10.22 11.06 11.27
T90/min 31.47 36.03 38.50 26.69 27.70 28.33

T100/min 59.18 59.87 59.95 48.75 52.91 53.00

Note: 5#, 6#, 7#, 8#, 9#, 10# respectively corresponding to the experimental group in Table 1.

From Table 4, it can be observed that with the increase in the number of parts of carbon
black replaced by the spent FCC catalyst, the Mooney viscosity of the rubber compound
demonstrated a decreasing trend, indicating that the addition of the spent FCC catalyst
improved the plasticity and processability of the compound [31]. The value of MH-ML is
considered to be positively related to the crosslinking density of the rubber [32,33]. The
higher the value, the higher the crosslinking density. According to the data in the table,
the MH-ML value decreases as the number of parts increases, which is related to the weak
reinforcement of the spent FCC catalyst and is consistent with the trend of the Menny
viscosity. T10 is generally considered to be related to the rubber scorch time; the larger the
value, the higher the processing safety, and vice versa [34]. It can be observed from the
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data that the processing safety decreases as the number of replacement parts of the spent
FCC catalyst increases. The elemental analysis demonstrates that the spent FCC catalyst
contains elements such as S, which leads to early local cross-linking during the mixing
process, therefore resulting in scorching. T90 is the positive vulcanization time. From the
data, it can be observed that as the number of replacement parts increases, the positive
vulcanization time becomes longer, which leads to an increase in vulcanization time and a
decrease in economic efficiency [35].

As can be observed from Table 5, the reinforcement of the modified spent FCC catalyst
is greatly improved, and it can be used as a reinforcing filler to replace a part of the carbon
black for the rubber filler. From the MH-ML difference, T10, and T90 in the data of columns
5#–7#, it can be observed that the crosslink density is significantly increased compared
with that before the modification. There is a slight increase in T10, and the processing
safety is improved. There is a significant decrease in the positive vulcanization time of T90.
This is due to the decrease in the particle size, the increase in the specific surface area and
pore volume, and the decrease in impurities of the modified spent FCC catalyst, which
leads to the enhancement of interfacial bonding with the polymer and the improvement of
performance [36]. From the data in columns 8#–10#, it can be observed that S, accelerator
NS, and the silane coupling agent Si69 increased equiproportionally with the increase in
the spent FCC catalyst replacement. The MH-ML difference and T10 and T90 parameters
are greatly improved; thus, the performance is even more excellent.

3.3. Rubber Composite Payne Effect Analysis

The change of the storage modulus of rubber composites with different parts of the
carbon black replaced by the spent FCC catalyst is shown in Figure 6.
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Figure 6 is the storage modulus and strain curve of rubber composites under the spent
FCC catalyst/carbon black. With the increase in strain, the storage modulus of filler–filled
rubber composites decreases, which is called the Payne effect [37,38]. ∆G′ represents the
degree of the network structure of the filler, and ∆G′ is the difference between the storage
modulus at a 40% strain and the storage modulus at a 0.28% strain. The smaller ∆G′

indicates that the Payne effect is weak and the filler has a better dispersion in the rubber
matrix. From Figure 6d, it can be observed that with the increase in the number of carbon
black parts replaced by the spent FCC catalyst, the ∆G′ of the compounded rubber shows a
decreasing trend. This is mainly because the spent FCC catalyst can form more filler–rubber
network structures with rubber, with less filler agglomeration, and exhibit a low modulus
in torsion tests; thus, the Payne effect is weakened.

3.4. Analysis of Physical and Mechanical Properties of Rubber Composites

The function of fillers in rubber products is mostly to improve the mechanical proper-
ties such as hardness, tensile strength, and elongation at the break of rubber composites.
The mechanical properties corresponding to different experimental formulations in Table 1
are shown in Table 6 (Table 1, formulation 1#–4#) and Table 7 (Table 1, formulation 5#–10#).

Table 6. Mechanical properties of vulcanized rubber.

1# 2# 3# 4#

Hardness/Shore A 60.0 48.5 45.5 45.0
10% tensile stress/MPa 0.54 0.56 0.55 0.54

100% tensile stress/MPa 2.74 1.67 1.36 1.18
300% tensile stress/MPa 12.82 6.57 4.25 2.55

Tensile strength/MPa 19.61 18.22 13.62 8.48
Elongation at break/% 454.85 657.80 693.20 752.91

Tensile product 8919.61 11,985.12 9441.38 6384.68
Tearing strength/N 77.78 54.39 50.41 39.54

Specific gravity/g·cm−3 1.142 1.149 1.156 1.163
DIN abrasion/cm3 0.108 0.137 0.149 0.166
Rebound rate/% 60.3 60.9 61.4 61.7

Note: 1#, 2#, 3#, respectively corresponding to the experimental group in Table 1.

Table 7. Mechanical properties of vulcanized rubber.

5# 6# 7# 8# 9# 10#

Hardness/Shore A 58.0 57.5 55.0 62.0 61.5 61.0
10% tensile stress/MPa 0.60 0.56 0.53 0.62 0.57 0.56

100% tensile stress/MPa 2.54 2.37 2.04 3.16 3.01 3.00
300% tensile stress/MPa 11.03 9.67 7.50 13.12 13.10 12.88

Tensile strength/MPa 19.46 19.35 19.01 20.04 19.95 19.79
Elongation at break/% 478.22 505.41 580.31 441.34 443.60 443.87

Tensile product 9306.16 9830.22 11,031.69 8846.31 8848.27 8784.10
Tearing strength/N 73.68 71.44 68.37 87.13 83.25 81.46

Specific gravity/g·cm−3 1.146 1.152 1.162 1.147 1.153 1.161
DIN abrasion/cm3 0.128 0.129 0.131 0.109 0.119 0.124
Rebound rate/% 62.0 62.5 63.1 64.00 65.50 66.70

Note: 5#, 6#, 7#, 8#, 9#, 10# respectively corresponding to the experimental group in Table 1.

As shown in Table 6, the mechanical properties of the rubber material filled with
the spent FCC catalyst directly instead of the carbon black rubber were poor. The tensile
strength, tear strength, and abrasion properties decreased significantly as the number of
replacement parts increased.

From Table 7 (formulation 5#–7#), it can be observed that the hardness and tensile stress
of the rubber composites demonstrated a decreasing trend as the number of replacement
parts of the spent FCC catalyst increased. This may be due to the combination of the spent
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FCC catalyst with the rubber molecular chain being weaker compared to the carbon black,
resulting in the decrease in the hardness and tensile stress of the rubber composites.

From Table 7 (formulation 8#–10#), it can be observed that with the increase in the
number of replacement carbon black parts after the modification of the spent FCC catalyst,
the fixed tensile strength, tensile strength, and tear strength of the rubber composites were
enhanced after the addition of S, accelerator NS, and the silane coupling agent Si69 in
an equal proportion, so that the properties of the three groups of the rubber composites
remained basically the same as the control group (formulation 1#). This is mainly because
with the increase in the accelerator NS, S, and silane coupling agent Si69, the interfacial
bonding between silica and rubber molecular chains in the spent FCC catalyst is enhanced.
At the same time, the increase in the accelerator NS and S improves the degree of vulcaniza-
tion and increases the crosslinking density; this shows the characteristics of a high modulus
and high elongation.

The wear resistance of rubber composites after replacing the carbon black with the
spent FCC catalyst was slightly lower than that of the control group. This may be due
to the particle size of the spent FCC catalyst being larger than that of the carbon black
(N660 particle size 49–60 nm), and the combination of the spent FCC catalyst and rubber
molecular chains is weaker compared to the carbon black, which leads to the easy fall off of
the spent FCC catalyst during the process of abrasion. After the spent FCC catalyst falls off,
the surface of the rubber composite is defective, resulting in more rubber particles being
worn off and therefore with increased wear. The spent FCC catalysts contain reinforcing
substances such as SiO2. With the increase in the amount of the accelerator NS, S and silane
coupling agent Si69, the interfacial combination of silica in the spent FCC catalyst and
rubber molecular chain is enhanced, and the spent FCC catalyst does not easily fall off
during the wear process; thus, the wear consumption is reduced.

3.5. Microscopic Morphology

The microscopic morphologies corresponding to the rubber composites prepared by
formulations 1#, 5#, 6#, and 7# are shown in Figure 7.
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As can be observed from Figure 7, the modified spent FCC catalyst, instead of the
carbon black filler in the rubber, has a better dispersion and no more obvious agglomeration
phenomenon. When 15 phr of the modified spent FCC catalyst was used to replace the
equal mass of the carbon black, the dispersion and distribution of the filler in the rubber
was optimal, which was consistent with the Payne effect results shown in Figure 8.
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sistance. The rougher the surface, the higher the coefficient of the wet friction and the 

Figure 8. Dynamic mechanical properties of rubber composites.(a) tanδ-T Curve of the composites;
(b) is magnified graphs of curves around −30 ◦C; (c) is magnified graphs of curves around 0 ◦C; (d) is
magnified graphs of curves around 60 ◦C.

3.6. Dynamic Properties Analysis of Rubber Composites

Figure 8 shows the change curve of the loss factor (tanδ) with a temperature for rubber
composites at −65~65 ◦C [39,40]. Usually, the higher the peak value of tanδ, the better the
dispersion of the filler. The tanδ at 0 ◦C represents the wet skid resistance of the tire, and
the larger the value, the better the wet skid resistance. The tanδ at 60 ◦C represents the
rolling resistance of the tire, and the smaller the value, the lower the rolling resistance. The
peak value of tanδ from high to low is 7# ≈ 10# > 6# ≈ 9# > 5# ≈ 8# > 1#, which is basically
consistent with the characterization results in Figure 6, indicating that the replacement of
the carbon black by the spent FCC catalyst for rubber filling can improve the dispersion of
the filler in the rubber matrix. At 0 ◦C, the curves of formulation 5#–7# are lower than those
of the control group (formulation 1#), indicating that the wet skid resistance of the tires
decreases after replacing the carbon black with the spent FCC catalyst. The corresponding
curves of formulation 8#–10# are higher than those of the control group (formulation 1#).
With the increase in the number of replacement parts of spent FCC catalysts, the equal
proportional addition of S, accelerator NS and the silane coupling agent Si69 improved
the anti-slip properties of the tires. Mao C et al. [41] believed that there is an inevitable
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relationship between the surface roughness of the sample and the wet skid resistance. The
rougher the surface, the higher the coefficient of the wet friction and the better the wet skid
resistance. Therefore, the wet skid resistance of the rubber polymer in this experiment may
be related to the particle size of the spent FCC catalyst and the interfacial bonding strength
of the filler and the rubber. At 60 ◦C, the corresponding curves of formulations 5#–10#

are lower than those of formulation 1#, while the corresponding curves of formulations
8#–10# continue to show a downward trend and are lower than those of formulations 5#–7#,
indicating that with the increase in replacement parts of the spent FCC catalyst, the addition
of S, accelerator NS and the silane coupling agent Si69 in equal proportion could reduce
the rolling resistance of the tire.

3.7. Aging Properties’ Analysis

The aging properties of the vulcanized rubber composites (formulations 1#–10#) were
tested after aging at 100 ◦C for 24 h. The aging tensile properties are shown in Table 8.

Table 8. Aging tensile properties of rubber composites.

Test Items 1# 5# 6# 7# 8# 9# 10#

Elongation at
break/%

Before aging 454.85 478.22 505.41 580.31 441.34 443.60 443.87
After aging 270.49 311.26 331.82 385.11 295.08 297.68 298.86

Aging property change rate/% 40.53 34.91 34.35 33.64 33.14 32.89 32.67
Tensile strength/

MPa
Before aging 19.61 19.46 19.35 19.01 20.04 19.85 19.79
After aging 16.82 18.24 17.43 16.82 19.06 18.49 18.28

Aging property change rate/% 14.23 6.27 9.92 11.52 4.89 6.85 8.59

Tensile product Before aging 8919.61 9306.16 9779.68 11,031.69 8844.45 8805.46 8784.19
After aging 4550.26 5677.38 5783.62 6477.55 5624.22 5504.10 5463.16

Aging property change rate/% 48.99 38.99 40.86 41.28 36.41 37.49 37.81
Aging coefficient 0.51 0.61 0.59 0.59 0.64 0.63 0.62

As shown in Table 8, the aging property change rates of the elongation at the break,
and the tensile strength and tensile product of the rubber composites prepared by replacing
the carbon black with spent FCC catalysts (formulations 5#–7#), are lower than those of the
control group (formulation 1#), indicating that the aging resistance is better than that of
the control group. With the increase in the number of replacement parts of the spent FCC
catalyst, the aging property change rate of the composites was reduced again by adding S,
accelerator NS and the silane coupling agent Si69 (formulation 8#–10#) in equal proportion;
the anti-aging property is improved again and is significantly better than that of the control
group. This is mainly because the spent FCC catalyst is porous material and can adsorb
some of the vulcanization system and other rubber additives to become the carrier of the
slow-release agent. During the aging process, the S absorbed in the pore size is released
and re-involved in the vulcanization reaction. At the same time, the silane coupling agent
Si69 contains four elemental sulfur, which will also be re-involved in the vulcanization
reaction during the aging process to enhance the anti-aging properties of rubber.

3.8. Synergistic Reinforcement Mechanism of Spent FCC Catalyst and Carbon Black for SBR

The spent FCC catalyst is uniformly and disorderly dispersed in the SBR matrix.
During the mixing process of the filler (spent FCC catalyst) and rubber, rubber molecular
chains are adsorbed on the surface of the filler to form bound rubber; meanwhile, some
rubber molecular chains enter the voids and pores of the filler to form a small amount of
inclusion rubber (retention rubber). The interaction between the spent FCC catalyst and
rubber mainly includes the physical adsorption and chemical combination, which can form
a close filler–polymer network structure with rubber, so as to improve the basic physical
properties of rubber products. When the rubber products are stretched by an external force,
the existence of the bound rubber is conducive to prolonging the crack expansion path so
that the rubber can withstand a greater external force, and the existence of the inclusion
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rubber is conducive to limiting the displacement of the molecular chains around the filler,
thereby improving the mechanical properties of the rubber.

4. Conclusions

In this paper, we explore the spent FCC catalysts to replace different parts of the
carbon black for the rubber product preparation to realize the resource utilization and
diversified applications of spent FCC catalysts. The use of the spent FCC catalyst as a filler
to replace part of the carbon black for the rubber composite preparation can not only realize
the recycling of waste rubber products, but also reduce the environmental pollution caused
by the improper treatment of the spent catalyst.

The spent FCC catalyst as a filler to replace carbon black in the rubber has good
dispersibility, which is conducive to the improvement of the comprehensive performance
of rubber products (stretching, stretching, rebound, tearing, etc.). The Payne effect is
decreased by about 3–16%, and the rolling resistance is obviously reduced. The spent FCC
catalyst is a porous material, which can be used as a carrier of the slow release agent. In
the aging process, S in the pore size of the spent FCC catalyst will be released again to
participate in the vulcanization reaction and improve the anti-aging properties of rubber
products.

Author Contributions: Conceptualization, X.T. and T.S.; methodology, X.T. and C.W.; software, K.W.;
validation, D.Z.; data curation, H.B.; writing—original draft preparation, X.T. and T.S.; writing—
review and editing, X.T.; visualization, K.W.; supervision, H.B. All authors have read and agreed to
the published version of the manuscript.

Funding: This work was financially supported by the National Natural Science Foundation of
China (52103117), Natural Science Foundation of Shandong Province Key Projects (ZR2020KE037),
Qingdao Science and Technology Benefit People Demonstration Guide Special Project (22-3-7-cspz-
18-nsh), Shandong postdoctoral innovation project (202103024), and Qingdao Postdoctoral Applied
Research Project.

Data Availability Statement: The data supporting the findings of this study are available within
the article.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Formela, K. Sustainable development of waste tires recycling technologies–recent advances, challenges and future trends. Adv.

Ind. Eng. Polym. Res. 2021, 4, 209–222. [CrossRef]
2. Bockstal, L.; Berchem, T.; Schmetz, Q.; Richel, A. Devulcanisation and reclaiming of tires and rubber by physical and chemical

processes: A review. J. Clean. Prod. 2019, 236, 117574. [CrossRef]
3. Kunanusont, N.; Samthong, C.; Bowen, F.; Yamaguchi, M.; Somwangthanaroj, A. Effect of mixing method on properties of

ethylene vinyl acetate copolymer/natural rubber thermoplastic vulcanizates. Polymers 2020, 12, 1739. [CrossRef]
4. Shoul, B.; Marfavi, Y.; Sadeghi, B.; Kowsari, E.; Sadeghi, P.; Ramakrishna, S. Investigating the potential of sustainable use of green

silica in the green tire industry: A review. Environ. Sci. Pollut. R. 2022, 29, 51298–51317. [CrossRef]
5. Sökmen, S.; Oßwald, K.; Reincke, K.; Ilisch, S. Influence of Treated Distillate Aromatic Extract (TDAE) Content and Addition

Time on Rubber-Filler Interactions in Silica Filled SBR/BR Blends. Polymers 2021, 13, 698. [CrossRef]
6. Jong, L. Improved mechanical properties of silica reinforced rubber with natural polymer. Polym. Test. 2019, 79, 106009. [CrossRef]
7. Song, S.H. Study on silica-based rubber composites with epoxidized natural rubber and solution styrene butadiene rubber. Polym.

Polym. Compos. 2021, 29, 1422–1429. [CrossRef]
8. Zhang, X.; Cai, L.; He, A.; Ma, H.; Li, Y.; Hu, Y.; Zhang, X.; Liu, L. Technology. Facile strategies for green tire tread with enhanced

filler-matrix interfacial interactions and dynamic mechanical properties. Compos. Sci. Technol. 2021, 203, 108601. [CrossRef]
9. Zhang, C.; Tang, Y.; Tian, Q.; Xie, X.; Xu, L.; Li, X.; Ding, T. Preparation of dispersible nanosilica surface-capped by hexamethyl

disilazane via an in situ surface-modification method and investigation of its effects on the mechanical properties of styrene–
butadiene/butadiene rubber. J. Appl. Polym. Sci. 2019, 136, 47763. [CrossRef]

10. Lee, C.K.; Seo, J.G.; Kim, H.J.; Song, S.H. Novel green composites from styrene butadiene rubber and palm oil derivatives for
high performance tires. J. Appl. Polym. Sci. 2019, 136, 47672. [CrossRef]

11. Seo, J.G.; Lee, C.K.; Lee, D.; Song, S.H. High-performance tires based on graphene coated with Zn-free coupling agents. J. Ind.
Eng. Chem. 2018, 66, 78–85. [CrossRef]

215



Polymers 2023, 15, 1000

12. Yang, C.; Gao, D.; Zhang, R.; Deng, W.; Coltd, X.J. Attempt to New Processing Technology of Special Natural Rubber for Tire with
High Performance. Trop. Agric. Sci. Technol. 2019, 42.

