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With the progress in nanotechnology and production methods, composite materials
are becoming lighter, cheaper, more durable, and more versatile. At present, great progress
has been made in the design, preparation, and characterization of composite materials,
making them smarter and more versatile [1–3]. By creating new properties using suitable
fillers and matrixes [3–5], the functional composites can meet the most difficult demands
of users, especially in high-tech industries. Advanced composites reinforced by high-
performance carbon fibers and nanofillers are popular in the automotive and aerospace
industries thanks to their significant advantages, such as high specific strength to weight
ratio and non-corrosion properties. In addition to the improvement of the mechanical
performance, composite materials today are designed to provide new functions dealing
with antibacterial, self-cleaning, self-healing, super-hard, and solar reflective activities for
desired end-use applications [6–9]. On the other hand, composite materials can contribute
to reducing environmental issues by providing renewable energy technologies in conjunc-
tion with multifunctional, lightweight energy storage systems with high performance and
noncorrosive properties. They are also used to prepare a new generation of batteries and
directly contribute to H2 production or CO2 reduction in fuels and chemicals.

In this Special Issue, we have collected a total of 12 excellent articles reporting on
recent developments dealing with preparative methods, design, properties, structure, and
characterization methods, as well as promising applications of multifunctional composites
from internationally recognized researchers worldwide. These papers come from a total of
44 authors from 14 different countries, including the USA (2), the UK (1), Canada (4), Ger-
many (4), China (3), Italy (1), Pakistan (1), Vietnam (11), Iran (3), Ethiopia (4), Bangladesh
(4), Russia (4), Romania (1) and Poland (2). These articles cover potential applications
in various areas, such as anticorrosion, photocatalyst, absorbers, superhydrophobic, self-
cleaning, antifouling/antibacterial, renewable energy, energy storage systems, construction,
electronics, and modeling and simulating processes involving the design and preparation
of functional and multifunctional composites.

Various multifunctional materials based on biodegradable polymers are reported in
this collection. Kong D. et al. reported on the preparation of composites that contain
chitosan and pectin biopolymers with tunable adsorption properties. Binary biopolymer
composites were prepared at variable pectin–chitosan composition in a solvent directed
synthesis, dimethyl sulfoxide (DMSO) versus water [10], while Nguyen et al. published an
article on the preparation of biodegradable composites based on polylactide acid reinforced
by pulp fiber (PF) and epoxidized tung-oil (ETO). The effect of these components on
mechanical properties are deeply discussed [11]. In another article, the influence of layer
thickness (LT), infill percentage (IP), and extruder temperature (ET) on the maximum
failure load, thickness, and build time of bronze polylactic acid (Br-PLA) composites 3D-
printed by the fused deposition modeling (FDM) was investigated via an optimization
method [12].

Some articles reported on the recent developments in smart coatings in terms of their
mechanical properties, while the oxidative and weather resistance of come smart composite
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coatings are also reported [13–16]. Regarding the applications of multifunctional compos-
ites to the environmental field, N-doped Cu2O/ZnO nanocomposite on the degradation of
methyl red is reported by Raim et al. [17], while the phototodegradation of CuO/ZnO to
textile dyes is also investigated [18]. Computer simulation has also been used to predict
the behavior of composite materials at the nanoscale [19]. A critical review on the complex
multiphase polydisperse system is also reported in this collection [20].

The guest editor would like to thank the Editor in chief of the Journal of composites
Science for accepting his proposal related to this Special Issue. Many thanks to the assistant
editors for their kind help during the review process and for all steps relating to the
production of the selected articles. I hope the high-quality articles published in this SI
may provide helpful information to students, engineers, and researchers working on
multifunctional composites.
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Abstract: Milk is a product that requires quality control at all stages of production: from the dairy
farm, processing at the dairy plant to finished products. Milk is a complex multiphase polydisperse
system, whose components not only determine the quality and price of raw milk, but also reflect
the physiological state of the herd. Today’s production volumes and rates require simple, fast,
cost-effective, and accurate analytical methods, and most manufacturers want to move away from
methods that use reagents that increase analysis time and move to rapid analysis methods. The review
presents methods for the rapid determination of the main components of milk, examines their
advantages and disadvantages. Optical spectroscopy is a fast, non-destructive, precise, and reliable
tool for determination of the main constituents and common adulterants in milk. While mid-infrared
spectroscopy is a well-established off-line laboratory technique for the routine quality control of milk,
near-infrared technologies provide relatively low-cost and robust solutions suitable for on-site and
in-line applications on milking farms and dairy production facilities. Other techniques, discussed in
this review, including Raman spectroscopy, atomic spectroscopy, molecular fluorescence spectroscopy,
are also used for milk analysis but much less extensively. Acoustic methods are also suitable for
non-destructive on-line analysis of milk. Acoustic characterization can provide information on fat
content, particle size distribution of fat and proteins, changes in the biophysical properties of milk
over time, the content of specific proteins and pollutants. The basic principles of ultrasonic techniques,
including transmission, pulse-echo, interferometer, and microbalance approaches, are briefly described
and milk parameters measured with their help, including frequency ranges and measurement accuracy,
are given.