13. Ni, Y.; Liu, Z.; Tian, P.; Chen, Z.; Fu, Y.; Zhu, W.; Liu, Z. A dual-bed catalyst for producing ethylene and propylene from syngas.
J. Energy. Chem. 2022, 66, 190–194. [CrossRef]

14. Suganuma, S.; Katada, N. Innovation of catalytic technology for upgrading of crude oil in petroleum refinery. Fuel Process. Technol.
2020, 208, 106518. [CrossRef]

15. Zhao, R.; Heng, M.; Chen, C.; Li, T.; Shi, Y.; Wang, J. Catalytic effects of Al2O3 nano-particles on thermal cracking of heavy oil
during in-situ combustion process. J. Petrol. Sci. Eng. 2021, 205, 108978. [CrossRef]

16. Luan, H.; Lin, J.; Xiu, G.; Ju, F.; Ling, H. Study on compositions of FCC flue gas and pollutant precursors from FCC catalysts.
Chemosphere 2020, 245, 125528. [CrossRef]

17. Wang, C.; Tian, X.; Zhao, B.; Zhu, L.; Li, S. Experimental study on spent FCC catalysts for the catalytic cracking process of waste
tires. Processes 2019, 7, 335. [CrossRef]

18. Tian, X.; Wang, K.; Shan, T.; Li, Z.; Wang, C.; Zong, D.; Jiao, D. Study of waste rubber catalytic pyrolysis in a rotary kiln reactor
with spent fluid-catalytic-cracking catalysts. J. Anal. Appl. Pyrolysis 2022, 167, 105686. [CrossRef]

19. Tian, X.; Han, S.; Wang, K.; Shan, T.; Li, Z.; Li, S.; Wang, C. Waste resource utilization: Spent FCC catalyst-based composite
catalyst for waste tire pyrolysis. Fuel 2022, 328, 125236. [CrossRef]

20. Abd Rahman, N.A.; Fermoso, J.; Sanna, A. Stability of Li-LSX Zeolite in the Catalytic Pyrolysis of Non-Treated and Acid
Pre-Treated Isochrysis sp. Microalgae. Energies 2020, 13, 959. [CrossRef]

21. Trinh, H.B.; Lee, J.-C.; Suh, Y.-J.; Lee, J. A review on the recycling processes of spent auto-catalysts: Towards the development of
sustainable metallurgy. Waste Manag. 2020, 114, 148–165. [CrossRef]

22. Uzcátegui, G.; de Klerk, A. Causes of deactivation of an amorphous silica-alumina catalyst used for processing of thermally
cracked naphtha in a bitumen partial upgrading process. Fuel 2021, 293, 120479. [CrossRef]

23. Salam, M.A.; Cheah, Y.W.; Ho, P.H.; Olsson, L.; Creaser, D. Hydrotreatment of lignin dimers over NiMoS-USY: Effect of
silica/alumina ratio. Sustain. Energ. Fuels 2021, 5, 3445–3457. [CrossRef]

24. Agustini, S.; Sholeh, M. Utilization of Kaolin as a Filling Material for Rubber Solid Tire Compounds for Two-wheeled Electric
Scooters. In IOP Conference Series: Materials Science and Engineering; IOP Publishing: Bristol, UK, 2021; p. 012010.

25. Tan, J.; Cheng, H.; Wei, L.; Gui, X. Thermal and mechanical enhancement of styrene–butadiene rubber by filling with modified
anthracite coal. J. Appl. Polym. Sci. 2019, 136, 48203. [CrossRef]

26. Wang, Z.; Wang, S.; Yu, X.; Zhang, H.; Yan, S. Study on the use of CTAB-treated illite as an alternative filler for natural rubber. Acs
Omega 2021, 6, 19017–19025. [CrossRef]

27. Phuhiangpa, N.; Ponloa, W.; Phongphanphanee, S.; Smitthipong, W. Performance of nano-and microcalcium carbonate in
uncrosslinked natural rubber composites: New results of structure–properties relationship. Polymers 2020, 12, 2002. [CrossRef]

28. Xue, B.; Wang, X.; Sui, J.; Xu, D.; Zhu, Y.; Liu, X. A facile ball milling method to produce sustainable pyrolytic rice husk bio-filler
for reinforcement of rubber mechanical property. Ind. Crops Prod. 2019, 141, 111791. [CrossRef]

29. Bu, X.; Chen, Y.; Ma, G.; Sun, Y.; Ni, C.; Xie, G. Wet and dry grinding of coal in a laboratory-scale ball mill: Particle-size
distributions. Powder Technol. 2020, 359, 305–313. [CrossRef]

30. Wang, T.; Li, G.; Yang, K.; Zhang, X.; Wang, K.; Cai, J.; Zheng, J. Enhanced ammonium removal on biochar from a new forestry
waste by ultrasonic activation: Characteristics, mechanisms and evaluation. Sci. Total. Environ. 2021, 778, 146295. [CrossRef]

31. Zong, X.; Wang, S.; Li, N.; Li, H.; Zhang, X.; He, A. Regulation effects of trans-1, 4-poly (isoprene-co-butadiene) copolymer on the
processability, aggregation structure and properties of chloroprene rubber. Polymer 2021, 213, 123325. [CrossRef]

32. Hassanabadi, M.; Najafi, M.; Motlagh, G.H.; Garakani, S. Synthesis and characterization of end-functionalized solution polymer-
ized styrene-butadiene rubber and study the impact of silica dispersion improvement on the wear behavior of the composite.
Polym. Test. 2020, 85, 106431. [CrossRef]

33. Zachariah, A.K.; Chandra, A.K.; Mohammed, P.; Thomas, S. Vulcanization kinetics and mechanical properties of organically
modified nanoclay incorporated natural and chlorobutyl rubber nanocomposites. Polym. Test. 2019, 76, 154–165. [CrossRef]

34. Barghamadi, M.; Karrabi, M.; Ghoreishy, M.H.R.; Mohammadian-Gezaz, S. Effects of two types of nanoparticles on the cure,
rheological, and mechanical properties of rubber nanocomposites based on the NBR/PVC blends. J. Appl. Polym. Sci. 2019, 136,
47550. [CrossRef]

35. Wei, Y.-C.; Liu, G.-X.; Zhang, H.-F.; Zhao, F.; Luo, M.-C.; Liao, S. Non-rubber components tuning mechanical properties of natural
rubber from vulcanization kinetics. Polymer 2019, 183, 121911. [CrossRef]

36. Fan, Y.; Fowler, G.D.; Zhao, M. The past, present and future of carbon black as a rubber reinforcing filler—A review. J. Clean. Prod.
2020, 247, 119115. [CrossRef]

37. Li, X.; Tian, C.; Li, H.; Liu, X.; Zhang, L.; Hong, S.; Ning, N.; Tian, M. Combined effect of volume fractions of nanofillers and
filler-polymer interactions on 3D multiscale dispersion of nanofiller and Payne effect. Compos. Part A-Appl. Sci. Manuf. 2022, 152,
106722. [CrossRef]

38. Sattayanurak, S.; Sahakaro, K.; Kaewsakul, W.; Dierkes, W.K.; Reuvekamp, L.A.; Blume, A.; Noordermeer, J.W. Synergistic effect
by high specific surface area carbon black as secondary filler in silica reinforced natural rubber tire tread compounds. Polym. Test.
2020, 81, 106173. [CrossRef]

216



Polymers 2023, 15, 1000

39. Greiner, M.; Unrau, H.-J.; Gauterin, F. A model for prediction of the transient rolling resistance of tyres based on inner-liner
temperatures. Vehicle Syst. Dyn. 2018, 56, 78–94. [CrossRef]

40. Choi, S.S.; Kwon, H.M.; Kim, Y.; Ko, E.; Lee, K.S. Hybrid factors influencing wet grip and rolling resistance properties of solution
styrene-butadiene rubber composites. Fortschr. Phys. 2018, 67, 340–346. [CrossRef]

41. Mao, C.; Li, X.; Liu, S. The Effect of Roughness on the Wet Skid Resistance of Tire Tread Compounds. J. Phys. Conf. Ser. 2020, 1649,
012032. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

217



Citation: Tan, Y.; Zhao, B.; Yu, J.;

Xiao, H.; Long, X.; Meng, J. Effect of

Cementitious Capillary Crystalline

Waterproofing Materials on the

Mechanical and Impermeability

Properties of Engineered

Cementitious Composites with

Microscopic Analysis. Polymers 2023,

15, 1013. https://doi.org/10.3390/

polym15041013

Academic Editors: Giorgio Luciano

and Maurizio Vignolo

Received: 25 January 2023

Revised: 13 February 2023

Accepted: 15 February 2023

Published: 17 February 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

polymers

Article

Effect of Cementitious Capillary Crystalline Waterproofing
Materials on the Mechanical and Impermeability Properties of
Engineered Cementitious Composites with
Microscopic Analysis
Yan Tan 1,*, Ben Zhao 1, Jiangtao Yu 2, Henglin Xiao 1, Xiong Long 1 and Jian Meng 1

1 College of Civil Engineering, Architecture and Environment, Hubei University of Technology,
Wuhan 430068, China

2 School of Civil Engineering, Tongji University, Shanghai 200092, China
* Correspondence: tanyan@hbut.edu.cn; Tel.: +86-185-7150-2382

Abstract: Building structures are prone to cracking, leakage, and corrosion under complex loads
and harsh marine environments, which seriously affect their durability performance. To design
cementitious composites with excellent mechanical and impermeability properties, Engineered
Cementitious Composites (ECCs) doped with ultrahigh molecular weight polyethylene short-cut
fibers (PE-ECCs) were used as the reference group. Different types (XYPEX-type from Canada,
SY1000-type from China) and doses (0%, 0.5%, 1.0%, 1.5%, 2.0%) of Cementitious Capillary Crystalline
Waterproofing materials (CCCWs) were incorporated. The effect of CCCWs on the mechanical and
impermeability properties of PE-ECCs, and the microscopic changes, were investigated to determine
the best type of CCCW to use and the best amount of doping. The results showed that with increasing
the CCCW dosage, the effects of both CCCWs on the mechanical and impermeability properties of
PE-ECC increased and then decreased, and that the best mechanical and impermeability properties of
PE-ECC were achieved when the CCCW dosing was 1.0%. The mechanical properties of the PE-ECC
were more obviously improved by XYPEX-type CCCW, with a compressive strength of 53.8 MPa,
flexural strength of 11.8 MPa, an ultimate tensile stress of 5.56 MPa, and an ultimate tensile strain
of 7.53 MPa, which were 37.95%, 53.25%, 14.17%, and 21.65% higher than those of the reference
group, respectively. The effects of the two CCCWs on impermeability were comparable. CCCW-
PE-ECC(X1.0%) and CCCW-PE-ECC(S1.0%) showed the smallest permeation heights, 2.6 mm and
2.8 mm, respectively. The chloride ion diffusion coefficients of CCCW-PE-ECC(X1.0%) and CCCW-
PE-ECC(S1.0%) exhibited the smallest values, 0.15 × 10−12 m2/s and 0.10 × 10−12 m2/s, respectively.
Micromorphological tests showed that the particle size of the XYPEX-type CCCW was finer, and the
intensity of the diffraction peaks of C-S-H and CaCO3 of PE-ECC increased after doping with two
suitable doping amounts of CCCW. The pore structure was improved, the surface of the matrix was
smoother, and the degree of erosion of hydration products on the fiber surface was reduced after
chloride ion penetration. XYPEX-type CCCW demonstrated a more obvious improvement in the
PE-ECC pore structure.

Keywords: cementitious capillary crystalline waterproofing material; engineered cementitious
composites; mechanical properties; impermeability properties; chloride ion diffusion coefficient

1. Introduction

Concrete is one of the main construction materials in modern civil engineering [1].
It is widely utilized in building coastal and marine infrastructures because of its good
mechanical properties, simple construction, and low cost [2]. However, concrete, as a typical
inorganic composite material, has hydrophilic and porous characteristics [3]. Additionally,
concrete without reinforcement is prone to fracture under tensile and bending loads, thus
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providing an influx channel to aggressive ions under the combined actions of water, air,
and temperature variations [4–7]. This greatly accelerates the decline in the mechanical
properties and durability of concrete structures [8,9], affecting the safety and service lives
of the structures [10].

Engineered Cementitious Composites (ECCs) are green, high-performance construc-
tion materials, designed based on micromechanics and fracture mechanics, that exhibit
excellent tensile ductility at relatively low fiber content (typically ≤2% by volume frac-
tion) [11,12]. The tensile strain of ECCs reaches at least 2%, which is more than 200 times that
of ordinary concrete [13,14]. ECCs exhibit strain hardening and saturation cracking under
increasing tensile forces, with crack widths typically ranging from 0.05 mm~0.1 mm [15–18].
Studies have shown that the permeability stabilizes within 3–4 days when the ECC frac-
ture width is <60 µm, and takes 7–10 days, or even longer, to stabilize when the fracture
width is >100 µm. A tightly cracked ECC can complete self-healing in a short period of
time and can effectively prevent water molecules and corrosive ions from attacking the
material [19]. The chloride ion diffusion coefficient of ECCs is only approximately 1/2 that
of mortar and 10–35% that of concrete [20–22], and the chloride ion diffusion coefficient of
ordinary cement mortar increases exponentially with preload deformation, while ECCs
show a linear trend. This indicates that the chloride ion diffusion coefficient of ECCs is
significantly lower than that of ordinary mortar under any preloading deformation [23].
It is generally believed that multiple fine cracks produced by an ECC under load can
effectively limit the chloride ion penetration, but studies have shown that the resistance of
an ECC to chloride ion intrusion depends mainly on the accumulated crack width rather
than the maximum width [24,25]. Under prolonged exposure to chloride ions, ECCs still
exhibited high durability, ductility, and multiple cracks, with a strain capacity of more than
2% [26–28].

Most ECCs are often prepared using polyvinyl alcohol (PVA) and polypropylene
(PP) fibers, which typically achieve a 3% to 5% strain capacity [29]. Due to the presence
of hydroxyl groups in the molecular chains, the chemical bonding of PVA fibers to the
matrix is very strong, resulting in a large number of fibers that cannot be pulled out of
the matrix but break directly. Oiling the surface of PVA fibers can significantly reduce the
interfacial bond strength between the fibers and the matrix, to achieve the desired multiple-
cracking behavior [30]. Compared with PVA fibers, PE fibers have a higher strength and
elastic modulus. More importantly, unlike the hydrophilic nature of PVA, PE fibers are
hydrophobic, which reduces the chemical bonding between the fibers and the substrate
and makes PE fibers less likely to break during the pull-out process. These properties
of PE fibers favor defect size tolerance and fiber bridging complementary energy [31,32],
with great potential for the preparation of stronger ECCs [33–35]. With increasing PE
fiber content, the tensile strain capacity, bending deformation capacity, and fiber bridging
capacity increased significantly, while the first cracking stress, peak stress, flexural strength,
and fiber bridging strength increased and then decreased, and the composites containing a
1.5% volume fraction of PE fibers had the highest peak stress, compressive strength, and
excellent workability [32]. However, under the influence of extreme environments such
as high corrosion, the fiber-matrix interface of PE-ECCs may be altered, thus affecting the
durability performance of PE-ECCs. First, the PE-ECC is doped with a large number of
polymer fibers, and as the PE fiber content increases, the interface area between the fibers
and the matrix increases accordingly, providing more channels for ion transport. Second,
during the hydration reaction of cement, a water film is easily formed around the polymer
fibers, resulting in a high water-cement ratio and increased porosity in the area around
the fibers, and the fine cracks of ECC still cannot effectively block the rapid invasion of
water molecules and chloride ions under long-term immersion in seawater or extreme
environments [36]. Therefore, enhancing the permeation resistance of PE-ECCs can help to
improve their durability performance in extremely corrosive environments.

Cementitious Capillary Crystalline Waterproofing materials (CCCWs) are rigid water-
proofing materials that offer the advantages of environmental protection, waterproofing,
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corrosion resistance, and self-healing [37,38]. K. Zheng’s studies have shown that the
addition of CCCW promotes the hydration of cement and increases the condensation rate
within a certain period of time, and that an appropriate amount of CCCW can greatly
improve the mechanical and durability properties of cement-based materials [39]. When a
CCCW is used as a surface coating, it has little effect on the compressive strength of the
concrete, but when a CCCW is used as an admixture, it can greatly improve the compres-
sive strength of the concrete [40]. This is because CCCWs can be uniformly dispersed in
the structure during the mixing process, filling the pores through capillary crystallization
reactions [41], which makes the structure more dense. Escoffres showed that under constant
load, the incorporation of calcium is beneficial for restoring the mechanical properties of
high-performance fiber-reinforced concrete, and the synergistic effect of fibers and calcium
enables self-healing products to better bind to fibers [42]. Huang argues that when a struc-
ture cracks due to external conditions, internal fibers can play a crack resistance role, which
helps CCCWs to better exert their performance [43]. When cracks appear in the concrete
structure, the active chemicals in the CCCW penetrate into the concrete through the water,
which acts as a carrier, which promotes a chemical reaction between the CCCW and cement
hydration products and forms water-insoluble crystals, thereby blocking the pores and
microcracks, effectively alleviating the penetration of chloride ions, prolonging the service
life of the structure, and greatly reducing the maintenance costs caused by corrosion [44,45].

The improvement in structural impermeability imparted by CCCWs is related to
the improvement in the internal pore structure, which depends on many factors, such
as the CCCW content, composition, and environmental conditions [37]. Zheng et al. [39]
showed that the total porosity of the structure decreased with increasing CCCW content.
Azarsa et al. [41] demonstrated that CCCW increased the surface resistivity of concrete
and reduced the chloride ion flux, thus improving the resistance of concrete to chloride ion
penetration. CCCWs were more effective at improving the permeability resistance of the
structural matrix as an admixture, compared to CCCW-coated specimens [37]. In general,
the addition of a CCCW to concrete can improve the strain capacity of the material [46].
The CCCW has little effect on the material’s compatibility, and when the amount of the
CCCW is appropriate, it can greatly improve the mechanical properties and durability
of cementitious materials [37], while there are differences in the effects of different types
of CCCWs on material properties. Addition of a CCCW may increase the types of self-
healing products, change their morphology and quantity, and improve the properties of the
structure [47]. The types and proportions of self-healing products vary depending on the
location of the cracks, and the self-healing products of cracks on the surfaces of structures
were mainly CaCO3 [48].

At present, there have been more studies on the role of CCCWs in ordinary concrete,
but less research has been conducted on the impact of PE-ECC performance, especially the
degree of impact on tensile and impermeability properties, which remains to be studied.
Therefore, in this study, ECCs doped with ultrahigh molecular weight polyethylene short-
cut fibers (PE-ECCs) were used as a benchmark group, and were mixed with different
types and amounts of cementitious capillary crystalline waterproofing materials (CCCWs).
Compressive tests, flexural tests, and tensile tests were used to test their mechanical
properties, and the permeability height method and rapid chloride migration coefficient
method were used to analyze their impermeabilities. Laser particle size distribution,
XRD, MIP, and SEM measurements were used to examine the particle size distribution,
phase composition, pore structure, and micromorphology of the materials, respectively,
providing implications for the protection of structures and buildings under complex loading
conditions and in extremely harsh marine environments.

2. Experimental Procedure
2.1. Materials and Mix Ratio

The raw materials prepared for casting specimens included PII 52.5 Portland ce-
ment, Class fly ash, fine sand, and polycarboxylic high-range water reducer (HRWR). The
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chemical compositions of the cement and fly ash, measured by XRF (X-ray fluorescence
spectroscopy), are shown in Table 1. The fine sand was ultra-fine sand produced by Shang-
hai Fengxian Sand Factory, with specifications of 70~110 mesh and a maximum particle
size of 0.21 mm. The water reducing agent was the high efficiency powder water reducing
agent of polycarboxylic acid, produced by Shanghai Sanrui Company. Ultrahigh molecular
weight polyethylene cropped fibers (PE) was selected as the reinforcement. The appearance
and microscopic morphology of the PE fibers are shown in Figure 1a,b, the fibers have a
disordered distribution. The fiber length was 12 mm, fiber diameter was 25 µm, and the
density and elastic modulus of the fiber were 0.97 g/cm3 and 116 GPa, respectively. The
volume fraction of PE fibers in the mix was 1.5%.