Keywords: milk composition; multiphase polydisperse system; near-infrared spectroscopy;
mid-infrared spectroscopy; Raman spectroscopy; milk optical and acoustical properties; milk spectral
analysis; speed of sound; attenuation; ultrasonic techniques
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1. Introduction

Milk is one of the most common foods. Dairy products are important dietary sources of calcium
because of its high content, high absorption rate, availability, and relatively low cost. They contain more
protein, calcium, potassium, magnesium, zinc, and phosphorus per calorie than any other popularly
food found in our diet [1]. Regular consumption of milk improves enamel in children, promotes better
absorption of vitamins, and prevents dehydration of the body. According to research by the Annals
of Internal Medicine, dairy consumption reduces acidity throughout the body. But when using milk,
it should be borne in mind that some people may have lactose intolerance and may have problems
digesting milk because of the lactose contained in it [2–4]. The dynamics of growth in the production
and consumption of dairy products is observed annually [4].

The safety and quality of raw milk is now a key competitive factor in the industry. The main
reason for the low quality of milk is the lack of effective organization of technological processes.
Optimization of quality control of dairy products remains a pressing issue. Gradually, along with
traditional methods of analysis, which take a long time, require chemical reagents and preliminary
sample preparation, express analyzers are being introduced more and more. Now the market for
equipment for the analysis of milk and dairy products is represented by very diverse new models.
Such equipment can perform analysis on several indicators in a short time.

All express analyzers are united by the fact that working with them is not difficult for a
non-professional, they do not require additional reagents for operation, they are capable of operating
at least 8 h, they can be transported and calibrated according to their samples. But despite all
the advantages of modern analyzers, there are issues that have not yet been resolved. The most
common and interesting devices for further modernization work on the basis of optical, spectroscopic,
and ultrasonic methods of analysis.

Optical spectroscopy is among the most widely used methods for the routine quality control of
milk and dairy products since it provides fast, simple, and reliable analytical procedures with minimal
sample preparation.

Mid-infrared (MIR) spectroscopy has been successfully used for the quantitative determination
of the principal milk constituents (protein, fat, lactose) for decades and became some kind of a
gold standard; apart from improving accuracy and reliability, the recent developments in this area
were aimed at the detection of milk adulteration, the problem which is extremely acute worldwide.
Fourier transform infrared (FTIR) spectrometers with attenuated total reflection (ATR) accessories are
largely used for the MIR spectral analysis of milk. While there is an obvious market demand for on-site
and in-line applications, the high cost of FTIR spectral equipment and the intrinsic limitations of ATR
measurements hamper the implementation of MIR spectroscopy outside off-line, laboratory conditions.

Near-infrared (NIR) spectroscopy provides relatively low-cost and robust solutions suitable for
in-line applications on milking farms and dairy production facilities, including devices incorporated
in milking robots and industrial processing equipment. Because of the significant advances in
chemometrics NIR technologies of milk analysis have now achieved the level of accuracy and reliability
only slightly inferior to MIR spectroscopy.

Different aspects of milk spectral analysis are discussed in this section of the review: optical
properties of milk in a wide spectral range (0.2–25 μm), various analytical techniques, the spectral
equipment. The emphasis was made on the methods, which are widely employed for routine
milk quality control, namely MIR and NIR molecular absorption spectroscopy (spectrophotometry).
Spectroscopic techniques, which are not so extensively used, including ultraviolet (UV) absorption
spectroscopy, Raman spectroscopy, atomic spectroscopy, and molecular fluorescent spectroscopy are
also briefly described.