Table 1. Chemical compositions of the raw materials.

Ingredients (%) SiO2 K2O TiO2 Fe2O3 CaO Al2O3 SO3

Cement 19.90 0.79 0.21 3.00 64.90 4.42 2.67

Fly ash 51.70 1.40 1.19 5.22 7.65 23.90 0.91
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Figure 1. PE fiber: (a) Appearance; (b) SEM microtopography.

XYPEX-type CCCW from Canada, and SY1000-type CCCW developed by Yu Jianying’s
team from the Wuhan University of Technology in China, were selected. The particle size
distributions of the XYPEX-type CCCW and SY1000-type CCCW are presented in Figure 2.
For the XYPEX-type CCCW, most of the particle sizes were less than 102.2 µm. Fifty percent
and 90% of the particles had sizes of less than 14.82 µm and 44.68 µm, respectively. The
most probable distribution of the particle size was 23.96 µm. For SY1000, most of the
particle sizes were less than 114.6 µm. Fifty percent and 90% of the particles had sizes less
than 38.86 µm and 70.83 µm, respectively. The most probable distribution of the particle
size was 46.86 µm. Clearly, the XYPEX-type CCCW is more fine than the SY1000-type.
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Figure 2. Particle size distribution of the XYPEX-type and SY1000-type CCCWs: (a) Difference
particle size distributions; (b) Cumulative particle size distributions.

221



Polymers 2023, 15, 1013

After 28 days of curing, X-ray diffraction analysis (D8, Advance, Bruker) was per-
formed to identify the chemical compositions of the two different kinds of CCCWs, the
phase composition (Figure 3).
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The main components of the XYPEX-type CCCW included Ca(OH)2, Mg(OH)2,
Ca3SiO5, and CaSO4. Ca3SiO5 reacted with H2O to produce calcium silicate hydrate
(C-S-H) gel, which can effectively fill the cracks and pores in cement-based materials. As
the compensators of Ca2+, Ca(OH)2 and CaSO4 provide a large amount of Ca2+ as Ca2+

complexants, and Ca2+ complexants can reduce the activation energy of hydration products
reacting with calcium ions. When reaching the area where the cement gel is enriched, due
to the different solubilities and stabilities of the products, the anions in the complexing
agent will be replaced by silicate and aluminate ions. This can generate a large number of
stable insoluble Ca2+ complexes in the water environment, promote the healing of cracks
in the matrix material, and effectively resist the erosion of chloride ions.

The SY1000-type CCCW mainly contained clairvorite (CuSiO2(OH)2), acrylamide
(C3H5NO), and dicalcium hydrogen phosphate (CaHPO4·2H2O), and sodium fumarate
(C4H3NaO4). CaHPO4·2H2O was deemed an enhancer of Ca2+ as it can provide large
quantities of Ca2+ in the water. Therefore, more Ca2+ complexes tended to be generated,
which was conducive to the filling of cracks and pores. C3H5NO can not only improve
the physical properties of synthetic fibers but also has the ability to prevent corrosion.
In combination with C4H3NaO4, a new type of antiseptic, it obviously promoted the
anticorrosion of the materials. The two advantages, i.e., the favorable formation of Ca2+

complexes and anticorrosion effect, demonstrated the better chloride ion resistance of the
SY1000-type CCCW.

The mass fractions of CCCW used were set as 0%, 0.5%, 1.0%, 1.5%, and 2.0% of the
cementitious material. The mix proportions are listed in Table 2.
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Table 2. Mix proportion (kg/m3) of PE-ECC CCCW-PE-ECC(X) and CCCW-PE-ECC(S).

Sand Cement Fly Ash Water HRWR Fiber CCCW

PE-ECC 474.4 593.0 711.6 387.1 4.0 14.7 0

CCCW-PE-ECC(X0.5%) 474.4 593.0 711.6 387.1 4.0 14.7 6.52

CCCW-PE-ECC(X1.0%) 474.4 593.0 711.6 387.1 4.0 14.7 13.05

CCCW-PE-ECC(X1.5%) 474.4 593.0 711.6 387.1 4.0 14.7 19.57

CCCW-PE-ECC(X2.0%) 474.4 593.0 711.6 387.1 4.0 14.7 26.09

CCCW-PE-ECC(S0.5%) 474.4 593.0 711.6 387.1 4.0 14.7 6.52

CCCW-PE-ECC(S1.0%) 474.4 593.0 711.6 387.1 4.0 14.7 13.05

CCCW-PE-ECC(S1.5%) 474.4 593.0 711.6 387.1 4.0 14.7 19.57

CCCW-PE-ECC(S2.0%) 474.4 593.0 711.6 387.1 4.0 14.7 26.09
Note: PE-ECC is the reference group, CCCW-PE-ECC(X) indicates that the XYPEX-type CCCW is added. CCCW-
PE-ECC(S) indicates that the SY1000-type CCCW is added. CCCW-PE-ECC(X0.5%) indicates that the XYPEX-type
CCCW is added and its mass fraction is 0.5% of the cementitious material, CCCW-PE-ECC(S0.5%) indicates that
the SY1000-type CCCW is added and its mass fraction is 0.5% of the cementitious material.

2.2. Experimental Programs

An LJ-XLG50E blender was used to mix the raw materials. First, 80% of the water was
added to the mixer, and then all the cement, sand, fly ash, and HRWR were added and
mixed for 1 min. The remaining 20% of the water was added during the mixing process.
After mixing for 3–5 min, PE fibers were gradually added and stirred for 5 min until the
fibers were well dispersed. Finally, the fresh PE-ECC mortar was placed into the mold.
All the specimens were demolded after one day and cured in a constant temperature and
humidity container for 28 days.

The compressive strength and flexural strength were tested using a DYE-300S hy-
draulic servo loading system. The dimensions of the specimens used for testing were
70.7 mm × 70.7 mm × 70.7 mm and 40 mm × 40 mm × 160 mm, respectively. The tensile
tests were conducted using a WDW-100C electronic servo loading system, and the loading
rate was set to 1.5 mm/min. As shown in Figure 4a, electronic extensometers were used to
measure the elongation.
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The crack morphology and distribution were tested by digital image correlation (DIC).
First, black and white paint was sprayed on the specimen to form a random speckle
pattern, as shown in Figure 4b. Then, high-resolution photographs of the target area on
the specimen surface were taken every 10 s during uniaxial tensile loading, and finally,
the photographs were imported into the MATLAB software to calculate the local strain by
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tracking the movement of pixels in small areas before and after deformation, to generate
strain maps at different loading stages.

The permeability test was performed using the permeability height method, via an
SS-15 mortar permeability meter, test equipment, and the specific specimen size, as shown
in Figure 5a,b. After the test began, the water pressure was maintained at a constant
(1.2 ± 0.05) MPa and maintained for 24 h. At the end of the test the specimens were split
into two halves, using a waterproof pen to trace the watermarks and a steel ruler along the
watermarks at equal intervals to measure 10 measuring points. Finally, the average value
was used as the water penetration height of the group of specimens.
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Figure 5. (a) SS-15 Mortar penetrometer; (b) Schematic diagram.

The chloride ion penetration test was performed based on the rapid chloride-ion
migration coefficient method (RCM) stipulated in GB/T50082-2009 [49]. The diameter
and height of the cylinder specimens were 100 mm and 50 mm, respectively. Before the
test, a water saturation machine was used to vacuum water the specimens for (18 ± 2) h.
Approximately 300 mL of NaOH solution, with a concentration of 0.3 mol/L, was injected
into the rubber sleeve, and 12 L of NaCl solution, with a mass concentration of 10%, was
injected into the cathode test tank and made flush with the liquid level of the NaOH
solution in the rubber sleeve, as shown in the test diagram and schematic diagram in
Figure 6a,b. After the experiment, the cylinders were cut into halves along the diameter
and then sprayed with 0.1 mol/l AgNO3 solutions onto the cut sections. After that, the
penetration depth of chloride ions was measured by using a KS-105 wireless electronic
meter, as shown in Figure 7a–c.
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DRCM—Nonstationary chloride ion mobility coefficient; U—absolute value of the
voltage used (V); T—average of the initial and ending temperatures of the anode solution
(◦C); L—specimen thickness (mm); Xd—average value of chloride ion penetration depth
(mm); and t—duration of the test (h).

Furthermore, a BT-9300S laser particle size distribution instrument was used to detect
the particle size of the two types of CCCWs, and X-ray diffractometry (XRD; Brooke
D8 advanced X-ray diffractometer) was used to test the phase composition of the two
types of CCCWs, as well as the hydration products of PE-ECC and CCCW-PE-ECC. The
PE-ECC and CCCW-PE-ECC pore distributions were determined using an AutoPore Iv
9520 mercury pressure meter. Scanning electron microscopy (SEM) was used to observe
the micromorphologies of the PE-ECC and CCCW-PE-ECC specimens before and after
chloride ion penetration.

3. Results and Discussion
3.1. Mechanical Properties

The compressive strength and flexural strength of CCCW-PE-ECC(X) and CCCW-
PE-ECC(S) are shown in Figure 8a,b. The compressive strength and flexural strength of
PE-ECC were increased to a certain extent after mixing two kinds of CCCW separately,
because the CCCW contains not only active substances but also a large amount of Ca2+

and SiO3
2−, which can generate more calcium carbonate (CaCO3) and calcium silicate

hydrate (C-S-H) and other gel products while catalyzing the hydration reaction of cement,
filling the pores and cracks. The density of the matrix was improved. The compressive
and flexural strengths of CCCW-PE-ECC(X) and CCCW-PE-ECC(S) were enhanced and
then weakened with increased CCCW doping. The compressive strengths of CCCW-
PE-ECC(X1.0%) and CCCW-PE-ECC(S1.0%) reached maximum values of 53.8 Mpa and
51.3 Mpa, respectively, which are 37.95% and 31.54% higher than those of the PE-ECC. The
flexural strengths of CCCW-PE-ECC(X1.0%) and CCCW-PE-ECC(S1.0%) were 11.8 Mpa
and 9.5 Mpa, respectively, which are 53.25% and 23.38% higher than those of the PE-ECC.
Moreover, the effect of the XYPEX-type CCCW on the compressive and flexural strengths
is more obvious. This may be because the particle size of the XYPEX-type is finer than that
of the SY1000-type, and the hydration reaction of cement is more efficient, which results in
a denser microstructure and matrix-fiber interface.

As shown in Figure 9a, under uniaxial tension, the PE-ECC showed excellent crack
control ability. Different from the brittle failure that occurred in ordinary concrete, the
failure modes of PE-ECC were ductile failures, extending from one single crack to multiple
fine cracks. All the PE-ECCs demonstrated tensile strain-hardening behaviors under
tension, indicating that PE-ECC can still bear a higher load with a continuous increase in
strain. Additionally, the cracking at the first crack point gradually developed into multiple
cracking in the whole range. The microscopic morphology of the matrix material and
PE fibers following tensile damage is shown in Figure 9b, where the PE fibers are pulled
out instead of being pulled off. These properties of PE fibers favor defect size tolerance
and fiber bridging complementary energy. This indicates that the PE fibers can withstand
greater deformation and that the material ductility was significantly enhanced.
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The stress-strain curves of CCCW-PE-ECC(X) and CCCW-PE-ECC(S) are shown in
Figure 10a,b. The stress-strain curves can be roughly divided into three stages: elastic stage,
crack stable development stage, and local crack expansion fiber pull-out stage. From the
beginning of loading to the appearance of the first crack, the stress and strain increase
linearly, and in the crack stable development stage the strain hardening phenomenon is
presented. Finally, in the local crack expansion fiber pull-out stage, no new cracks are
generated, and the local cracks keep expanding until the maximum stress appears and the
specimen is pulled out. The ultimate tensile stress and ultimate tensile strain are shown
in Figure 11a,b. With increasing CCCW doping, the ultimate tensile stress and ultimate
tensile strain of CCCW-PE-ECC(X) and CCCW-PE-ECC(S) show an increasing and then
decreasing trend. The ultimate tensile stress and ultimate tensile strain of CCCW-PE-
ECC(X1.0%) and CCCW-PE-ECC(S1.0%) reach ultimate tensile stress values of 5.56 N/mm2

and 5.28 N/mm2, which are 14.17% and 8.42% increases, respectively, compared with the
reference group. The ultimate tensile strains were 7.53% and 7.11%, which are 21.65% and
14.86% increases, respectively, compared with the reference group. The ultimate tensile
stress and ultimate tensile strain of CCCW-PE-ECC(X2.0%) and CCCW-PE-ECC(S2.0%)
exhibit the minimum values. The ultimate tensile stress values are 4.15 N/mm2 and
4.27 N/mm2, which are 14.78% and 12.32% lower than the benchmark group, and the
ultimate tensile strains are 5.43% and 5.33%, which are 12.28% and 13.89% lower than
the benchmark group, respectively. This shows that the tensile properties of the PE-ECC
are improved to a certain extent when the right amount of CCCW is incorporated, while
an excessive amount of CCCW reduces the tensile properties of the PE-ECC. When an
appropriate amount of CCCW was added, the generated gel products effectively filled the
internal pores and cracks of the matrix, enhanced its compactness, promoted the bridging
properties between the matrix and fibers, and thus enhanced its tensile properties. In
contrast, excessive CCCW led to the generation of excessive hydration products, which
caused the internal volume of the matrix to expand to a certain extent and destroyed the
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balance of mechanical interaction among the fibers, matrix, and composite interface in
PE-ECC. The balance of the mechanical interaction among the three in the PE-ECC led to
the weakening of its tensile properties.
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The regulation of crack width has a significant influence on improving the mechanical
properties and durability of cementitious materials. The standard requires that for structural
components exposed to an adverse environment, or specially designed for anti-seepage,
the crack width should be less than 200 µm [50]. As shown in Figure 12a–c, uniformly dis-
tributed cracks were narrowed when PE-ECC, CCCW-PE-ECC(X), and CCCW-PE-ECC(S)
were subjected to tension, and the corresponding average crack widths were 60 µm, 70 µm,
65 µm, respectively. Evidently, all the crack widths were far less than the specification
requirements [50], indicating that the aforementioned ECCs had acceptable durability.
With the addition of CCCW, the crack spacing of PE-ECC became wider. Additionally, the
number of cracks within the 80 mm gauge length of dog-bone-shaped specimens cast with
PE-ECC, CCCW-PE-ECC(X), and CCCW-PE-ECC(S) was 42, 63, and 56, respectively. This
demonstrates that the appropriate addition of CCCW caused an increase in the crack width
and the number of cracks, thus enhancing the tensile deformation capacity.
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Figure 12. Crack distribution after stretching of (a) PE-ECC, (b) CCCW-PE-ECC (X1.0%), and
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The crack morphology and distribution were tested by digital image correlation (DIC).
As shown in Figure 13a–c, as the load increases from zero, the tensile stress inside the
cement matrix composite increases linearly until it reaches the elastic limit state. When the
stress intensity factor is equal to the local matrix fracture toughness, the maximum crack
internal defect, or weak zone, causes microcrack extension. When the tensile stress reaches
the initial cracking strength, flattened matrix microcracks expand almost instantaneously
on the specimen surface. After satisfying the multiple crack energy criterion, the cracks
on the specimen surface expand in a steady-state flat crack expansion mode. A slight
decrease in tensile stress occurs due to the sudden loss of the load transfer capability of
the matrix. However, the fiber bridging stress does not exceed the matrix cracking stress,
and as the tensile strain increases, the tensile stress not only recovers but exceeds the initial
crack strength. The tensile stress continues to increase until another microcrack appears
at the next largest defect. New flattened cracks continue to form and expand until the
tensile stress at the weakest cross section of all cracked sections of the specimen exceeds
the fiber bridging capacity. Eventually, the damage is concentrated at the weakest part
of the bridging action. Compared with PE-ECC, CCCW-PE-ECC(X1.0%) and CCCW-PE-
ECC(S1.0%) have a more uniform distribution of the main cracks throughout the middle
region. Numerous fine saturated microcracks can be formed between the main cracks, the
total deformation in the intermediate region increases, and the ductility is enhanced. Thus,
the tensile deformation capacity of the material has been improved.

3.2. Water Seepage Resistance

The water seepage heights of CCCW-PE-ECC(X) and CCCW-PE-ECC(S) are shown
in Figure 14. With increasing CCCW doping, the water seepage heights of both CCCW-
PE-ECC(X) and CCCW-PE-ECC(S) show a trend of first decreasing and then increasing.
CCCW-PE-ECC(X1.0%) and CCCW-PE-ECC(S1.0%) show the smallest permeation heights,
2.6 mm and 2.8 mm, respectively, which are 69.77% and 68.18% lower than those of the
baseline group. Both CCCWs improve the impermeability of the PE-ECC to a similar extent.
A CCCW can act synergistically with the PE fibers to promote the compactness of the matrix
material. The principle is that when the cementitious material is in a dry environment,
the active substance in CCCW is in a dormant state inside it, and when it is in a water
environment or a wet state, the water pressure prompts the water molecules to penetrate
into the pores and cracks inside the cementitious material with the active substance, and
the active substance and Ca2+ in the material undergo a precipitation reaction to produce
insoluble Ca2+ precipitate. At this time, part of the precipitate attaches to the surface of the
PE fibers, which strengthens the bond between the fibers and the matrix, and the other part
fills the pores and cracks, blocks the transmission of water molecules inside the matrix, and
improves the water seepage resistance of the cementitious materials. However, excessive
CCCW leads to an increase in hydration products and a certain expansion of the matrix
volume, resulting in an increase in pores and cracks and a slight decrease in the water
seepage resistance.
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3.3. Anti-Chloride Ion Penetration Performance

The chloride ion permeation heights and chloride ion diffusion coefficients of CCCW-
PE-ECC(X) and CCCW-PE-ECC(S) are shown in Figure 15a,b, respectively. With increasing
CCCW doping, the chloride ion permeation heights of CCCW-PE-ECC(X) and CCCW-PE-
ECC(S) show a decreasing and then increasing trend, and the chloride ion permeation
heights of CCCW-PE-ECC(X1.0%) and CCCW-PE-ECC(S1.0%) show minimum chloride ion
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permeation heights of 3.13 mm and 2.18 mm, respectively, which are 64.39% and 75.20%
lower than the baseline group. The chloride ion diffusion coefficients shows a decreasing
and then increasing trend, and CCCW-PE-ECC(X1.0%) and CCCW-PE-ECC(S1.0%) exhibit
the smallest values, 0.15 × 10−12 m2/s and 0.10 × 10−12 m2/s, respectively, which are
68.75% and 79.17% lower than those of the reference group.
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The anti-chloride ion permeation performance of PE-ECC is enhanced to a certain
extent by incorporating an appropriate amount of CCCW, while the incorporation of exces-
sive CCCW leads to a specific decrease in the anti-chloride ion permeation performance.
This is because the incorporation of an appropriate amount of CCCW can effectively pro-
mote the hydration reaction of cement, generating a more suitable content of hydration
products to fill the pores, and blocking the transmission of chloride ions inside the matrix,
effectively inhibiting the erosion of chloride ions and enhancing the resistance to chloride
ion penetration. However, an excessive amount of the CCCW will lead to the generation
of excessive hydration products, resulting in matrix cracking damage, some pores, and
cracks, and if there is an excessive amount of calcium alumina (AFT) in the hydration
products, then excessive volume expansion occurs, which can have a negative impact on
the cement matrix, thus leading to a decline in the chloride ion penetration resistance.
The combined results of the chloride ion permeation heights and chloride ion diffusion
coefficients show that the SY1000-type CCCW had better impermeability resistance than
the XYPEX-type CCCW. This may be because the SY1000-type CCCW contains some anti-
corrosive substances, such as acrylamide (C3H5NO) and sodium fumarate (C4H3NaO4),
which can effectively neutralize Cl−, reduce the erosion of Cl− on the matrix material, and
effectively improve the material’s resistance to chloride ion penetration.

4. Microscopic Analysis
4.1. Phase Composition Testing and Analysis

After 28 days of curing, X-ray diffraction analysis (D8, Advance, Bruker) was per-
formed to identify the chemical compositions of the hydration products with PE-ECC,
CCCW-PE-ECC(X1.0%), and CCCW-PE-ECC(S1.0%).

According to Figure 16, the same hydration products, including SiO2, C-S-H, CaCO3,
and ettringite, exist in PE-ECC, CCCW-PE-ECC(X1.0%), and CCCW-PE-ECC(S1.0%), in
which SiO2 accounted for the largest proportions and the intensity diffraction peaks of
C-S-H, CaCO3, and ettringite in the CCCW-PE-ECC(X1.0%) and CCCW-PE-ECC(S1.0%) are
higher than those in the reference PE-ECC. CaCO3 serves as a nucleation matrix, decreasing
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the potential barrier of nucleation and thus accelerating cement hydration. C-S-H gel is
prone to forming in pores, which can refine the microstructures and then increase the
compactness. Despite the existence of the volume expansion effect, the formation of
ettringite is not necessarily regarded negatively. The expansion can somehow be helpful in
promoting strength development at an early stage, compensating for shrinkage. It is safe to
say that the addition of CCCW could promote the hydration reaction of the matrix, due to
differences in concentration and pressure, the active substances in the CCCW can penetrate
into a matrix with water through microcracks and then react with free lime and oxides
in the pores to form an insoluble crystalline substance. In a dry environment, the active
chemical precipitates out into its solid form and remains dormant, and when microcracks
appear in the matrix, the water re-excites the activity of the active chemical, causing it to
continue to diffuse and react until the crack is filled and compacted.
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The peak intensity diffraction of Ca(OH)2 in CCCW-PE-ECC(X1.0%) and CCCW-PE-
ECC(S1.0%) was reduced compared to PE-ECC because the active substance in CCCW was
able to consume the Ca(OH)2 present in the cement base. This plays an important role in
terms of the durability. The chemical reaction to reduce the Ca2+ content in substances is
beneficial for the strength and compactness of the material, thus improving the overall
strength and impermeability of the material.

4.2. Pore Structure Testing and Analysis

CCCWs can optimize the pore structure in EECs by improving their structural com-
pactness [43]. The data obtained for PE-ECC, CCCW-PE-ECC(X1.0%), and CCCW-PE-
ECC(S1.0%) are shown in Table 3, where the total pore volume, total pore area, and average
pore size of CCCW-PE-ECC(X1.0%) and CCCW-PE-ECC(S1.0%) were decreased, while the
bulk density and apparent density were increased, leading to a decrease in permeability.
It is implied that the structure of the PE-ECC was more compact after incorporating the
CCCW.
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Table 3. MIP results of PE-ECC, CCCW-PE-ECC(X1.0%) and CCCW-PE-ECC(S1.0%) for 28 days.

Total Intrusion
Volume
(mL/g)

Total Pore
Area

(m2/g)

Average Pore
Diameter

(nm)

Bulk Density
(g/mL)

Apparent
Density
(g/mL)

Porosity
(%)

Permeability
(md)

PE-ECC 0.21 11.90 62.32 1.24 1.54 24.74 476.58

CCCW-PE-
ECC(X1.0%) 0.14 9.43 47.54 1.49 2.16 19.32 122.34

CCCW-PE-ECC(S1.0%) 0.16 9.98 53.21 1.40 1.75 20.09 197.61

According to pore size, pores in concrete can be divided into air pores (d > 1 µm),
capillaries (10 nm~1 µm), and gel pores (d < 10 nm) [51,52]. As shown in Figure 17a, the
total pore volume of CCCW-PE-ECC(X1.0%) was 0.14 mL/g, and the total pore volume
of CCCW-PE-ECC(S1.0%) was 0.16 mL/g. While the total pore volume of PE-ECC was
0.21 mL/g, compared with PE-ECC, the total pore volumes of CCCW-PE-ECC(X1.0%) and
CCCW-PE-ECC(S1.0%) were reduced by 33.33% and 23.81%, respectively, and the capillary
pores and gel pores were greatly reduced, indicating that the internal pore structure of
PE-ECC was effectively improved after incorporation of the CCCW, the pores were reduced
and the structure was more compact. The pore volume varies with pore size, as shown
in Figure 17b. The PE-ECC pore volume varies greatly in the range of stomatal pores, the
pore volume of CCCW-PE-ECC(S1.0%) changes greatly in the pore range, and CCCW-PE-
ECC(X1.0%) varies greatly in the gel pore range, indicating that the CCCW-PE-ECC(X1.0%)
pores were more uniformly distributed in the range of stomatal pores and pores, and the
overall pore volume was small. The trend of total pore area with pore size is shown in
Figure 17c. When the diameter was greater than 1000 nm, the pore area was almost zero,
and the proportion of large pores was very small, indicating that the pores were mainly
composed of pores and gel pores. The total pore area of PE-ECC was 11.90 m2/g, and the
total pore areas of CCCW-PE-ECC(X1.0%) and CCCW-PE-ECC(S1.0%) were 9.43 m2/g and
9.98 m2/g, respectively, which were 20.76% and 16.13% lower than that of PE-ECC. This
indicates that the number of PE-ECC pores decreased after incorporation of the CCCW.
The pore density distribution function is shown in Figure 17d. The physical significance of
the pore density distribution function is to divide the entire aperture distribution range
into several pores of 1 nm. If there is a hole with a certain nanometer size, then the pore
capacity value of this hole is expressed in ordinate coordinates. When the pore sizes of
PE-ECC, CCCW-PE-ECC(X1.0%), and CCCW-PE-ECC(S1.0%) were 9.06 nm, 9.07 nm, and
5.49 nm, respectively, the pore volume was the largest, and most of the pore structure was
capillary and gel pores. When d > 1000 nm, the pore volume was almost zero, indicating
that although there are some large pores, the pore depth was small. The pore structure
distribution is shown in Figure 17e. The peak of each stage is the most permeable pore
size in the aperture range; that is, the pore volume here was the largest, and the peak of
CCCW-PE-ECC(X1.0%) in the range of pores and gel pores is less than that of PE-ECC and
CCCW-PE-ECC(S1.0%), indicating that its maximum pore volume in each pore size range
was small. The measured and predicted values of the total pore volume with pressure are
shown in Figure 17f. When the pressure was close to 20,000 Pa, the pores in the material
were almost filled with mercury. When the pressure exceeded 20,000 Pa, the total pore
volume did not change much.

In summary, after having an appropriate amount of CCCW incorporated into it, the
pore structure of PE-ECC was improved. Both the total pore volume and total pore area, or
the porosity and permeability, demonstrated decreases. This is because, on the one hand,
the CCCW can promote the cement hydration reaction, and the generated CaCO3, C-S-H
gel, and calcium alumina (AFT) are beneficial for filling pores and cracks. On the other
hand, the active substances in the CCCW can replace Ca2+ in unhydrated Ca(OH)2 in the
cement and generate more stable C-S-H gel and CaCO3 crystals to fill capillaries and gel
pores, improving the pore structure. The XYPEX-type CCCW more obviously improved
the pore structure of the PE-ECC.
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4.3. Micromorphology Test Analysis

The microscopic topographies of PE-ECC, CCCW-PE-ECC(X1.0%) and CCCW-PE-
ECC(S1.0%) after chloride ion penetration are presented in Figure 18a–c, respectively. THe
XRD results showed that the hydration products may be CaCO3, C-S-H, and AFT on the
fiber surface. The amount and volume of hydration products on the surface of the PE-ECC
fibers were decreased compared with CCCW-PE-ECC(X1.0%) and CCCW-PE-ECC(S1.0%).
Hydration products on a fiber’s surface not only promote the connection between the fiber
and the matrix but also fill the pores. Due to the reduction of hydration products, the
pores originally filled by hydration products will reappear, resulting in the decrease of
matrix compactness and the degradation of PE-ECC performance to a certain extent. The
hydration products of CCCW-PE-ECC(X1.0%) and CCCW-PE-ECC(S1.0%) are greater in
number and more dense than those of the PE-ECC after chloride ion permeation, indicating
that they are more resistant to chloride ion attack than PE-ECC, which further indicates
that the incorporation of a CCCW can effectively improve the chloride ion permeation
resistance of PE-ECC.
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5. Conclusions

To design cementitious composites with excellent mechanical and impermeability
properties, the excellent tensile properties of PE-ECC and the unique impermeability prop-
erties of CCCW were combined. Different types and doses of CCCW were incorporated
into the PE-ECC to study the effect of the CCCW on the mechanical and impermeabil-
ity properties of the PE-ECC, and to analyze them at the microscopic level. The main
conclusions are described as follows:

(1) With increasing CCCW doping, the mechanical properties of the PE-ECC tended
to increase first and then decrease, and the mechanical properties were best when
the doping amount was 1%. The mechanical properties of the PE-ECC were more
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obviously improved by the XYPEX-type CCCW, with a compressive strength of
53.8 MPa, flexural strength of 11.8 MPa, an ultimate tensile stress of 5.56 MPa, and an
ultimate tensile strain of 7.53 MPa, which were 37.95%, 53.25%, 14.17%, and 21.65%
higher than those of the reference, respectively.

(2) According to crack width meter and DIC analyses, the number of cracks in the
middle region of the dog-bone specimens increased, the crack tolerance increased, the
distribution was more uniform, and the crack control ability and tensile ductility were
enhanced, after incorporating a suitable amount of the CCCW.

(3) With increased CCCW dosing, the seepage resistance of PE-ECC tended to increase
and then decrease, and the best performance of PE-ECC was achieved when the
dosing was 1%. CCCW-PE-ECC(X1.0%) and CCCW-PE-ECC(S1.0%) showed the
smallest permeation heights, 2.6 mm and 2.8 mm, respectively, which are 69.77%
and 68.18% lower than that of the baseline. The chloride ion diffusion coefficients
of CCCW-PE-ECC(X1.0%) and CCCW-PE-ECC(S1.0%) exhibit the smallest values,
0.15 × 10−12 m2/s and 0.10 × 10−12 m2/s, respectively, which are 68.75% and 79.17%
lower than that of the reference.

(4) Laser particle size distribution meter analysis showed that the XYPEX-type CCCW
particle size was finer than that of SY1000. The XRD analysis showed that both CC-
CWs, with suitable doping, can enhance the C-S-H gel and CaCO3 intensity diffraction
peaks of the PE-ECC and that the enhancement of the XYPEX-type CCCW was more
obvious. The enhancement of the XYPEX-type CCCW on the PE-ECC against chloride
ion permeation is mainly due to the generation of more hydration products to fill
the pores and improve the structural compactness, while the SY1000-type CCCW
mainly improves the performance against chloride ion permeation because it contains
acrylamide and sodium fumarate, which perform an anti-corrosion function.

(5) MIP and SEM showed that the total pore volume, total pore area, permeability, and
porosity of the PE-ECC decreased, and that the structure was more compact, after
doping with two suitable doses of CCCW. The improvement in the pore structure of
the PE-ECC was more obvious after doping with XYPEX-type CCCW. After doping
with CCCW, the surface of the PE-ECC matrix was flatter, and the degree of erosion of
hydration products on the PE fiber surface was reduced after chloride ion penetration.
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Abstract: We report simulations on a highly-sensitive class of metasurface-based nitrogen dioxide
(NO2) gas sensors, operating in the telecom C band around the 1550 nm line and exhibiting strong
variations in terms of the reflection coefficient after assimilation of NO2 molecules. The unit ar-
chitecture employs a polymer-based (polyvinylidene fluoride—PVDF or polyimide—PI) motif of
either half-rings, rods, or disks having selected sizes and orientations, deposited on a gold substrate.
On top of this, we add a layer of hydrophyllic polymer (POEGMA) functionalized with a NO2-
responsive monomer (PAPUEMA), which is able to adsorb water molecules only in the presence
of NO2 molecules. In this process, the POEGMA raises its hidrophyllicity, while not triggering a
phase change in the bulk material, which, in turn, modifies its electrical properties. Contrary to
absorption-based gas detection and electrical signal-based sensors, which experience considerable
limitations in humid or wet environments, our method stands out by simple exploitation of the
basic material properties of the functionalized polymer. The results show that NO2-triggered water
molecule adsorption from humid and wet environments can be used in conjunction with our meta-
surface architecture in order to provide a highly-sensitive response in the desired spectral window.
Additionally, instead of measuring the absorption spectrum of the NO2 gas, in which humidity counts
as a parasitic effect due to spectral overlap, this method allows tuning to a desired wavelength at
which the water molecules are transparent, by scaling the geometry and thicknesses of the layers to
respond to a desired wavelength. All these advantages make our proposed sensor architecture an
extremely-viable candidate for both biological and atmospheric NO2 gas-sensing applications.

Keywords: metasurfaces; gas sensors; frequency-selective surface; optical sensing

1. Introduction

Metasurfaces are artificial materials that have the ability to influence and control the
electromagnetic field by means of almost any degree of freedom in their construction [1,2].
As a result, a significant number of effects have been observed, some of them recreating
the ones in bulk materials and some completely new. The effects that can also be observed
in conventional bulk materials are spectral filtering by absorption [3–5], and wavefront
and polarization control [6–10]. New, ’exotic’ effects that were reported include electro-
magnetic cloaking [11–13], generalized reflection/refraction [14–16], perfect absorption
via anisotropy [17], and enhanced emission by means of epsilon-near-zero materials [18].
Initially, metasurface architectures consisted of a unit cell with a certain pattern: metallic
rods, rings, crosses, C-shapes, V-shapes, Y-shapes, or circular and elliptical disks, made of
either gold, silver, copper, beryllium, and aluminum were deposited on either a silicon or
a silicon oxide (SiO2) substrate and illuminated with a certain electromagnetic field in the
spectral window of interest. The metallic nanostructures favored the creation of surface
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plasmons which oscillated at a resonance frequency, providing on-demand absorption and
spectral filtering. However, for some optical and terahertz applications, such architectures
exhibited significant losses in the metallic layers, which, together with heat dissipation
and subsequent dilation, offered a relatively unstable resonant behavior. This issue was
addressed by the creation of hybrid (metallic-semiconductor) [19] and all-dielectric meta-
surface architectures [20,21]. In the case of some all-dielectric metasurfaces, the materials
and geometries chosen generate a dielectric permittivity that follows a hyperbolic disper-
sion rather than an elliptical one [22,23], which leads to new ways of manipulating the
wavefronts of the reflected and transmitted waves. More recently, adaptive metasurfaces
using externally-addressable materials have opened the way for active tuning and increased
versatility towards the spectral domain required by the application [24–26]. Metasurfaces
can also exhibit sensitivity to certain molecules deposited on them, which can induce a
variation in their electric or magnetic properties, leading to a perturbed response with
respect to an ideal case. This arrangement generates the possibility to realize both bio-
logical [27,28] and atmospheric gas sensors. Of the latter, the broadest attention has been
dedicated to the development of CO2 gas sensors, which can be obtained by layering a
thin, CO2 sensitive polymer on top of the metasurface structure [29] or by mounting the
whole metasurface on a resistive heater and observing the absorbed thermal emission [30].
By comparison, much less attention has been dedicated to the high-sensitivity detection
of nitrogen dioxide (NO2), which is a direct result of fuel combustion, and considered a
pollutant gas in higher concentrations. In nature, NO2 composes the ozone layer in the
Earth’s troposhpere and creates low-concentration nitrate aerosols. While not as efficient
as CO2 or other nitrous oxides (such as N2O), NO2 can also have positive radiative forcing
effects, making it a greenhouse gas [31]. Recently, a class of NO2-responsive polymers,
such as N-(2-aminophenyl) methacrylamide hydrochloride (NAPMA) [32,33], as well as
poly(oligo(ethylene glycol) methyl ether methacrylate (POEGMA), functionalized with
endogenous NO-monomers, such as poly(2-(3-(2-aminophenyl) ureido)ethyl methacrylate)
(PAPUEMA) [34], have been reported. Under the presence of NO2 molecules, the two
polymers have been shown to exhibit strong hydrophylic behaviors which, in turn, in the
presence of water molecules, induces high gradients in their electric properties such as
dielectric permittivity and conductivity [35,36].

In this paper, we report simulations on a metasurface-based nitrogen dioxide gas
detector based on a metasurface architecture layered with a PAPUEMA-functionalized
POEGMA polymer, tailored to increase their sensitivity to NO2 molecules by means of the
change in electric permittivity. We model the electric properties of the polymer layers when
used in conjunction with the metasurface architecture and highlight the frequency response
around the central wavelength λ0 = 1.55 µm, in the presence of NO2 and as a function of
humidity in the proximity of the sensor. The selection of this spectral window was made for
two reasons: firstly, the laser beam is not attenuated by the water droplets in high-humidity
conditions, and, secondly, the telecom C band around 1550 nm has a multitude of off-the-
shelf components which can be used to create low-cost gas sensors. Recent reports [37], in
which InP nanowire arrays are used to monitor NO2 at room temperature by measuring
an electrical signal have provided a significant level of insight in the realization of NO2
gas sensors in typical ambient environments. Our method differs from the former due to
the fact that our sensor is designed for use in humid and wet environments, where the
recording of small-level electrical signals can become challenging. The simulation results
show that, when appropriately tuned, the architecture shows enhanced detection sensitivity
for NO2 molecules in high-humidity conditions. This makes our proposed architecture
suitable for a series of biological and atmospheric NO2 sensors which use humidity to their
advantage, instead of considering it a parasitic effect.