The following are acoustic methods that are suitable for non-destructive analysis of milk.
This article discusses the acoustic properties of milk and acoustic methods for measuring the speed
of sound, attenuation, density. Questions about how the acoustic properties of milk are related to its
ingredients are discussed. It is discussed how acoustic characterization can provide information on fat
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content, particle size distribution of fat and proteins, and the kinetics of changes in the biophysical
properties of milk over time, the content of specific proteins and pollutants.

The basic principles of ultrasonic measuring techniques, including transmission, pulse-echo,
interferometer, and microbalance approaches, are briefly described and examples of milk parameters
measured with their help, including frequency ranges and measurement accuracy, are given.

2. Milk as a Complex Multyphase Polydisperse System: Urgent Tasks

2.1. Milk Industry and Actual Problems

It is known that milk and dairy products belong to the group of products of daily consumption
and accompany a person throughout his life; many studies have been done and published on the effect
of milk on human health [4–8]. The world market is mainly represented by such types of milk as
cow, buffalo, goat, sheep, and camel. The dynamics of the annual increase in milk yield is shown in
Figure 1a.

 
(a) 

 
(b) 

Figure 1. Production of all types of milk according OECD-FAO Agricultural Outlook [9] (a) and
relevance of milk tests (b).

The annual consumption of dairy products in Russia reaches 16% of all types of food [7]. In the
conditions of the current deficiency of animal protein, it is imperative to include dairy products in the
diet. According to the Ministry of Health, the rate of consumption of milk and dairy products per
person in Russia is 325 kg per year [7]. However, according to Rosstat reports, Russians receive less
than 30%. So in 2018, Russians consumed less than 230 kg of dairy products, and in 2019—229 kg.
In China, according to the «Dietary Guidelines for Chinese Residents», the daily consumption of milk
and dairy products should be 300 g per day or 109.5 kg per year. But according to IFCN, the average
is only 31 kg per capita per year (or 85 g per day). The low level of consumption of dairy products
is due to cultural and historical features. In India, the recommended rate is the same as in China,
109.5 kg per year, while the real consumption exceeds the nominal and averages 131 kg per year.
European countries have a high level of consumption of dairy products. The average is 306 kg per
year. According to the recommendations of the German Society for Healthy Nutrition (DGE, Deutsche
Gesellschaft für Ernährung), it is recommended to consume 200–250 g of milk and low-fat dairy
products daily, 2 slices of low-fat cheese (50–60 g), i.e., about 91–113 kg of milk per per capita year.
According to the «2015–2020 Dietary Guidelines for Americans» [6], developed in the United States
and used as a guide in some countries, the recommended level of dairy consumption for children
aged 9–18 and adults is about 3 “cup-equivalents,” that is about 1137.7 g per day or 415 kg per year.
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The real indicator of consumption of milk and dairy products in 2015 in the United States was 269 kg
per capita per year. According to The DairyNews, citing Dairy Repoter, Switzerland also does not
consume enough dairy products. Thus, the annual consumption of milk per inhabitant has decreased
over 20 years from 79 to 53.3 kg.

In general, an important problem in the world remains the lack of raw milk and the deficit in both
total volume and quality. The reasons for this situation are multifaceted—there is a decrease in the
total livestock population, production of low-quality products, insufficient breeding work, outdated
methods of keeping and feeding animals, outdated and worn out equipment, a shortage of personnel
(both highly qualified and working personnel), unpopularity of the profession, low prices for raw
milk, low investment attractiveness (the dairy industry is traditionally an industry with a low payback
level), long payback periods.

Currently, an urgent problem in dairy farming is to ensure the quality and safety of raw milk as
the main raw material for dairy products. Quality management should be considered as a purposeful
process of coordinated actions in the system of the dairy complex of the agro-industrial complex
to establish, ensure, and maintain the required quality level of marketable products that meets the
requirements of customers and processing enterprises. Quality is the fundamental factor that makes
up competitiveness. This also applies to agricultural producers, whose products must compete
successfully in a free market economy. Competent assessment of raw milk allows to prevent and
reduce losses, increase sales income.

Milk has a short shelf life. Its quality directly depends on the fulfillment of conditions at all stages
of production: from collection at the farm level, transportation, acceptance, and processing at the dairy.
Therefore, sampling and analysis must be carried out throughout the milk processing line. Modern
industrial processing based on high-tech processes makes high demands on the quality of milk used as
raw material for the production of a wide range of dairy products (Figure 1b).

Some large producers make their requirements for raw materials, which are often quite strict in
terms of protein, fat, and somatic cells content, while reducing the purchase prices for milk of a lower
grade. The solution to improve the quality and reduce the cost of equipment can be new efficient and
inexpensive technologies that would allow assessing the quality of milk produced. The problems faced
by the agricultural producer are the ingress of low-quality raw milk into the general flow (milk pipeline,
cooling tanker). For example, milk from cows with mastitis (open or closed form), contamination
of raw materials with microorganisms from an insufficiently treated udder of a cow, poor-quality
disinfection of dairy equipment, etc. In this case, the raw material becomes either unsuitable for further
use and processing, or its grade decreases, and as a consequence, the purchase price decreases. Dairies
cannot produce a quality product from such raw materials, and farms suffer significant losses.

Another important question is the composition of milk. Its chemical composition not only
determines its nutritional and biological value, but also affects the technological processing, yield,
and quality of finished products [10,11]. The content of individual components in milk is not constant;
it changes depending on the stage of lactation, breed, and health status of animals [12], quality of
feed, season, age, individual characteristics, conditions of maintenance, milking technique, etc. [13,14].
During processing and production of products, milk is subjected to mechanical, thermal, and chemical
treatments that change its characteristics, which affects the technological processes and properties of
the final product [10,11,15]. If the raw milk does not meet the necessary requirements, then the final
product will be of inadequate quality. Therefore, it is very important that already at the farm level it is
possible to determine the composition of milk from each group of cows. This will allow adjusting the
ration of the dairy herd and culling the livestock in time.

2.2. Milk Composition and Main Parameters

The main indicators that characterize the quality of milk are: chemical composition, degree of
purity, organoleptic, biochemical, physical and mechanical properties, as well as the presence of toxic
and neutralizing substances in it.
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Milk contains more than a hundred organic (fat, proteins, carbohydrates, enzymes, vitamins,
hormones) and inorganic (water, mineral salts, pigments, gases) substances [16]. Milk consists of
water and food substances distributed in it-fats, proteins, carbohydrates, enzymes, vitamins, minerals,
gases [17] (Figure 2).

Milk composition

Water

88%
Dry matter

12%

Proteins 

3.2%
Fat

3.6%
Lactose

4.4%

Vitamins, hormones,
enzymes, extraneous 

chemicals 0.1%

Minerals, 
pigments, gases

0.7%

Figure 2. Milk composition.

In terms of physical composition, milk is a complex polydisperse system containing many
interconnected structural formations.

These structures include an emulsion dispersed system of fat globules, the structural system is
colloidal, it consists of protein particles 0.2–1 microns in size. The composition of milk also includes a
fractional system-true solutions of scattered molecules and atoms.

In milk quality control, samples are checked for acidity, antibiotic content, added water, fat,
and protein. These analytical tests and methods are determined by international standards.

2.2.1. Milk Fat

Milk fat is the most variable in composition and concentration component of milk [18], its content
in cow’s milk ranges from 2.8 to 6.3%. Milk sold to the consumer is standardized with a range of
different fat content choices. It is a source of energy and essential fatty acids (linoleic, arachidonic),
fat-soluble vitamins (A, D, E, K). Until recently, the economic value of milk was based precisely on the
fat content of milk.

Milk fat is an ester of a trihydric alcohol of glycerol and fatty acids. Triacylglycerols (triglycerides)
represent 97–98% of the total lipids in the milks. It also contains accompanying fat-like substances,
or natural impurities [19]. These include phospholipids (the presence of hydrophilic and hydrophobic
parts in their molecules contributes to the formation of emulsions that are stable in water), glycolipids
(are biologically active components, preventing the production of enterotoxins in the body by certain
types of bacteria), sterols (part of the membranes of fat globules), fat-soluble pigments (karotin, etc.,
determine the color of milk), fat-soluble vitamins. Despite the insignificant amount of impurities,
some of them significantly affect the nutritional value of milk fat [20].