2. Design Considerations

All our envisioned architectures follow the following layering scheme: a polymer-
based metasurface having thickness hms similar to the penetration depth of the incoming
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radiation is deposited on a gold substrate having thickness hsb much larger than the pene-
tration depth of the incoming radiation. It should be noted that the penetration depth for
mid-infrared radiation is hpd ' 0.2 µm. On top of this, another NO2-sensitive polymer layer
having hply is deposited. For our study, we chose the POEGMA polymer functionalized
with a NO2-reactive monomer known as PAPUEMA [34]. The thickness of the polymer
represents a degree of freedom which is subject to optimization: as the thickness increases,
so does the sensitivity to NO2 molecules, however, as the thickness reaches several times
the penetration depth, the interaction with the metasurface pattern layered underneath it is
no longer possible, and the whole architecture attains the behavior of the upper surface
of the NO2-sensitive polymer layer [38]. The layering scheme is presented in Figure 1a.
Assuming near-optimal polymer layer thickness, the operating principle of the NO2-based
sensor is the following: in the reference configuration, the whole architecture is placed in a
humid environment which lacks any NO2 molecules. This allows the upper layer to absorb
trace amounts of water molecules, which contribute to the baseline levels of its dielectric
permittivity and electric conductivity. The architecture is illuminated with mid-infrared
radiation, which for our case was the doubled CO2 laser line operating at λ0 = 5.8 µm,
and the absorption and reflection spectra are recorded. Due to the large thickness of the
gold layer, the transmission through the sample is considered negligible. When performing
measurements in an environment with NO2 molecules, their adsorption by the PAPUEMA
monomer will trigger a change in the hydrophyllic nature of the POEGMA component
layer, allowing it to absorb a considerably-larger amount of water molecules, and, therefore,
change its electric parameters over a large scale of values. In the case of POEGMA, the
reported change in the values of the relative permittivity was from 8.04 in a ’quasi-dry’ state
to almost 63 in a ’wet’ state [36], accompanied by an increase in its electric conductivity
by at least one order of magnitude. The absorption spectra obtained for the cell under test
is always compared to the one of the reference cell. The operating principle is presented
in Figure 1b. The metasurface architecture extends the range of basic resonator shapes
previously reported in [39,40] to incomplete rings, rods, and cylinders fabricated out of
polyvinylidene fluoride (PVDF) or polyimide (PI). The geometry comprises of a super-cell
of unit geometries (either rings, rods, or cylinders) with different sizes spread symmetrically
across the square surface of the super-cell having linear size a. The layouts are presented in
Figure 1c for the incomplete rings, Figure 1d for the rods and Figure 1e for the cylinders. The
geometric sizes are specific to each architecture so that they produce a significant response
in the desired spectral window, and their coordinates (x, y) across the cell are set in such a
way that the centers of the shapes are located in points (a/4, 3a/4), (3a/4, 3a/4), (3a/4, a/4),
and (a/4, a/4), respectively, to preserve a degree of symmetry to the design.

In terms of material properties, we considered the architecture non-responsive to
magnetic fields (i.e., µr = 1). Due to the fact that the architecture is subjected to high-
frequency radiation, the DC values of the dielectric permittivity and electric conductivity
have to be adjusted for the gold substrate. In the study, we have considered a Drude
conduction and relaxation model, with DC conductivity σAu,DC = 4.517× 107 S/m. The
Drude model then yields an effective conductivity for the gold substrate [41]:

σAu,e f f =
σ0

1 + jωτ
(1)

where j =
√
−1 is the imaginary unit, ω = 2π f is the angular frequency associated to

the radiation frequency f , and τ ' 27 fs is the average relaxation time of the gold atoms.
From this, assuming the effective relaxation-effect model, the relative permittivity can be
calculated as [41]:

εr,Au,e f f =
1

jωε0

(
σ′ + j(ωε0 − σ”)

)
(2)

where σ′ = Re{σ} and σ” = Im{σ} are the complex components of the electric conductivity,
and ε0 is the vacuum permittivity. For dielectrics, the relaxation time is increased from
femtoseconds to nanoseconds, and, therefore, the classical “skin-effect” model applies.
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In this assumption, the conductivity and permittivity values at THz frequencies can be
approximated by the DC or low frequency (kHz to MHz) values. The DC/MHz values
for the PVDF and PI polymer elements are recreated from previous works [26,42], and the
baseline properties of the POEGMA layer are extracted from [36]. The electrical properties
are centralized in Table 1.
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Figure 1. The structure and operating principles of the metasurface-based NO2 gas sensors: (a) the layers
comprising the architecture with their respective thicknesses; (b) example of operating the reference
and test metasurfaces: the reference cell (left side) is operated in the absence of NO2 molecules, and
the PAPUEMA-POEGMA layer exhibits reference values of the relative permittivity εr and electric
conductivity σ. The test cell (right side) is operated in the presence of NO2 molecules, which increase the
hydrophyllic state of the PAPUEMA-POEGMA and considerably increase both εr and σ. The absorption
readout of the cell under test is modified considerably with respect to the reference cell, usually in the
form of prominent absorption peaks, if the reference is set to a fully-reflective behavior; (c) the incomplete
ring metasurface layout; (d) the rod metasurface layout; and (e) the cylinder metasurface layout.

Table 1. Electrical properties of the polymer elements in the metasurface architecture.

εr,PV DF σPV DF (S/m) εr,PI σPI (S/m) εr,POEGMA σPOEGMA (S/m)

9.55− j× 0.05 1.01× 10−3 3.13− j× 0.02 (2− j× 0.01)× 10−9 8.04− j× 0.02 1.5× 10−10

To express the variation of POEGMA’s dielectric constant and electric conductivity as
a function of the trigger rate resulting from the action of the NO2 molecules, we assume a
linear dependence of the form:

εr = εr,dry + βεγw σ = σdry − βσγw (3)

where γ = Nx/Nw is the molar ratio between the NO2 and water molecules in the interac-
tion volume close to the PAPUEMA-POEGMA layer, and w is the air humidity expressed in
parts per million (ppm). In the ’wet’ state, where we assume w = 1, the reported dielectric
constant is 68 [36], the calculated permittivity wetting factor βε is calculated at 59.96 ppm−1.
Upon wetting, the conductivity of the POEGMA layer decreases, which is consistent with
the increase in permittivity. We also assume a linear dependence σ = σdry − βσw. In the
’wet’ state, the conductivity decreases by a factor of almost 20, which leads to a a conduc-
tivity wetting factor βσ = 1.9× 10−8 S·m−1·ppm−1. To model the ’triggering’ effect of
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the wetting in the presence of NO2, we assume that the chance for a NO2-mediated water
molecule absorption is proportional to the instant number of NO2 molecules around the
POEGMA layer, modified by the triggering efficiency α of a NO2 molecule with the layer.
This leads to an exponential rate of triggering, similar to any population rate equation:

P(n) = C exp(αn) (4)

where n is the instant number of NO2 molecules in close proximity of the POEGMA layer.
Assuming that the probability of triggering an absorption is close to unity at some large
number N of NO2 molecules, the normalizing constant C becomes:

C '



N∫

0

exp(αn)dn



−1

=
α

exp(αN)− 1
(5)

Following the two relations above, for n ' N sufficiently large, the trigger rate then
becomes P(n) ' α. This is indeed the case for regular atmospheric concentrations of NO2
in urban areas, where the typical values of 50 ppb (parts per billion) is approximately
Nx = 3× 1016 NO2 molecules per mole of air. In our simulations, this value corresponds to
100% humidity. To model imperfect NO2 triggering, we chose conservative values of α at
25% as the NO2 trigger rate. In dry air, the water vapor concentration is approximately zero,
whereas in humid air, the concentration can reach w = 15, 740 ppm [43], corresponding
to Nw = 9.48× 1021 water molecules per mole of air. Combining all the considerations
performed under all the assumptions above, the net variation in the values of the electrical
parameters in the presence of NO2 is:

εr = εr,dry + (βεγw)α; σ = σdry − (βσγw)α (6)

Within this framework, the variation of humidity from zero to one produces variations
of the electric permittivity function at the second decimal, however, due to the subwave-
length nature of the architecture, this variation is enough to produce significant variations
in the response. This increased sensitivity is key in the design and potential applications of
our proposed considerations. It is worth mentioning, however, that real implementations of
such architectures suffer both from imperfections in the geometrical sizes of the elements,
thickness of the layers, and induced trigger rates from the nitrogen dioxide molecules. More-
over, the duty-cycle of any potential sensors relying on this architecture will have to take into
account imperfect drying cycles of the PAPUEMA-POEGMA polymer layer, which may lead
to long-term deviations from the reference response. These real-life situations, however, can
be accounted for with initial and periodic calibration of the sensor, in conjunction with the
recording of the device’s behavior of the device across multiple wet-dry cycles. Variations
in the geometric response affect the response by shifting the resonance peaks from that
particular wavelength. Small variations (5–10%) from the reference configuration provide
an almost linear shift in the resonance peaks, as indicated by previous studies in polymeric
metasurfaces [26]. Depending on the sizes of the metasurface, the shift can be compensated
by using any readily available tunable laser source operating in the telecom C-band. Most
state-of-the-art nano-imprint and deposition techniques are able to operate within this toler-
ance. For larger variation, a calibration of the sensor using a wideband spectrometer setup
is needed. To account for wetting–drying cycles, we use the results obtained in Ref. [36], in
which the PAPUEMA-POEGMA retained water droplets equivalent to 5% humidity over
multiple wet–dry cycles. The results obtained indicate that the variation in the resonant
response at 5% humidity are negligible with respect to the reference configuration.

In terms of simulation conditions, we used a finite element method (FEM)-based
commercial solution, namely COMSOL Multiphysics, RF Module. The solution allows for
accurate simulation with iterative error estimation. Meshing of the complete simulation en-
vironment was set to a size of λ0/20, where λ0 = 1.55 µm is the central working wavelength,
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with an increase in the spatial resolution of narrow regions to nanometer size. The accuracy
of the iterative solver was increased in such a way that any solution was considered accurate
if the estimated error was below 10−6. To simulate the periodicity of the unit cell, all side
walls of the simulation cell were set with Floquet periodicity, and a Floquet wave-vector
that was directly taken from the simulation port. Modeling the skin depth of the PVDF and
PI elements was performed by attributing a transition boundary condition on the interface
between the elements and the gold substrate. Additionally, to save computing time, the
back plate of the gold substrate was set to an impedance boundary condition, since no
transmission occurs through the architecture.

3. Results and Discussion

Regardless of the configuration used, the first step of our investigation was tuning the
geometric sizes and layer thicknesses in such a way as to achieve a significant response
close to λ0 as possible, when the metasurface is in its reference configuration (i.e., dry
environment). The spectral behavior was quantified by means of measuring the logarithmic
S11 parameter (negative return loss factor), defined as:

S11 = 10 log
(Pre f l

Pin

)
(7)

where Pin and Pre f l are the input and reflected power levels, respectively. We remind that,
typically, the S11 parameter is negatively-valued. A 0 dB value of the S11 parameter is
equivalent to a fully-reflective interface (no return loss), while a negative value represents
partial absorption of the input field (positive return loss value). The representation of S11
allows more sensitivity in the determination of absorption peaks when compared to standard
optical visualizations. Finally, for each situation, we envision an application scenario, where
the metasurface is used as a NO2 gas detector. In these scenarios, the change in response can
be quantified via two methods: the first method, known as the wavelength interrogation
method, assesses the shift of a certain resonance peak as a function of the increase in humidity
levels. The second, known as the signal level interrogation method, assesses the change
in the level of the S11 parameter at a single frequency as a function of increasing humidity
levels. Given a reference state p and a measured state q, each method comes with its own
average figure of merit, defined as the rate of change of the interrogated physical quantity
(i.e., wavelength or reflection coefficient) as a function of the applied quantity (i.e., humidity
level or polarization state) between the two states. Representing as a function of humidity
factor w, the figures of merit characterizing the deviation from reference are defined as:

FOM(pq)
λ (w) =

λq − λp

wq − wp
; FOM(pq)

S (w) =
Sq − Sp

wq − wp

∣∣∣∣
λ0

(8)

with the same formulas being used for the interrogation methods as a function of the
change in state of polarization for the input field.

3.1. Half-Ring Architecture

The results for the half-ring structure are presented in Figure 2, in which a strongly
resonant response in the desired window is evident, followed by a significant modification in
the metasurface behavior as a function of external humidity factor and input field polarization.
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Figure 2. Results obtained for the half-ring structure: (a) layout of the ring elements and element sizes
chosen for the PVDF and PI in order to have a resonant response around the working wavelength;
(b) spectral behavior of the PI half-ring element structure at different humidity levels and (c) at
different input polarization states; and (d) spectral behavior of the PVDF half-ring element structure
at different humidity levels and (e) at different input polarization states. For subfigures (b–e), the
insets show the local field enhancement in the interface plane taken at maximum resonance.

Based on the results obtained above, in the reference configuration shown in Figure 2b,
the PI-element metasurface exhibits a strong resonance at 1555 nm, with a 26 dB return loss
at the input port, which is well below the 1% reflection threshold. In the presence of NO2
molecules and 50% external humidity, the resonance peak is shifted towards 1557 nm, and
the return loss moves to 23 dB, whereas in the case of 95% external humidity, the resonance
peak is shifted at 1558 nm, with a 22 dB return loss. The bandwidth of the resonances is
roughly 0.8 nm, which implies that in applications, the spectrum can be readily sampled
with off-the-shelf narrowband filters, some of which are exhibiting less than 50 picometer res-
olution. Assuming level detection is performed via wavelength interrogation, the figures of
merit for the wavelength interrogation method are FOM(21)

λ (w) = 1.016 nm·ppm−1 for the

dry-to-50% humidity increase scenario and FOM(31)
λ (w) = 1.021 nm·ppm−1 for the dry-to-

95% humidity increase scenario. For the signal level interrogation method, the figures of are
FOM(21)

S (w) = 3.2× 10−3 dB·ppm−1 for the zero-to-50% humidity increase scenario, and

FOM(31)
S (w) = 3.6× 10−3 dB·ppm−1. When changing the input field polarization, the PI-

element metasurface exhibits high sensitivity and low morphing behavior, preserving its ab-
sorption peak at 1555.2 nm. Assuming the same behavior in terms of humidity increase, the
preservation of the wavelength corresponding to the resonance implies that the wavelength
interrogation method can be reliably used with unpolarized radiation. In terms of signal
level interrogation, the polarization figures of merit are FOM(21)

S (SOP) = 15.27 dB·rad−1

for a 45◦ polarization state rotation, and FOM(31)
S (SOP) = 15.91 dB·rad−1 for the 90◦

rotation. For the PVDF element, the chosen geometry provides a resonance response at
1552.5 nm in the reference configuration. As depicted in Figure 2d, the increase in humidity
shifts the resonance peak to 1553.5 nm in the case of 50% humidity and to 1554.3 nm for 100%
humidity. The corresponding figures of merit are FOM(21)

λ (w) = 1.27× 10−4 nm·ppm−1

for the zero-to-50% humidity scenario, and FOM(31)
λ (w) = 1.2× 10−4 nm·ppm−1 for the

zero-to-100% humidity scenario. Regarding signal-level interrogation taken at reference
configuration resonance frequency, the signal increases from −11 dB to −4 dB and −2.5 dB
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for the 50% and 100% humidity scenarios, respectively. The corresponding figures of
merit are FOM(21)

S (w) = 8.9 × 10−4 dB·ppm−1 for the dry-to 50% humidity shift, and

FOM(31)
S (w) = 6.35× 10−4 dB·ppm−1 for the dry-to-95% humidity. In terms of polarization

behavior, shown in Figure 2e, the PVDF-element metasurface is sensitive to input polariza-
tion in the reference configuration. The resonance peak at 1552.5 nm does not shift, however
it is reduced drastically when the input polarization state is close to p-polarization. The
structure also exhibits a second resonance for an input polarization of 45◦, which reaches
−10 dB at around 1557.5 nm. Since the morphing behavior of the spectrum is quite strong, a
wavelength-based figure of merit does not provide any relevant information, since resonance
peaks are not preserved for all polarization states. For a single wavelength, however, the
signal level interrogation method can still be applied. Taking the reference resonance peak
wavelengths, the figures of merit are FOM(21)

S (SOP) = −0.127 dB·rad−1 for a 45◦ rotation,

and FOM(31)
S (SOP) = 6.04 dB·rad−1. As a common property of all half-ring structures

under study, it can be seen that regardless of the variational parameter (humidity or input
field polarization) the local field enhancement maps in the insets show a localization of the
oscillating plasmon in the ring structure, which confirm the strong resonances observed.

3.2. Rod Architecture

In the case of the rod architecture, the PVDF and PI elements were arranged in an
equivalent manner to the half-rings. The structure and element sizes are presented in
Figure 3a.
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Figure 3. Results obtained for the rod-based structure. (a) Layout of the ring elements and element
sizes chosen for the PVDF and PI in order to have a resonant response around the working wavelength;
(b) spectral behavior of the PI rod-element structure at different humidity levels and (c) at different
input polarization states; and (d) spectral behavior of the PVDF rod-element structure at different
humidity levels and (e) at different input polarization states. For subfigures (b–e), the insets show
the local field enhancement in the interface plane taken at the resonance peak.

Simulations performed on the PI element structure indicate that for an appropriate
element size and analyte height configuration, a strong resonance, with a return loss of
15.3 dB is observed at 1540.5 nm, in the reference configuration. The resonance is reasonably
narrow, with a FWHM bandwidth of approximately 1.5 nm. When increasing external
humidity to 50%, the resonance peak shifts towards 1542 nm, while maintaining its FWHM,
and attaining a return loss of 16 dB. For 95% humidity, the peak is shifted towards 1543 nm,
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with an associated return loss of 16.5 dB and negligible FWHM modification. The response is
presented in Figure 3b. When applying the two interrogation methods, the figure merits are
calculated as FOM21

λ (w) = 1.9× 10−4 nm·ppm−1 and FOM31
λ (w) = 1.67× 10−4 nm·ppm−1

for the resonance peak interrogation method, and FOM(21)
S (w) = 0.88× 10−4 dB·ppm−1

and FOM(31)
S (w) = 0.88× 10−4 dB·ppm−1. For polarization sensitivity measurements of

the reference configuration, presented in Figure 3c, the resonances have negligible shifts,
however, the signal suffers strong return loss attenuation, from −15.3 dB to −4.6 dB in
the case of a 45◦ rotation, and −4.1 dB in the case of a 90◦ rotation. The calculated figures
of merit are: FOM(21)

λ (SOP) ' FOM(31)
λ (SOP) < 10−6 nm·rad−1. Signal interrogation

figures of merit, however, are FOM(21)
S (SOP) = 13.62 dB·rad−1 for a 45◦ rotation, and

FOM(31)
S (SOP) = 14.26 dB·rad−1 for a 90◦ rotation. For the PVDF-element architecture,

the effect of humidity in shifting the resonance peaks is relatively negligible, as presented
in Figure 3d. The resonance peak shifts from 1539.2 nm to 1539.25 nm for an increase in
humidity from zero to 50%, and from 1539.2 nm to 1539.27 nm for an increase in humidity
from zero to 95%. The associated figures of merit for the resonance wavelength interroga-
tion method are FOM(21)

λ (w) ' FOM(31)
λ (w) < 10−6 dB·ppm−1 for both humidity shift

scenarios. In terms of signal interrogation, the return loss factor varies from −10.8 dB to
−10.3 dB for the dry-to-50% humidity shift and to −9.3 dB for the dry-to-95% humidity
shift, respectively. The associated figures of merit are FOM(21) = 6.35× 10−5 dB·ppm−1 for
the dry-to-50% humidity shift, and FOM(31) = 1.002× 10−4 dB·ppm−1 for the dry-to-95%
humidity shift. The polarization-dependent response of the PVDF presented in Figure 3e ex-
hibits significant changes. Specifically, for a horizontal and vertical input SOP, the behavior
of the metasurface remains unchanged, with a negligible shift in the resonance peak, and a
slight signal level modification. However, for a 45◦ SOP, the response has a relatively-small
resonance peak, which also exhibits Fano-like asymmetry. For the wavelength interrogation
method, the figures of merit are virtually negligible, as the resonance peak moves only
slightly. For the signal level interrogation method, due to the fact that the response of the
metasurface is not changing monotonously across the polarization spectrum, the figures of
merit do not offer relevant information. The insets of Figure 3b–e also show the local field
enhancement in the interface plane taken at the resonance peak. It can be seen that for the
majority of cases, the electric field enhancement is localized in the PI and PVDF elements,
which is in total agreement with theoretical models regarding dielectric resonators.

3.3. Disk Architecture

Just as before, we have adjusted the dimensions of the disk elements so that resonances
are produced in the desired spectral window. The structure and element sizes are presented
in Figure 4a.

For the PI disk-element architecture, we observe a strong resonance peak at 1558.6 nm,
with a return loss of 32.5 dB. As it can be inferred from Figure 4b. The spectral response
retains its shape when varying the humidity factor, with an associated shift in the resonance
peaks which does not exhibit monotony. When increasing humidity to 50%, the resonance
peak does not shift, and only has its return loss attenuated to 12.5 dB. When increasing
humidity to 95%, the resonance peak shifts to 1560 nm, and the shift is associated with
a return loss factor of 28.5 dB. The polarization-dependent response, shown in Figure 4c,
shows that the reference configuration suffers considerable modifications when the SOP is
switched to 45◦ and 90◦, respectively. For both SOP rotations, the spectrum becomes flatter,
with resonances up to−15 dB, as well as shifted, with the highest resonances being observed
at 1557 nm and 1552 nm, respectively. Due to the fact that the modification of the spectral
response is not monotonous, calculating the figures of merit does not offer relevant informa-
tion on the behavior of the metasurface. The humidity-dependent behavior of the PVDF
disk-element architecture, presented in Figure 4d, exhibits a resonance peak at 1562.5 nm,
and a highly-monotonous morphing behavior as a function of humidity. The main resonance
peaks reaching −20 dB are shifted to 1563.9 nm, at 50% humidity, and to 1564.4 nm at 95%
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humidity. The response also exhibits another resonance peak reaching −10 dB at 1564 nm,
which also has high morphing monotony as the humidity factor is increased. The figures of
merit for the wavelength interrogation method are: FOM21

λ (w) = 1.28× 10−4 nm·ppm−1,
and FOM31

λ (w) = 1.06× 10−4 nm·ppm−1. Assuming linearity in the shift, an average figure
of merit associated to the resonance wavelength is FOMλ(w) = 1.17× 10−4 nm·ppm−1.
The same technique can be applied to determine the figures of merit corresponding to the
wavelength shift of the smaller resonance peak obtained in at 1565.2 nm for the reference
configuration, and at 1565.4 nm and 1565.7 nm for the 50% and 95% humidity configurations,
respectively. For the signal interrogation method taken at reference resonance wavelength,
the signal varies significantly, from −20 dB in the reference configuration, to −6 dB and
−3 dB in the 50% and 95% humidity configurations, respectively. The associated figures of
merit are FOM21

S (w) = 1.77× 10−3 dB·ppm−1 and FOM31
S (w) = 1.13× 10−3 dB·ppm−1,

with an average figure of merit FOMS(w) = 1.45 dB·ppm−1. When looking at the polariza-
tion picture, we observe a strong blueshift in the resonance when the reference metasurface
is illuminated with a 45◦ polarization, and virtually no resonance behavior when a vertical
input polarization is used. The same behavior is observed for the smaller resonances at
1565.5 nm, where the resonance is either shifted or disappears completely, depending on the
input polarization. Due to the fact that the wavelength shift is not monotonous in terms of
polarization, a linear figure of merit cannot be defined. In terms of signal interrogation taken
at the main resonance wavelength of the reference configuration, the resonance decreases
from −20 dB to −5 dB in the case of the 45◦ input polarization configuration, and to 0 dB in
the case of the vertically polarized input field configuration. The associated figures of merit
are: FOM21

S (SOP) = 19.1 dB·rad−1, and FOM31 = 12.73 dB· rad−1, with an average figure
of merit FOMS(SOP) = 15.9 dB· rad−1. The local field amplification taken at resonance
frequencies and presented in the insets of Figure 4b–e show that for the majority of the
cases, the local field is concentrated in the PI/PVDF elements, which supports theoretical
assumptions regarding the appearance of resonances in such structures.

95% humidity

Figure 4. Results obtained for the disk-element architecture. (a) Layout of the ring elements and
element sizes chosen for the PVDF and PI in order to have a resonant response around the working
wavelength; (b) spectral behavior of the PI disk-element structure at different humidity levels and
(c) at different input polarization states; and (d) spectral behavior of the PVDF disk-element structure
at different humidity levels and (e) at different input polarization states. For subfigures (b–e), the
insets show the local field enhancement in the interface plane taken at the resonance peak.

As a final note, in terms of angular and polarization stability, all envisioned architec-
tures have been designed to operate under normal incidence of the input field, under linear
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polarization. A small variation in the incidence angle (less than 5◦) produces negligible
modification in the result. However, a small modification of the input polarization breaks
the in-plane asymmetry, resulting in a high polarization sensitivity. This limitation can be
overcome by providing a high-stability polarization laser via high-quality polarizers.

4. Conclusions and Outlook

In this paper, we have created and conducted simulations on a NO2 molecule-triggered
responsive metasurface architecture in the near-infrared spectral domain around 1550 nm,
which have the ability to use external humidity to its advantage. The architecture combines
a metasurface layer made from a gold substrate with either a polyvinylidene fluoride
(PVDF) or polyimide (PI) subwavelength element configuration, in the shape of either
half-rings, rods or disks, with a NO2-responsive functionalized PAPUEMA-POEGMA layer.
This layer has been proven to exhibit significant changes in its dielectric constant in the
presence of NO2 molecules and humidity, by changing its hydrophyllic state. Owing to its
functionalization with the PAPUEMA monomer, the POEGMA polymer is able to change its
hydrophillic state only in the presence of NO2 molecules. The results obtained show that
even in the conservative assumption of an imperfect trigger rate and small variation (at
the second decimal) of the dielectric constant due to humidity increase, the subwavelength
nature of the architecture is tuned to be extremely sensitive both to humidity increase and to
polarization. To offer some rough quantitative characterization of the response modifications
we introduced the wavelength and signal interrogation methods certain figures of merit,
that, in the monotonous response variation assumption, offer information on the resonance
shift and signal variation taken at the reference resonance. Real devices have to take into
account, however any deviation from this ideal configuration, in terms of metasurface
element and layer thickness size, relative displacement, as well as the imperfect restoration
of the dielectric constant across multiple wetting and drying cycles. This impediment can
be resolved, however, by conducting an initial and periodic calibration of the sensor thus
designed. Overall, we believe the studies conducted here to be a promising stepping stone
in the development of highly sensitive, low-cost NO2 sensors in the near-infrared telecom C
band, around the 1550 nm wavelength.
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Abstract: With increasing heat accumulation in advanced modern electronic devices, dielectric mate-
rials with high thermal conductivity (λ) and excellent electrical insulation have attracted extensive
attention in recent years. Inspired by mussel, hexagonal boron nitride (hBN) and graphene oxide (GO)
are assembled to construct mhBN@GO hybrids with the assistance of poly(catechol-polyamine). Then,
mhBN@GO hybrids are dispersed in carboxy nitrile rubber (XNBR) latex via emulsion coprecipitation
to form elastomer composites with a high λ and satisfactory insulating properties. Thanks to the uni-
form dispersion of mhBN@GO hybrids, the continuous heat conduction pathways exert a significant
effect on enhancing the λ and decreasing the interface thermal resistance of XNBR composites. In
particular, the λ value of 30 vol% mhBN@GO/XNBR composite reaches 0.4348 W/(m·K), which is
2.7 times that of the neat XNBR (0.1623 W/(m·K)). Meanwhile, the insulating hBN platelets hinder
the electron transfer between adjacent GO sheets, leading to satisfactory electrical insulation in XNBR
composites, whose AC conductivity is as low as 10−10 S/cm below 100 Hz. This strategy opens up
new prospects in the assembly of ceramic and carbonaceous fillers to prepare dielectric elastomer
composites with high λ and satisfactory electrical insulation, making them promising for modern
electrical systems.

Keywords: thermal conductivity; insulating properties; surface modification; self-assembling; dielectric

1. Introduction

With the high degree of integration and miniaturization of electronic devices, a large
amount of heat is accumulated in a small volume of the electronic components in operation.
In that regard, efficient heat dissipation has emerged as a critical issue that urgently
needs to be addressed to ensure the service life, reliability, and stability of electronic
devices [1–4]. Polymeric composites are widely utilized as thermal management materials
in electronic packing and engineering due to their excellent characteristics, including
high resistivity, low cost, lightweight, and easy processing [5,6]. Elastomers, in particular,
are usually used as thermal pads or thermal greases [6–8]. Due to its large amounts of
strong polar groups, the carboxy nitrile rubber (XNBR), which shows a relatively high
dielectric constant, has been considered as a candidate thermal management material in
electron components. Nevertheless, the intrinsic thermal conductivity (λ) of elastomers is
usually low (0.16–0.22 W/(m·K)), which does not meet the requirements for heat transfer
in advanced electronic components [9–11].

In order to increase the λ of polymers, an effective solution consists of incorporat-
ing high thermally conductive fillers into the polymeric matrix, such as ceramics, metals,
and carbon materials [2,12,13]. Hexagonal boron nitride (hBN) has attracted considerable
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attention from researchers due to its high λ and excellent electrical insulation. Unsatisfac-
torily, the pristine hBN is poorly compatible with polymers and exhibits a nonuniform
dispersion within the polymeric matrix, thereby restraining the growth of λ in the final
composites [14,15]. In recent years, the carbonaceous fillers with high electrical conductiv-
ity, such as graphene and graphene oxide (GO), have been shown to be able to increase
the λ of polymeric composites at a low loading [16]. Nevertheless, the application of such
fillers is unavoidably limited in fields where electrical insulation is required. Therefore,
designing and preparing dielectric polymeric composites with high λ and outstanding
electrical insulation still remain a challenge [17].

Blocking the electron transmission between neighboring carbonaceous fillers by de-
positing insulating layers or particles is a reliable way to enhance the λ of the polymeric com-
posites while maintaining their electrical insulating properties [15,18]. Shen et al. [15] uti-
lized silica nanoparticles to coat graphene nanoplatelets (GNPs) to construct Silica@GNPs
complexes. Then, the obtained Silica@GNPs complexes were incorporated into a poly-
dimethylsiloxane (PDMS) matrix to fabricate Silica@GNP/PDMS composites whose λ

value (0.497 W/(m·K)) was found to be 155% that of the neat PDMS (0.195 W/(m·K)).
Nevertheless, the electrical resistivity of PDMS composites was still as high as 1013 Ω·cm,
ensuring their excellent insulation. Guo et al. [2] first functionalized Al2O3 nanoparticles
by γ-aminopropyltriethoxysilane (denoted as f-Al2O3) and then covered them with GO to
form f-Al2O3@RGO hybrids, which were afterward used as thermally conductive fillers
for improving the λ of the nanofibrillated cellulose (NFC) matrix. Given the synergistic
effect of both Al2O3 and RGO, the in-plane λ of the as-prepared f-Al2O3@RGO/NFC com-
posite could be increased to 8.3 W/(m·K) at the RGO and f-Al2O3 loadings of 30 wt% and
5.6 wt%, respectively. This result was 2075% of the neat NFC (0.4 W/(m·K)). Meanwhile,
the measured electrical resistivity of f-Al2O3@RGO/NFC composites exceeded 109 Ω·cm,
thus meeting the requirements for electrical insulation.

Inspired by marine mussels, Messersmith et al. [19] discovered that dopamine contain-
ing catechol and amine functional groups can self-polymerize to form strongly adhesive
polydopamine (PDA) in the alkaline buffer aqueous solution. Nevertheless, dopamine is
unsuitable for widespread use because of its high cost. Therefore, a cheaper substance
as a replacement for the expensive dopamine must be found. Luckily, the inexpensive
catechol can react with the economical polyamine to synthesize poly(catechol/polyamine)
(PCPA) which exhibits adhesion properties similar to PDA [20].

In this work, hBN and GO are assembled to construct mhBN@GO hybrids with the
assistance of PCPA to improve the λ of XNBR. Meanwhile, the insulating hBN effectively
prevented the connection between adjacent GO sheets, leading to satisfactory electrical
insulation for the XNBR composites. The as-prepared XNBR composites might be promising
thermal management materials in the future electronic industry.

2. Experimental
2.1. Materials

The XNBR latex (Zeon International Trading Co., Ltd., Tokyo, Japan) was chosen as the
polymeric matrix. The hBN platelets were obtained from Dandong Rijin Technology Co.,
Ltd., Dandong, China. The GO sheets were purchased from Chengdu Organic Chemicals
Co., Ltd., Chengdu, China. Polyamine (Tetraethylenepentamine, TEPA) and catechol were
provided by Bailingwei Technology Co., Ltd., Beijing, China. Dicumyl peroxide (DCP),
tris-acid, and other reagents were produced by Maclean’s Reagent Co., Ltd., Beijing, China.

2.2. Preparation Process of mhBN@GO/XNBR Composites

The fabrication method of mhBN@GO/XNBR composites is illustrated in Figure 1. At
the beginning, 5 g of hBN were dispersed in 250 mL of deionized water, and the pH of the
mixed solution was adjusted to 9.5 with tris-acid. Then, 0.75 g of catechol and 0.25 g of
TEPA were added to the above solution and mechanically stirred at 40 ◦C for 3 h to obtain
the modified hBN hybrids (denoted as mhBN). Subsequently, the GO sheets were dispersed
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into the blend, which was afterward stirred at 60 ◦C for 8 h. Finally, the as-obtained mixture
was vacuum filtered, washed with deionized water, and vacuum-dried at 60 ◦C overnight
to obtain mhBN@GO hybrids.
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Figure 1. (a) Preparation of mhBN@GO hybrids and mhBN@GO/XNBR composites. (b) The reaction
mechanism between catechol and tetraethylenepentamine.

After that, different contents of hBN or mhBN@GO (the volume fractions of 10, 20,
and 30 vol%) were incorporated into the XNBR latex via the emulsion coprecipitation
method. Initially, the XNBR latex and filler were stirred for 30 min to achieve a uniform
dispersion. Then, 1 wt% CaCl2 was added as a flocculant to the solution. Next, the mixture
was water-washed and vacuum-dried at 60 ◦C to obtain dry compounds. Finally, the
compounds and a certain amount of DCP were blended in a double roll open mixer. After
12 h, all as-prepared compounds were compressed by molding at 160 ◦C and 12 MPa for
their vulcanizing time (TC90) to obtain the cured XNBR composites. The TC90 values were
based on the rheometer (M-3000AU) test data.
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2.3. Characterization

The thermogravimetric curves were acquired using a thermogravimetric analysis
instrument (TGA, TA SDT650, TA Instruments, New Castle, DE, USA). The surface chemical
compositions and surface morphologies of hBN, mhBN, and mhBN@GO were analyzed
by means of an X-ray photoelectron spectrometer (XPS, ESCALAB 250, Thermo Electron
Corporation, Madison, WI, USA) and a high-resolution transmission electron microscope
(HR-TEM, Hitachi H9000, Hitachi Instrument, Tokyo, Japan), respectively. The cross-section
morphologies of the XNBR composites were observed by a JSM-5600LV FE-SEM (Thermo
Fisher Scientific, Hillsboro, OR, USA). The mechanical properties of the XNBR composites
were evaluated using a tensile machine (Instron-3366, Instron Corporation, Norwood, MA,
USA). The dielectric behaviors of the composites were studied with a Concept 40 dielectric
property tester at room temperature. The λ of the XNBR samples were measured using
a flat-panel thermal conductivity meter (DRL-III, Xiangyi Instrument, Xiangtan, China).

3. Results and Discussion

Figure 1a shows the preparation process of the mhBN@GO/XNBR composites. The
hBN was first modified by PCPA (denoted as mhBN), which was then assembled with GO
to synthesize the mhBN@GO hybrids. Next, the as-prepared mhBN@GO was dispersed
into the XNBR matrix to obtain mhBN@GO/XNBR composites via a latex mixing method.
A possible reaction mechanism for the PCPA has been added to Figure 1b. First, the catechol
was oxidized into quinoid structures in an alkalescent tris-acid buffer solution, and then
the generated quinoid structures react with polyamine through Michael addition or Schiff
base reactions to form an intermolecularly cross-linked PCPA network, which is finally
deposited on the surfaces of the hBN platelets [21].

The TGA curves of hBN, mhBN, and mhBN@GO are shown in Figure 2. It can be seen
that the hBN displayed a small weight loss in the range of 30–800 ◦C, which is ascribed to
the excellent thermal stability of hBN. However, a slight weight loss of 2.71% was observed
in the TGA curve of mhBN at 600 ◦C. The larger weight loss of mhBN compared with
hBN might be attributed to the degradation of the PCPA layer at the high temperature. In
addition, there was also a significant weight loss of 11.64% in the TGA curve of mhBN@GO
within the range of 30–600 ◦C. The increased weight loss of mhBN@GO compared with
mhBN was due to the pyrolysis of unstable oxygen-containing groups in GO [22].
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The surface chemical elements of hBN, mhBN, and mhBN@GO are analyzed via XPS,
and the results are shown in Figure 3 and Table 1. The clearly distinguishable peaks were
observed in all cases at 191, 285, 398, and 532 eV, which corresponded to boron (B 1s),
carbon (C 1s), nitrogen (N 1s), and oxygen (O 1s), respectively. Unexpectedly, the C 1s
and O 1s peaks also appeared in the pristine hBN (Figure 3a), which might be due to
contamination [23]. Meanwhile, the C 1s core-level spectrum of the hBN was decomposed
into three peaks that were attributed to C-C (284.8 eV), C-N (285.5 eV), and C-O (286.6 eV)
bonds. However, one new peak corresponding to C=O (288.3 eV) bonds emerged in
the mhBN, which was derived from the PCPA coating. In comparison with Figure 3b,
another additional peak ascribed to O-C=O (289.4 eV) bonds was observed in mhBN@GO
(Figure 3c), which was caused by the -COOH groups in GO. This indicated that the GO
could be attached to the mhBN surface through the hydrogen bonds between the -COOH
groups in GO and the -OH groups in PCPA [24].
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Figure 3. XPS spectra and decomposed C 1s spectra of (a) hBN, (b) mhBN, and (c) mhBN@GO.

Table 1. Chemical element compositions of hBN, mhBN, and mhBN@GO.

Samples
Elemental Analysis (wt%)

B N C O

hBN 50.54 39.17 7.79 2.50
mhBN 46.07 38.07 13.03 2.83

mhBN@GO 40.67 34.48 19.31 5.54

Moreover, according to Table 1, the C content in the pristine hBN was only 7.79 wt%,
whereas that in mhBN dramatically increased to 13.03 wt%, which was due to the deposition
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of PCPA onto the hBN surface [16]. In addition, the content of O increased from 2.50 wt%
for hBN to 5.54 wt% for mhBN@GO, which was attributed to the oxygen-containing groups
in GO. These results provided compelling evidence of the successful assembly of the PCPA
layer and GO sheets on the hBN surface.

Figure 4 displays the HR-TEM images of the hBN, mhBN, and mhBN@GO. In Figure 4a,
the pristine hBN exhibited a homogeneous flat surface without any impurities. Compared
with Figure 4a, the surface of the mhBN was coated by a smooth layer with a thickness of
approximately 5 nm (Figure 4b), which was due to the formation of a PCPA layer on the
hBN surface. As shown in Figure 4c, after the introduction of GO, a large and plicate flake
was successfully bonded to the surface of mhBN, indicating strong adhesion of PCPA.
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The cross-sectional SEM images of XNBR composites with different filler contents
are shown in Figure 5. As seen from Figure 5a–c, multiple hBN platelets were exposed
within the XNBR matrix, indicating their poor compatibility and weak interface interaction.
Moreover, the number and size of aggregates between hBN platelets in the XNBR matrix
increased with the increase in filler content. Compared to the hBN/XNBR composites, the
mhBN@GO hybrids were uniformly dispersed in the XNBR matrix according to certain
orientations (see the red arrows in Figure 5d–f). These orientations were beneficial for
the formation of heat conduction pathways in the XNBR composites. Furthermore, good
compatibility and strong interface bonding between the mhBN@GO hybrids and XNBR
matrix would be critical in reducing the interface thermal resistance and phonon scattering
of elastomer composites [3,25].
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Figure 5. Cross-sectional SEM images of (a) 10 vol% hBN/XNBR, (b) 20 vol% hBN/XNBR, (c) 30 vol%
hBN/XNBR, (d) 10 vol% mhBN@GO/XNBR, (e) 20 vol% mhBN@GO/XNBR, and (f) 30 vol%
mhBN@GO/XNBR composites. The red arrows represent the orientated dispersion of mhBN@GO.