Fat in milk is a dispersed system of fat globules and is an oil-in-water emulsion, the properties of
which have a marked effect on many properties of milk, such as color, taste and viscosity. The globules
in bovine milk range in diameter a mean of ~3.5 μm (from ~0.1 to ~20 μm). The size distribution of
fat globules in milk may be determined by light microscopy, light scattering (Malvern Mastersizer),
or electronic counting devices (the Coulter counter) [21,22].

2.2.2. Milk Proteins

The content of milk protein is an important component of milk, both a source of good nutrition
(contains 18 amino acids, including 9 essential amino acids) and a factor in determining the price of
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milk [23]. The protein in milk ranges from 2.9 to 4%. The proteins in milk can be fractionated into
two defined groups: casein and serum protein. The ratio of casein to whey proteins consists is 80:20.
Casein is in the form of relatively large colloidal particles-micelles and contains four fractions (αS1, αS2,
β, and κ-caseins) and their fragments. Whey proteins are heterogeneous and include globular proteins
that differ in structure and properties-β-lactoglobulin, α-lactoglobulin, immunoglobulins, lactoferrin,
and serum albumin. The third group can be distinguished, these include proteins of the shells of
fat globules, which make up only about 1% of all milk proteins. The milk proteins contain the nine
essential amino acids required by humans, making it an important human food [24,25].

2.2.3. Lactose

Lactose (milk sugar) is a ready source of energy, participates in the formation of the nervous
system, skin, bone, and cartilage tissue in childhood and prevent bone loss in the elderly [26].

The lactose content in milk of cows is 3.6–5.6 (4.7% on average). Lactose is a disaccharide built
from d-glucose and d-galactose residues linked by a 1.4-glycosidic bond. Lactose is 5–6 times less sweet
than sucrose and less soluble in water. In milk, milk sugar is in two forms: α and β. At 20 ◦C contains
40% α-lactose and 60% β-lactose. Both forms can transform one into another, the rate of transition from
one form to another depends on the temperature. When milk is heated to a temperature above 100 ◦C
(especially during sterilization and high-temperature processing), milk sugar is partially converted into
lactulose. Lactulose differs from milk sugar in that it contains fructose instead of glucose. Lactulose is
readily soluble in water, 1.5–2 times sweeter than lactose. At high heating temperatures (160–180 ◦C),
milk sugar caramelizes, and the lactose solution turns brown.

2.2.4. Minerals, Vitamins, Urea, Enzymes, Hormones, and Other Ingredients

Mineral substances in milk contain from 0.6 to 0.8%. The main macronutrients include: calcium,
magnesium, potassium, sodium; microelements: copper, iron, zinc, cobalt, manganese, iodine,
etc. Milk contains almost all vital vitamins. They are represented by fat-soluble (A, D, E, K) and
water-soluble (B1, B2, B3, PP, B6, B9, B12, C, H) vitamins. Another important component of milk is
urea. Monitoring the level of urea in milk and blood allows to adjust the feeding diet in a timely
manner, as well as improve the quality of milk and dairy products. Urea is also added to improve
the thermal stability of milk and to increase the total nitrogen content (milk protein), which is a type
of adulteration. Milk also contains more than 20 native enzymes, hormones (prolactin, oxytocin,
somatotropin, thyroxin), pigments (carotenoids that determine the color of milk), gases such as
nitrogen, oxygen, carbon dioxide, ammonia (they get into milk from blood, air during milking, pipeline
transport), etc.

Thus, the composition of milk is complex and unstable, and the absence of one of the substances
or a deviation of its quantity from the norm usually indicates a sick state of the animal, an inadequacy
of the diet (feed) or falsification of milk.

2.2.5. Falsification

On the list of the most counterfeited foods in the world, milk follows immediately after olive
oil; over the past 30 years, milk has featured in 24% of all incidents [27]. Since the composition and
properties of milk fluctuate (Table 1) under the influence of various factors, this in practice makes it
possible to falsify milk in different ways.

The methods of falsification have practically not changed in recent years. At the moment, two large
groups of counterfeit can be distinguished—the falsification of the composition (mainly raw materials)
and the falsification of quality. The most common counterfeit is dilution with water [28], milk whey
(Table 2), the addition of nitrogen-containing substances, milk substitutes, preservatives [18,22,29].
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Table 1. Average chemical composition of cow’s milk and range of fluctuations in the norm.