Figure 6 shows the mechanical properties of XNBR composites filled with various
volume fractions of pristine hBN platelets and mhBN@GO hybrids. With the increase in
filler content, the tensile strength of both hBN/XNBR and mhBN@GO/XNBR composites
increased. However, the tensile strength of mhBN@GO/XNBR composites exceeded that
of hBN/XNBR composites at the same filler content. This could be explained by the
enforcement effect of mhBN@GO hybrids and the strong interfacial coupling between
GO and XNBR [24]. As for the mhBN@GO/XNBR composite with 30 vol% hybrids,
the tensile strength increased to 15.35 MPa, which was about 6.50 times that of the neat
XNBR (2.36 MPa). Nevertheless, with increasing filler content, the elongation at break of
both hBN/XNBR and mhBN@GO/XNBR composites decreased. The mhBN@GO/XNBR
composites showed lower elongation at break than the hBN/XNBR composites with the
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same filler loading, which could be explained by the following two aspects: first, the
strong interface interaction between the mhBN@GO hybrids and XNBR matrix might have
restricted the slippage of XNBR chains [26]; secondly, owing to the good dispersion and
compatibility of mhBN@GO hybrids in XNBR, the filler networks gradually formed in
XNBR composites with the increase in mhBN@GO hybrids content [27,28]. The strong
interface bonding between the filler and the matrix and the filler networks in polymeric
composites usually leads to a lower elongation at break.
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Figure 7 displays the frequency dependence of the dielectric behaviors for neat XNBR
and XNBR-based composites over the range of 10–107 Hz. In Figure 7a,b, the dielectric
constant (εr) of the XNBR composites decreased gradually with increasing frequency. This
suggested that the interface polarization between the filler and the XNBR matrix did not
have enough relaxation time to catch up with the change in electric field frequency [29].
Besides, the εr of the XNBR composites decreased with the increase of filler content, which
was mainly ascribed to the hBN platelets with a εr (about 4 at 1 kHz) smaller than that of the
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neat XNBR (11.30 at 1 kHz) [30]. However, at the same filler content, the mhBN@GO/XNBR
composites displayed a higher εr than the hBN/XNBR composites (Figure 7a,b). For in-
stance, the εr of 30 vol% hBN/XNBR composites decreased to 7.13 at 1 kHz, which was
inferior to that of 30 vol% mhBN@GO/XNBR composites (8.64 at 1 kHz). This finding
could be explained in terms of the following factors. The first was related to the so-called
mini-capacitor principle. With the incorporation of GO, many mini-capacitors with GO
as electrodes and XNBR as dielectrics are generated in the composites, leading to a high
εr [31,32]. Another one was the enhanced interface polarization between the thermally con-
ductive fillers and the XNBR matrix. The interface polarization in the mhBN@GO/XNBR
composites occurred at the interfaces between hBN and PCPA, between PCPA and GO, and
between GO and XNBR, whereas that in the hBN/XNBR composites was only between the
hBN filler and the XNBR matrix [29].
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The variation of the dielectric loss tangent (tanδ) with frequency in XNBR composites
is shown in Figure 7c,d. The tanδ of neat XNBR and XNBR composites first decreases with
increasing frequency in the low-frequency range (below 103 Hz) and then increases slightly
in the high-frequency region (103–107 Hz). The decreased tanδ in the low-frequency range
could be attributed to Maxwell-Wagner-Sillars (MWS) polarization. However, the slightly
increased tanδ in the high-frequency region is mainly due to dipolar relaxation [29]. It is
evident that the tanδ of the hBN/XNBR composites has decreased compared to that of the
neat XNBR. This was because the hBN acted as an effective insulator to prevent the space
charge and leakage current [33]. With increasing content of mhBN@GO hybrids, the tanδ
of the mhBN@GO/XNBR composites increased from 0.030 to 0.049 at 1 kHz, which was
due to the increased leakage current caused by GO [34]. However, the tanδ of hBN/XNBR
and mhBN@GO/XNBR composites were still maintained at low levels (<0.1 at 1 kHz),
indicating that the mhBN effectively hindered the electrical connection between GO [35].

Figure 7e,f depict the frequency-dependent AC conductivity of XNBR composites.
According to Maxwell’s equations, the current density j = σ*E and the time derivative of
the dielectric displacement dD/dt = iωε*ε0E are equivalent, where σ*(ω) is the complex
conductivity. Therefore, the conductivity of samples can be calculated according to the
following Equations (1) and (2):

σ ∗ (ω) = σ′(ω) + iσ′′ (ω) = iωε0ε ∗ (ω) (1)

σ′(ω) = ωε0ε′′ (ω). σ′′ (ω) = ωε0ε′(ω) (2)

where σ* is the complex conductivity, σ′ and σ′′ are the real and imaginary parts of the
complex conductivity, respectively; ε* is the complex dielectric function or permittivity, ε′

and ε′′ are the real and imaginary parts of the complex dielectric function, respectively;
ε0 is the dielectric permittivity of vacuum (ε0 = 8.854 × 10–12 F/m), i is imaginary unit
i =
√
−1, and ω is the radial frequency [36]. The AC conductivity of XNBR composites

increases gradually with increasing frequency over the range of 10–107 Hz. Obviously,
the AC conductivity of the XNBR composites is dependent on the frequency, and it might
belong to non-Ohmic conduction [32]. After the addition of hBN or mhBN@GO hybrids,
the AC conductivity of the XNBR composites decreased with increasing filler content. The
reduction in AC conductivity was mainly due to the lower insulation of the thermally con-
ductive fillers [33]. Notably, the AC conductivity of the XNBR composites was lower than
10−10 S/cm below 100 Hz, meaning that the as-prepared mhBN@GO/XNBR composites
still maintained excellent electrical insulation [37].

The λ values of the hBN/XNBR and mhBN@GO/XNBR composites are plotted in
Figure 8a. It is worth noting that the λ values of the XNBR composites have been gradually
enhanced with increasing additions of filler. Moreover, at the same filler loading, the
mhBN@GO/XNBR composites exhibited a higher λ compared to that of the hBN/XNBR
composites. As the volume fraction of the mhBN@GO hybrids increased to 30%, the
corresponding λ increased to 0.4348 W/(m·K), being about 2.7 times of the neat XNBR
(0.1623 W/(m·K)). Figure 8b displays the enhancement in λ of XNBR composites rela-
tive to that of the neat XNBR. Compared to the hBN/XNBR composites, a stronger λ

enhancement could be observed in the mhBN@GO/XNBR composites. The reasons for this
difference were as follows: first, the uniform dispersion of the mhBN@GO hybrids and
the construction of continuous heat conduction pathways played an essential role in the
heat transfer process within the mhBN@GO/XNBR composites; secondly, due to the low
interface thermal resistance, the mhBN@GO/XNBR composites exhibited higher efficiently
phonon transmission than the hBN/XNBR composites.
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(b) The enhancement in λ of hBN/XNBR and mhBN@GO/XNBR composites relative to that of
the neat XNBR. (c) Fitting λ of hBN/XNBR and mhBN@GO/XNBR composites using the modified
Hashin-Shtrikman model.

To expound the internal relationship between the filler and the XNBR matrix, the
experimental λ values of XNBR composites (Figure 8c) were fitted using the modified
Hashin-Shtrikman model (Equation (3)) [38,39].

λeff = λm
(2KVf + 1)λc − (2KVf − 1)λm

(KVf + 1)λm − (KVf − 1)λc
(3)
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where λm is the λ of the XNBR matrix, λc is the λ of the XNBR composites, Vf is the volume
fraction of the filler, and K is a coefficient related to the interface thermal resistance of the
XNBR composites and defined as Equation (4).

K = 13.3347 exp(−13.2701
Rcλm

L
) (4)

where Rc stands for the interface thermal resistance and L represents the characteristic
length of the unit model [3,40]. According to Figure 8c, the interface thermal resistance
of the mhBN@GO/XNBR composites (Rc = 0.0393 m2K/W) was lower than that of the
hBN/XNBR composites (Rc = 0.0606 m2K/W), demonstrating that PCPA acted as an
interface modifier, effectively reducing the interface thermal resistance of XNBR composites.

Figure 9 displays the schematic models of phonon transmission in the hBN/XNBR
and mhBN@GO/XNBR composites. In the hBN/XNBR composites, the hBN platelets are
inevitably aggregated in the XNBR matrix, leading to severe scattering of phonons and
high interface thermal resistance [41]. In addition, ineffective thermal transfer channels are
rendered due to poor dispersion of the hBN in the XNBR matrix, limiting the improvement
of λ. As a result, the heat transfer process of the hBN/XNBR composites is like a car
moving on a mountain road. However, the heat transfer process of the mhBN@GO/XNBR
composites is similar to a car speeding on the highway. Because of the reduced interface
thermal resistance, the phonons travel along the continuous heat conduction channels with
few barriers. In addition, the ordered heat conduction channels formed by mhBN@GO
hybrids make the thermal transfer channels shorter [23].
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4. Conclusions

The thermally conductive mhBN@GO hybrids were successfully synthesized via a facile
and green self-assembly method and then were embedded in XNBR latex to obtain high λ and
satisfactory insulating properties of mhBN@GO/XNBR composites. Owing to the formation of
hydrogen bonds between carboxyl groups in XNBR and hydroxyl groups in GO, the interfacial
interaction between the XNBR matrix and mhBN@GO hybrids was obviously improved,
leading to reduced interface thermal resistance and the formation of effective thermal transport
pathways in the mhBN@GO/XNBR composites. Thus, the obtained mhBN@GO/XNBR
composites exhibited a relatively high λ value of 0.4348 W/(m·K), which was 2.7 times that
of the neat XNBR (0.1623 W/(m·K)). However, the insulating hBN effectively prevented
the connection between adjacent GO sheets, leading to the mhBN@GO/XNBR composites
showing a satisfactory electrical insulating property (less than 10−10 S/cm below 100 Hz).
Therefore, the effective and eco-friendly method proposed in this work allows one to prepare
thermal management materials with insulation properties conforming to the heat dissipation
requirements for modern electronic devices.
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Abstract: Thermal transport simulations were performed to investigate the important factors affecting
the thermal conductivity based on the structure of semi-crystalline polyetheretherketone (PEEK),
and the addition of boron nitride (BN) sheets. The molecular-level structural analysis facilitated the
prediction of the thermal conductivity of the optimal structure of PEEK reflecting the best parameter
value of the length of amorphous chains, and the ratio of linkage conformations, such as loops,
tails, and bridges. It was found that the long heat transfer paths of polymer chains were induced
by the addition of BN sheets, which led to the improvement of the thermal conductivities of the
PEEK/BN composites. In addition, the convergence of the thermal conductivities of the PEEK/BN
composites in relation to BN sheet size was verified by the disconnection of the heat transfer path
due to aggregation of the BN sheets.

Keywords: semi-crystalline polyetheretherketone; boron nitride sheet; thermal conductivity; polymer
composite

1. Introduction

Polymers are widely used in many industrial fields, including the aerospace, automo-
bile, semiconductor, and biomedical fields because they are light weight, easy to process,
have low production costs, good mechanical properties, and chemical resistance [1–4].
Depending on their degree of crystallinity, polymers are classified as an amorphous poly-
mer, a semi-crystalline polymer, or a crystalline polymer. Analysis of linkage conformations
such as loops, tails, and bridges affecting the material properties of semi-crystalline poly-
mers is important because the structure, mechanical properties, and thermal properties
of the crystalline structure and the amorphous structure are different [5–7]. All-atom
molecular dynamics (MD) simulation, which deals with all atoms of molecules of a simula-
tion model, can facilitate a detailed analysis of material properties, such as the behavior
of polymer chains, the radius of gyration, and the interaction between materials at the
atomic level [8–10]. Zhu et al. [11] investigated the tensile property of semi-crystalline
polyurethane using an MD simulation. The tensile yield stress of the model with many
bridge chains connecting the crystalline and amorphous domains was 19 times higher
than that of a model with no bridge due to the straightening and stretching of the bridge
chain. In addition, He et al. [12] reported that the thermal conductivity of the interphase
region in the semi-crystalline polyethylene was determined by the stretching of the bridge
chains. While the effects of bridge chains on material properties have been analyzed in
many studies, the effect of the other linkage conformations of loops and tails on the material
properties have not yet been concretely considered in MD simulations. We found that
the thermal conductivity of a semi-crystalline polymer depends on the contents of the
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linkage conformations of the loops, tails, and bridges. Therefore, the effect of linkage
conformation on thermal properties was investigated to determine the ideal structure
of a semi-crystalline polymer with high thermal conductivity. Among semi-crystalline
polymers, semi-crystalline polyetheretherketone (PEEK) is a high-performance engineering
thermoplastic with excellent wear resistance and heat resistance. PEEK with a low thermal
conductivity of 0.25 W/mK was used to investigate the ratio of the optimal combination of
loops, tails, and bridges, which leads to the improvement of the thermal conductivity [13].

Adding fillers is a general approach for improving the thermal properties of poly-
mers among many methods, such as the crystallite orientation of polymer and increasing
crystallinity [14–16]. A boron nitride (BN) sheet has been used as a filler in polymer
composites for various applications, including aerospace, electronic devices, and semicon-
ductors, because it leads to excellent mechanical properties and high thermal transport
performance [17,18]. In a report by Ghosh et al. [19], the thermal conductivity of PEEK
increased after the addition of hexagonal boron nitride (h-BN). The thermal conductivities
of polymer composites reinforced with BN sheets were higher than those of untreated
polymers due to the effect of not only the high thermal conductivities of the fillers, but also
the increase of phonon velocities between the polymer chains and fillers [20]. Accordingly,
the factor responsible for increasing the phonon mobility should be investigated to im-
prove the thermal conductivity of the composite. In addition, it is known that the thermal
conductivity of a polymer composite depends on the arrangement of the polymer chains.
Li et al. [21] reported that the thermal conductivity of the poly(dimethylsiloxane)/h-BN
composite was improved because the arrangement of polymer chains completely covered
the surface of the h-BN sheet, inducing strong phonon mobility. The factors affecting the
distribution of polymer chains should be investigated because the arrangement of polymer
chains on the surface of a BN sheet is related to the thermal conductivity of the composite.
Although the thermal conductivity of the composite increased with the addition of fillers, it
converged with the aggregation of the fillers [22,23]. The factor inducing the aggregation of
fillers should be investigated to understand the reason for the convergence of the thermal
conductivities of the composites.

In this study, a thermal transport simulation was performed to investigate thermal
conductivity in relation to the ratio of the linkage conformations between the crystalline
domain and amorphous domain linked by loops, tails, and bridges. The optimal chain
length of the amorphous PEEK was selected with the length at the point of convergence of
the thermal conductivities of the semi-crystalline PEEK models. The interphase thermal
conductivity between the crystalline domain and the amorphous domain, and the heat
transfer path of the semi-crystalline PEEK were investigated after the thermal transport
simulation, in accordance with the various combinations of loops, tails, and bridges. The
thermal transport simulations of the semi-crystalline PEEK/BN composites reinforced with
BN sheets were performed to verify the effect of the addition of BN sheets and the mobility
of phonon between the BN sheets and PEEK chains. In addition, the factor inducing
the aggregation of fillers in the PEEK/BN composite was investigated by visualizing the
equilibrated simulation models.

2. Computational Methods
2.1. Semi-Crystalline Polyetheretherketone Modeling

The semi-crystalline PEEK model consisted of a crystalline domain with aligned chains
and an amorphous domain with randomly entangled chains in the periodic boundary
system. The simulation model was constructed based on experimental results, as shown
in Figure 1. The degree of crystallinity of the semi-crystalline PEEK was about 30%. It
is identical to the experimental result obtained with a differential scanning calorimeter
(DSC) [24]. The size of a crystalline PEEK domain is 124 Å (x) × 50 Å (y) × 50 Å (z). The
atomic content of crystalline PEEK with 30,800 atoms, relative to the total number of atoms
in the semi-crystalline PEEK, is 30%. The amorphous PEEK was set to 70% relative to the
total number of atoms in the semi-crystalline PEEK. The total size of the semi-crystalline
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PEEK model was 460 Å (x) × 50 Å (y) × 50 Å (z) in the periodic boundary condition. The
density distribution of the amorphous domain well matched the density of the amorphous
PEEK, which was of 1.26 g/cm3 as obtained from the experiment [25]. The crystalline
PEEK had a density of about 1.40 g/cm3 [25]. This was well matched with the density
of the crystalline domain in this work. A range of 10 to 100 monomer units was used to
verify the change in thermal conductivity for various chain lengths of amorphous PEEK.
An analysis of thermal transport according to the ratio of the linkage conformation between
the crystalline domain and the amorphous domain was performed using the selected chain
length of amorphous PEEK. The crystalline domain and the amorphous domain of semi-
crystalline PEEK were linked by loops, tails, and bridges (Figure 1). Both ends of a loop
chain are connected to the same side of the crystalline domain. A tail chain only connects to
one end of the crystalline domain. The bridge chain is connected to the crystalline domains
by one polymer chain. The simulation models were constructed using Materials Studio
2017 software with a Dreiding force field [26].
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The effects of the chain length of the amorphous PEEK and the contents of linkage
conformations on thermal conductivity were analyzed following the thermal transport
simulations of the semi-crystalline PEEK models. The radius of gyration (Rg), which
is based on the size of the molecule from the center of mass in a polymer chain, was
calculated by

R2
g =

1
M ∑ mi(ri − rcm)

2 (1)

where M is the total mass of the polymer chain, mi is the mass of the atom, ri is the
coordinate of the atom, and rcm is the coordinate of the center of mass on a polymer chain.
The radius of gyration indicates the distribution size of a single polymer chain. The Ra,g
is the average value of the radius of gyration of the amorphous polymer chains. In the
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simulation model, a large Ra,g means a long heat transfer path. The radius of gyration on
the bulk polymer (Rbulk) in the amorphous domain was calculated by

R2
bulk =

1
Mb

∑ mi(ri − rcm,bulk)
2 (2)

where Mb is the total mass of the amorphous polymer chains and rcm,bulk is the coordinate
of the center of mass on the bulk amorphous polymer. In the simulation model, Rbulk is the
size of the bulk polymer from the center of mass on the bulk polymer to all amorphous
polymer chains. Rbulk indicates the degree of entanglement of the polymer chains. A large
Rbulk means that amorphous polymer chains are widely distributed with low entanglement.
BN sheets were used to improve the thermal property of the semi-crystalline PEEK. In our
previous study [27], the newly proposed Dreiding force field (N-DFF) was developed to
calculate the potential energy of boron and nitride atoms using all-atom MD simulation. The
force constants of the N-DFF were parameterized based on the potential energy obtained
from the density functional theory (DFT). Consequently, the N-DFF can be used to help
accurately predict the material properties of the BN sheet, such as its mechanical and
thermal properties. In this work, the N-DFF was used to analyze the thermal transport
of the PEEK/BN composite. The thermal properties of the semi-crystalline PEEK were
calculated using the original Dreiding force field (DFF) because the DFF provides a more
accurate prediction of material properties when the polymers consist of carbon, oxygen,
and hydrogen atoms [8,28]. In addition, the parameters of the bond stretching terms of the
B–H and N–H bonds were obtained using the linear least square fitting (LLSF) method for
the accurate force constants of the bonded term. A detailed description of the calculation
method can be found in the Supplementary Materials.