Components Average Content, % Oscillation Limits

Water 87.5 84–89
Dry matter 12.5 11–16
Including:
Fat 3.8 2.5–6.8
Protein 3.3 2.7–5.0
Lactose 4.7 3.6–5.6
Ash 0.7 0.6–0.9

Table 2. Comparison of the chemical and physical properties of whole and falsified milk.

Parameters Diluted with Water Whole Milk Skimmed Milk

organoleptic
characteristics

weakened taste and odor,
decreased viscosity

(wateriness), bluish color

specific smell, no foreign
impurities, color from
white to light cream

taste is significantly
reduced, a bluish tint,
wateriness is acquired

density, kg/m3 <1027 1027–1032 1030–1035

viscosity at 20 ◦C, mPa·s 1.2 2.127 1.79

acidity, To <16 16–21 without changes

dry residue, % <10 12.2 changes slightly

fat, % <3.2 3.6 <2.8

protein, % <2.5 2.8–3.2 without changes

The most important components of milk, fats and proteins are objects of falsification. The mass
fraction of protein is determined by the official standard methods of Kjeldahl and Lowry [30,31].
For example, the Kjeldahl method calculates the mass fraction of all nitrogenous compounds,
then multiplying by a factor of 6.38 to find the mass fraction of total protein in milk. Some of
these compounds are normal products of the animal’s body and are present in milk normally. But other
nitrogen may also be present in the milk—for example, mineral nitrogen compounds that get into
the milk with feed, the content of which sometimes exceeds in the feed, or intentionally introduces
nitrogen-containing substances to increase the protein content in the milk. According to the Kjeldahl
method, the content of any nitrogen will be calculated as milk protein.

When milk fat is falsified, it is replaced with cheaper plant analogues. Such substitutes can be of
high quality, characterized by the presence of both hydrogenated and non-hydrogenated fats, and a
low level of trans isomers. The most common chemical methods for measuring fat content are the
Gerber method [32] and the Rose-Gottlieb method [33]. At the same time, the analyzes last 1.5–2 h,
they are sensitive to foreign impurities used in the preparation of samples, chemical reagents are
required, which in many cases are harmful to laboratory workers. Receiving milk requires simple, safe,
and quick methods.

2.3. Commercial Milk Analyzers

Dairy farming and working conditions are changing at a fast pace. Dairy farms today use modern
automation tools, embrace digital technologies, and implement intelligent solutions for profitable and
efficient milk production. The market for equipment for the analysis of milk and dairy products is
very diverse and is constantly being replenished with various new models, both from manufacturers
that have been working in this field for a long time, and from manufacturers previously not present on
the market. All equipment can be conditionally divided into two groups: which operates on the basis
of direct methods of analysis (extraction, weighing, etc.) and equipment that uses indirect methods of
obtaining data on the composition of the sample.
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The first group includes any devices that determine the mass, temperature, and equipment
designed to conduct the actual chemical analysis with varying degrees of automation. For example,
“Kjeldahl devices”, which are represented by a wide variety of models in a wide price range, but,
accordingly, with the same wide range of capabilities.

The second group includes instruments using instrumental analysis methods. This is a large
number of various devices using spectroscopy in different ranges [34–36], devices using ultrasonic
vibrations [37,38], measuring the optical activity of the sample, as well as “combined devices”, in which
two methods can be applied at once, or preliminary sample preparation (for example, precipitation or
“binding” of any component of the sample), followed by analysis of the sample thus obtained by a
standard method (for example, optical spectroscopy).

About 10 years ago, the study of milk and dairy products was only possible under laboratory
conditions, and was based on chemical or physicochemical methods. Since these are direct methods,
they are considered the most reliable, but such an analysis is a laborious, long-term (analysis could take
up to 15 h) process that requires experience and specialized knowledge from personnel, high-purity
chemicals. This leads to an increase in the cost of the examination of raw materials, in addition,
the accuracy of the results may decrease because of imperfect reagents, the human factor—laboratory
assistant errors and subjective assessment of the results. Often a situation arises when the indicators of
the device used, calibrated according to the manufacturer’s data, differ from the indicators obtained
by reference methods, for example, the Gerber method for determining fat. The difference can be
significant, say 0.3% fat. With the apparent simplicity of the method, forgetting about its intricacies
can lead to systematic errors in the analysis. For example, the temperature regime is not maintained,
the isomeric composition of the isoamyl alcohol used is not monitored. This leads to discrepancies
between the readings of the milk analyzer and the results obtained from the chemical analysis data
precisely because the control analysis method (Gerber’s method) was performed incorrectly.

In addition, the modern pace of life and production constantly requires an increase in the speed of
all stages of production. Owing to new technologies, quality analysis is carried out much faster and
does not depend so much on the qualifications of employees. Therefore, now more and more often
give preference to analyzers that use indirect methods of data collection.

Despite all the advantages of modern analyzers, there are areas that still need to be refined.
Equipment for agricultural producers must meet a number of requirements. First, it should be
inexpensive and competitive. So the average cost for present analyzers ranges from 340 € to 22,660 €
and more, depending on the modernization (Table 3). Second, it should be easy to use. If we talk about
the analysis of milk quality directly on farms, then the best option is the ability to adapt to any milk
pipeline, without making significant changes to the structure of the milk pipeline and without breaking
the vacuum regime. Third, the analyzer must take into account the heterogeneity of the milk flow in
the milk pipe. Milk is a complex polydisperse system. Milk sugar (lactose) is dissolved in a dispersed
medium (water: 85–89%) of milk, the size of its molecules is 1–1.5 nm. Milk salts are in the form of
colloidal particles, protein substances form colloidal solutions. Milk fat is in a warm state in the form of
an emulsion, in a cold state—in the form of a suspension. The process of milk movement through the
pipeline of the milking installation is unsteady, from laminar to turbulent modes. It is also necessary
to take into account the heterogeneity of the milk-air flows because of the mechanical effect on the
milk, leading to foaming. This complicates the determination of milk quality parameters. Fourth,
the analyzer must carry out tests as quickly as possible. The best option is to work in real time, directly
in the stream. There is currently no automatic counter-sensor for linear installations. Non-independent
manufacturers (De Laval, GEA PHARM Technologies, etc.) offer mobile milking machines for use.
They have small dimensions and do not interfere with the measured flow. However, they have a
significant cost and high error (up to 10–12%, with the maximum allowable rate not exceeding 5%).
Thus, at the moment there are no analyzers that could meet all modern requirements.
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3. Optical Spectroscopic Approaches and Techniques for Milk Analysis

3.1. Optical Properties of Milk in a Wide Spectral Range

Attenuation of optical radiation propagating through a medium is a consequence of two
fundamental physical phenomena of light-matter interaction—absorption and scattering; according to
the Beer-Lambert law the intensity of radiation Iλ decreases exponentially [45]:

Iλ = I0λ exp[−μe·d] = I0λ exp[−(μa + μes)·d], (1)

where I0λ is the intensity of incident radiation; μa is the bulk absorption coefficient; μs is the bulk
scattering coefficient; μe = μa + μs is the extinction coefficient, which includes both absorption and
scattering; d is the thickness of an optical layer. The absorption and scattering coefficients μa and μs,
along with the refractive index n and the scattering anisotropy factor g [46] are referred to as bulk
optical properties of a medium [47]. For highly turbid media, where multiple scattering events take
place on the optical path, more sophisticated mathematical description of radiative transfer than the
classical Beer-Lambert law may be needed [48,49].

For the purpose of optical radiation transfer analysis, milk can be represented as a three-phase
inhomogeneous composite liquid medium consisting of the serum, the fat globules, and the casein
micelles [50]. The serum (or whey) is an aqueous solution of whey proteins, lactose, vitamins,
electrolytes, and other water-soluble components of milk. The fat globules are spherical lipid droplets,
which form a stable emulsion in the serum, the size of the droplets in raw milk lies in the wide range
from a few hundred nanometers up to 10 μm [51], but it can be sufficiently reduced and uniformed in
the process of homogenization [52]. The casein micelles are solid spherical formations dispersed in the
serum; they are formed of the insoluble casein proteins which represented up to 80% of all proteins in
milk. These micelles vary in sizes from 50 nm to 680 nm (the mean diameter is about 200 nm) which
are smaller than the diameter of fat globules [50].