2.2. Thermal Transport Using Molecular Dynamics Simulation

All of the simulation models were optimized using the conjugate gradient method
to minimize the total potential energy. The optimized models were equilibrated using
an isothermal–isobaric ensemble (NPT) at room temperature for 3 ns with a time step
of 1 fs. After the equilibration process, the thermal conductivity was calculated using a
reverse non-equilibrium molecular dynamics (RNEMD) simulation. A swap of kinetic
energy between the atoms in a heat sink and the atoms in a heat source was performed
under the microcanonical ensemble (NVE) for 3 ns (Figure 2). A temperature gradient was
generated during the heat transfer process with a swap time of 100 fs. The semi-crystalline
PEEK models and the composite models composed of the semi-crystalline PEEK and BN
sheets were divided into 40 slabs along the x direction. The thermal conductivity (K) was
calculated by

J =
1

2tA ∑
Nswap

mhv2
h −mcv2

c

2
(3)

K =
J

∂T/∂x
(4)

where J is the total heat flux during the heat transfer time t, A is the cross-sectional area of
the simulation model, mh and mc are the atomic masses of the heat source and the heat sink,
respectively, and v is the velocity of the atom. The phonon behavior is closely related to the
thermal transport in the materials. The phonon density of states (PDOS) of the simulation
models was calculated using a Fourier transform of the velocity autocorrelation function
(VACF). The VACF was averaged over the value of the BN atoms and PEEK atoms in the
composite model obtained during the equilibration process. The PDOS was calculated by

PDOS(ω) =
1√
2π

∫ τ

0
VACF(t)e−iωtdt (5)

VACF(t) = 〈ν(t)ν(0)〉 (6)
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where ω is the frequency, τ is a total integration time, and ν(t) is the velocity of atoms
at time t. The angle bracket denotes the ensemble average of all atoms in the simulation
model. All equilibration and thermal transport simulations were performed using the
Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) [29].

Polymers 2023, 15, x FOR PEER REVIEW 5 of 13 
 

 

to the thermal transport in the materials. The phonon density of states (PDOS) of the sim-
ulation models was calculated using a Fourier transform of the velocity autocorrelation 
function (VACF). The VACF was averaged over the value of the BN atoms and PEEK at-
oms in the composite model obtained during the equilibration process. The PDOS was 
calculated by 𝑃𝐷𝑂𝑆(𝜔) =  1√2𝜋 න 𝑉𝐴𝐶𝐹(𝑡)𝑒ିఠ௧𝑑𝑡ఛ

  (5)𝑉𝐴𝐶𝐹(𝑡) = 〈𝜈(𝑡)𝜈(0)〉 (6)

where ω is the frequency, τ is a total integration time, and ν(t) is the velocity of atoms at 
time 𝗍. The angle bracket denotes the ensemble average of all atoms in the simulation 
model. All equilibration and thermal transport simulations were performed using the 
Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) [29]. 

 
Figure 2. Temperature gradient of a semi-crystalline PEEK model during RNEMD simulation. 

3. Results and Discussion 
3.1. Effect of the Chain Length of Amorphous PEEK on the Thermal Conductivity 

Thermal transport simulations of the semi-crystalline PEEK models for various chain 
lengths were performed to determine the optimal repeat unit of the amorphous chain. For 
example, PEEK10 was a semi-crystalline PEEK model consisting of a crystalline domain 
and the amorphous domain with an amorphous chain of 10 repeat units. Thermal con-
ductivity was observed to increase from PEEK10 to PEEK70. It converged at about 0.24 
W/mK when there were 70 chain repeat units (Figure 3a). The convergence of bending, 
torsion, and non-bonding potential energies on the polymer molecule according to the 
chain lengths led to the convergence of the thermal conductivities [10]. The thermal con-
ductivity from the simulation matched the experimental value well. It was about 0.25 
W/mK when the chain repeat units exceeded 70 [13]. The semi-crystalline PEEK model 

Figure 2. Temperature gradient of a semi-crystalline PEEK model during RNEMD simulation.

3. Results and Discussion
3.1. Effect of the Chain Length of Amorphous PEEK on the Thermal Conductivity

Thermal transport simulations of the semi-crystalline PEEK models for various chain
lengths were performed to determine the optimal repeat unit of the amorphous chain. For
example, PEEK10 was a semi-crystalline PEEK model consisting of a crystalline domain and
the amorphous domain with an amorphous chain of 10 repeat units. Thermal conductivity
was observed to increase from PEEK10 to PEEK70. It converged at about 0.24 W/mK when
there were 70 chain repeat units (Figure 3a). The convergence of bending, torsion, and
non-bonding potential energies on the polymer molecule according to the chain lengths led
to the convergence of the thermal conductivities [10]. The thermal conductivity from the
simulation matched the experimental value well. It was about 0.25 W/mK when the chain
repeat units exceeded 70 [13]. The semi-crystalline PEEK model facilitated the reliable
calculation of thermal conductivity. The thermal conductivity of PEEK100 with an Ra,g of
about 93 Å was higher than that of PEEK10 because PEEK100 had a longer heat transfer
path than PEEK10 (Figure 3b). The thermal conductivity of a polymer is associated with
phonon transfer in a polymer chain. The thermal conductivity of PEEK100 with its long
polymer chain was higher than that of PEEK10 with the short polymer chain, due to an
increase of phonon mobility caused by the increase of bond vibration [30]. In addition,
thermal transport is generated by collisions among the chains. The thermal conductivity
of PEEK10 was lower than those of other models because of its low phonon mobility,
induced by the reduction in collision between shorter chains compared with the chains of
other models [31]. In addition, the entanglement of polymer chains affected the thermal
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conductivities of the PEEK models in this study. PEEK100 with an Rbulk of about 143 Å
had the highest thermal conductivity due to the increase of the heat transfer path induced
by a reduction of entanglement of the polymer chains (Figure 3c). These results indicate
that the heat transfer path on a polymer chain and the entanglement of polymer chains are
both important factors affecting thermal conductivity. The chain with the 70 repeat units at
the point of convergence was selected as an amorphous chain to investigate the effect of
linkage conformation connecting the crystalline domain and the amorphous domain.
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3.2. Effect of Loop and Tail Conformations Connecting the Crystalline Domain and the Amorphous
Domain on Thermal Conductivity

The thermal conductivities of PEEK models were predicted according to the vari-
ous ratios of loop and tail conformations. The PEEK models were labeled loop30tail70,
loop50tail50, and loop70tail30 models, according to the ratio of the linkage conformation
on the amorphous chain. For example, loop30tail70 model was set to 30% loop and 70%
tail conformations, relative to the total number of amorphous chains. The thermal con-
ductivity of the loop70tail30 model, which had a high content of loop conformation, was
about 0.41 W/mK (Figure 4a). This was about 14% higher than those of loop30tail70 and
loop50tail50. The loop70tail30 model had the longest heat transfer path, induced by the
largest Ra,g (Figure 4b). The Rbulk values of three models were the same, about 118 Å
(Figure 4c). This result means that the radial distribution of the bulk polymer did not
change the thermal conductivities of the PEEK models in accordance with the ratio of loop
and tail conformations. The thermal conductivity in the model, according to the ratio of loop
and tail conformations, was related to the interphase thermal conductivity in the interphase
region between the crystalline domain and the amorphous domain. The thermal conduc-
tivities of the loop30tail70, loop50tail50, and loop70tail30 models in the interphase region
were about 0.36, 0.36, and 0.52 W/mK, respectively (Figure 4d). The thermal conductivity
of the interphase region of loop30tail70 was lower than that of loop70tail30 due to the low
heat transfer path induced by the tail chains, which are connected to the crystalline domain
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by only one end of the chain. On the other hand, the thermal conductivity of the interphase
of the loop70tail30 model was about 44% higher than those of the other models due to the
increase of the heat transfer path, because both ends of the loop chain were connected with
the crystalline domain. Consequently, the thermal conductivity of the loop70tail30 model,
with the high content of loops, was improved by the increase of the thermal conductivity
of the interphase region. Therefore, the ratios of loop and tail conformations are important
to improving the thermal conductivity of semi-crystalline PEEK.
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conductivities of interphase.

3.3. Effect of Bridge Conformation, Connecting Two Sides of the Crystalline Domain on
Thermal Conductivity

The thermal conductivities for various ratios of bridge conformations were investi-
gated to determine the optimal content of bridge conformation for improving the thermal
conductivity. The bridge conformation content was set to 10, 30, 50, and 70%, relative to
the total number of amorphous chains. The residual content of amorphous chains, except
for the bridge conformation, consists of loop and tail conformations. The ratio of loop and
tail conformations in loop70tail30 was used to determine the optimal content of the bridge
conformation, which needed to achieve the highest thermal conductivity of semi-crystalline
PEEK. The thermal conductivity of the model with a bridge content of 30% was about
0.48 W/mK. This was higher than those of the other models (Figure 5a). The thermal
conductivities of models with bridge contents in the range of 10% to 30% increased as the
Ra,g values increased. Among the loop, tail, and bridge conformations, the bridge chain is
the longest chain along the x-axis. Therefore, the Ra,g of the amorphous chains increased in
a linear form as the bridge content increased (Figure 5b). In addition, the PEEK model with
a bridge conformation of 30% had the highest thermal conductivity due to the long thermal
transport path induced by the wide distribution of polymer chains with low entanglement
(Figure 5c). However, thermal conductivity decreased when the bridge chain content was
over 30%. This result is related to the entanglement of the polymer chains. The Rbulk
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values of models with bridge chain contents more than 30% gradually decreased due to the
increase of the entanglement of polymer chains. The thermal conductivity decreased due
to excess phonon scattering, induced by the increased entanglement of polymer chains [32].
These results indicate that a bridge conformation of 30% of the PEEK model with low
phonon scattering and low entanglement of polymer chains was the optimal content for
improving thermal conductivity.

Polymers 2023, 15, x FOR PEER REVIEW 8 of 13 
 

 

conductivity. The bridge conformation content was set to 10, 30, 50, and 70%, relative to 
the total number of amorphous chains. The residual content of amorphous chains, except 
for the bridge conformation, consists of loop and tail conformations. The ratio of loop and 
tail conformations in loop70tail30 was used to determine the optimal content of the bridge 
conformation, which needed to achieve the highest thermal conductivity of semi-crystal-
line PEEK. The thermal conductivity of the model with a bridge content of 30% was about 
0.48 W/mK. This was higher than those of the other models (Figure 5a). The thermal con-
ductivities of models with bridge contents in the range of 10% to 30% increased as the 𝑅𝚊,g 
values increased. Among the loop, tail, and bridge conformations, the bridge chain is the 
longest chain along the x-axis. Therefore, the 𝑅𝚊,g of the amorphous chains increased in a 
linear form as the bridge content increased (Figure 5b). In addition, the PEEK model with 
a bridge conformation of 30% had the highest thermal conductivity due to the long ther-
mal transport path induced by the wide distribution of polymer chains with low entan-
glement (Figure 5c). However, thermal conductivity decreased when the bridge chain 
content was over 30%. This result is related to the entanglement of the polymer chains. 
The 𝑅𝑏𝑢𝑙𝑘 values of models with bridge chain contents more than 30% gradually decreased 
due to the increase of the entanglement of polymer chains. The thermal conductivity de-
creased due to excess phonon scattering, induced by the increased entanglement of poly-
mer chains [32]. These results indicate that a bridge conformation of 30% of the PEEK 
model with low phonon scattering and low entanglement of polymer chains was the op-
timal content for improving thermal conductivity. 

 
Figure 5. Thermal transport according to the content of bridge conformation: (a) thermal conduc-
tivities, (b) radius of gyration, and (c) radius of gyration on bulk polymer. 

3.4. Effect of the Addition of BN Sheets on the Thermal Conductivity of the PEEK/BN Composite 
The thermal conductivities of the PEEK/BN composites with the addition of BN 

sheets were investigated to verify how the filler affected high thermal conductivity. The 
semi-crystalline PEEK model with a bridge conformation of 30% was used to construct 
the PEEK/BN composite model using square BN sheets with a lateral length of 45 Å. The 
thermal conductivities of the PEEK/BN composites gradually increased when the contents 

Figure 5. Thermal transport according to the content of bridge conformation: (a) thermal conductivi-
ties, (b) radius of gyration, and (c) radius of gyration on bulk polymer.

3.4. Effect of the Addition of BN Sheets on the Thermal Conductivity of the PEEK/BN Composite

The thermal conductivities of the PEEK/BN composites with the addition of BN
sheets were investigated to verify how the filler affected high thermal conductivity. The
semi-crystalline PEEK model with a bridge conformation of 30% was used to construct
the PEEK/BN composite model using square BN sheets with a lateral length of 45 Å. The
thermal conductivities of the PEEK/BN composites gradually increased when the contents
of the BN sheets increased from 5 wt% to 10 wt%. It converged at about 0.58 W/mK when
the BN sheet contents exceeded 10 wt% (Figure 6a). The thermal conductivities of compos-
ites with BN sheets contents of more than 10 wt% were improved by about 14% compared
to the composite with 5 wt% BN sheets. The increasing content of the BN sheets with
high thermal conductivity improved the thermal conductivity of the PEEK/BN composite.
Figure 6b shows the phonon behaviors of the PEEK/BN composites according to the BN
sheet content. When the BN sheet content was over 7 wt%, the phonon intensities increased
in the frequency region of 79 THz. This result indicates that heat transfer was actively
promoted by the increase of phonon vibration within the BN sheets. As a result, the thermal
conductivity increased as the phonon intensities in the BN sheets increased. Additionally,
the thermal conductivity of the composite increased as phonon scattering was reduced
by the many heat transfer pathways created between the polymer chains and fillers [33].
Figure 6c shows that the Ra,g increased with the addition of BN sheets. The π–π interaction
between the aromatic rings of the polymer chains and the BN sheets facilitated the distri-
bution of polymer chains on the surface of the BN sheets. As a result, the polymer chains
became widely distributed along the surface of the BN sheets. Therefore, the long heat
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transfer path induced by the wide distribution of the polymer chains leads to an increase of
thermal conductivity. In addition, the Rbulk increased with the increasing BN sheet content
(Figure 6d). This result indicates that the wide distribution of polymer chains induced by
the increase of BN sheet content reduced the entanglement of the polymer chains. The
reduction of entanglement led to a reduction of the phonon scattering in the PEEK/BN
composite. These results indicate that the increase of phonon vibration, the reduction of
phonon scattering, and the wide distribution of polymer chains with the addition of BN
sheets led to the improvement of thermal conductivity on the PEEK/BN composite.
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3.5. Effect of the Lateral Size of the Square BN Sheets on the Thermal Conductivity of the
PEEK/BN Composite

Thermal transport simulations of the composites were performed to investigate the
thermal conductivities for various lateral sizes of square BN sheets. The total BN sheet
content was selected to be the 10 wt%. This was the point of convergence of the thermal
conductivities. The lateral lengths of a square BN sheet ranged from 20 Å to 50 Å. The
thermal conductivities of PEEK/BN composites with BN sheets with lateral lengths of
more than 30 Å were improved by about 6% compared to the model with BN sheets with
lateral lengths of 20 Å (Figure 7a). The Ra,g of the polymers with increased BN sheet lateral
size were almost identical (Figure 7b). This means that changing the lateral size of the
BN sheet did not affect the distribution of the polymer chains. In addition, the Rbulk of
polymers with various sizes of BN sheets were almost the same (Figure 7c). The degree
of entanglement of the polymer chains was also almost the same because there was no
change of the distribution of the polymer chains. Figure 7d shows the phonon behaviors
of the PEEK/BN composites. The phonon intensity in the low frequency range indicates
the intensity of phonon vibration within a BN sheet [27]. The phonon vibration within BN
sheets increased as the lateral length of BN sheets increased in the low frequency range
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from 30 THz to 60 THz. The increase of phonon vibration resulted in an improvement of
the thermal conductivity of the PEEK/BN composite. In addition, the phonon intensity
in the high frequency region (about 92 THz) at the interface between the polymer chains
and fillers increased as the lateral length of the BN sheets increased [34]. The increase of
phonon intensity at the interface between the polymer chains and BN sheets led to the
improvement of the thermal conductivities of the PEEK/BN composites.
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In addition, the dispersion of fillers affected the thermal conductivity of the compos-
ite [23]. The BN sheets in the composite models reinforced with BN sheets with lateral
lengths of 20 Å and 30 Å were evenly dispersed, as shown in Figure 8a,b, respectively.
The well-dispersed fillers facilitated more active heat transfer at the interface between
the materials [23]. However, the thermal conductivities of the composites reinforced with
BN sheets with lateral lengths of more than 30 Å gradually converged about 0.58 W/mK.
The disconnection of the heat transfer path, due to aggregation of the BN sheets, leads to
the convergence of the thermal conductivities (Figure 8c,d). These results mean that the
improvement of thermal conductivity is limited by the aggregation of BN sheets, although
the phonon transfer increased with the lateral size of the BN sheets. Therefore, the addition
of BN sheets that are too large results in aggregation that obstructs the improvement of the
thermal conductivity of the composite.
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4. Conclusions

The important factors affecting the thermal conductivity of the semi-crystalline PEEK
were revealed by the thermal transport simulations. The thermal conductivities of PEEK
models with an amorphous chain with more than 70 repeat units were higher than the
model with an amorphous chain of 10 repeat units. The long amorphous chains led to
improved phonon transport by increasing the phonon vibration and collision probability.
In addition, it was found that the wide distribution of long polymer chains with low
entanglement induced long heat transfer paths. The thermal conductivity of the semi-
crystalline polymer was related to the loop, tail, and bridge linkage conformations between
the crystalline domain and the amorphous domain. The thermal conductivity of the model
with high loop conformation content was enhanced by the increase of heat transfer paths,
induced when both ends of the loop were connected with the crystalline domain. In
addition, thermal conductivity increased as the bridge chain increased because both ends
of the bridge chains were connected with the crystalline domains. However, an excessive
content of bridge chains reduced thermal conductivity due to the entanglement of polymer
chains. The thermal conductivities of the PEEK/BN composites were improved by better
phonon transport after the addition of the BN sheets. In addition, the heat transfer path
increased with the wide distribution of polymer chains along the surface of BN sheets.
However, the thermal conductivity of the composite was related to the interfacial thermal
transport between materials. Although phonon transfer improved as the lateral length
of the BN sheets increased, the thermal conductivities of models containing BN sheets
with lateral lengths of over 30 Å were converged due to the excessive aggregation of the
BN sheets. These results mean that thermal conductivity was increased by the long heat
transfer path induced by the long chain lengths, the high loop content, the optimal bridge
content, and the addition of BN sheets. In addition, excessive bridge content and the
aggregation of BN sheets caused polymer entanglement, resulting in low thermal transport.
The simulation analyses of the structure of polymer are expected to assist the analysis of
mechanisms for improving thermal properties of semi-crystalline polymer composites.
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