The milk serum may be slightly opaque, but elastic scattering of photons occurs mainly on
the fat globules and casein micelles. Taking into account that the sizes of these spherical particles
P are comparable with the wavelengths of radiation λ in a considerable part of the optical region
0.1λ < P < λ, the Mie theory should be applied to analyze elastic light scattering in milk [51].
It is a highly turbid medium because the fraction of the scattering particles is very substantial:
the concentration of fat in raw milk can achieve 8%, casein content can be as high as 3% [50].
In molecular absorption spectroscopy (spectrophotometry) the main challenges when dealing with
such samples are distinguishing and separating absorption and scattering effects in the experimental
data (usually reflectance and transmittance spectra), and subsequent recovering of the bulk optical
properties [47]. For raw milk, this task is even more complicated because the distribution of scattering
particle by size is not known beforehand and depends on many factors [51].

Alongside with the fat globules and casein micelles, somatic cells (primarily leucocytes with the
diameter of 8.5–10 μm, which should be considered as an additional type of scattering particles) are
always present in relatively small amounts even in normal milk. In case of inflammation (cow mastitis)
the concentration of these cells is elevated; in the process of milk quality assessment it is necessary to
control that it is below a certain threshold. This can be done by optical methods because somatic cells
influence milk scattering properties [53].

In the Table 4 the wavelengths (wavenumbers) of the characteristic absorption of several important
milk constituents are summarized; the strongest absorption bands, which are often used for quantitative
spectral analysis, were selected in a wide spectral range (0.2–25 μm).
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Table 4. The wavelengths/wavenumbers of the main milk constituents’ characteristic absorption in a
wide spectral range.

Spectral
Region

Wavelength
Interval

Milk
Constituents

Absorption
Wavelengths/Wavenumbers

Reference

Ultraviolet and
visible 0.2–0.7 μm proteins

fat
280 nm

205, 230, 270 nm [53–56]

β-carotene 435 nm, 480 nm [57]
riboflavin 449 nm [58]

Near infrared 0.7–2.5 μm water 970, 1200, 1450, 1940,
1953, 1984 nm [47]

whey protein 1731, 1774, 2056, 2060,
2167, 2180 nm [59]

fat 1220, 1720, 1730, 1740–1770,
1780, 2076, 2270 [47,60,61]

2310, 2340, 2386 nm

casein
1450, 1680, 1720, 1730, 1780,

1820, 1980, 2100, 2310,
2340, 2790 nm

[60,61]

lactose 1450, 1820, 2100, 2340 nm [60]

Middle infrared
2.5–25 μm

(4000–400 cm−1)
water 1640, 3300 cm−1 [62]

fat 1175, 1470, 1754, 2857 cm−1 [63]

proteins 1240, 1600–1700,
1550–1570 cm−1 [62,63]

lactose 1052, 1080, 1157 cm−1 [63]

The diagram in the Figure 3 shows the most practically significant optical spectroscopic techniques
for milk analysis; molecular absorption spectroscopy (spectrophotometry) is dominant among them
for the purpose of the qualitative determination of the main milk constituents and some adulterants in
routine milk testing.

Optical 
spectrosocopy

Raman 
spectrosocopy

Spectrophotometry

UV -Visible 
spectrosocopy

Visible-NIR 
spectroscopy

MIR spectroscopySpectrofluorimetry 

Atomic 
spectrosocopy

Figure 3. Optical spectroscopic techniques for milk quantitative and qualitative analysis.

Despite similarity in the background physical principles, analytical approaches, methods,
and equipment for the spectral analysis of milk strongly differ in different spectral regions (UV, visible,
NIR, MIR) and should be discussed separately.
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3.2. UV-Visible Spectroscopy

In the UV and the short-wavelength part of the visible region (below 500 nm) characteristic
electronic absorption of the whey proteins, fats, and some vitamins could be detected in diluted
milk samples, while water is virtually transparent up to 900 nm. This region is not often used for
milk spectrophotometric analysis because of very intensive light scattering on the casein micelles
and the necessity of sample dilution and pretreatment; the rare examples include the methods for
determination of casein [54] and fat [56]. Some scattering-based techniques for fat and protein
spectroscopic determination [64–67] exploit the longer wavelengths part of the visible spectrum often
along with the short-wavelengths part of the NIR region (below 1100 nm). The chief advantage of this
approach is the possibility to develop cheap, portable, and easy-to-use analytical devices with CCD or
CMOS silicon photodetectors.

3.3. MIR Spectroscopy

The MIR region is the most relevant for the spectral analysis of milk, since strong characteristic
absorption bands associated with fundamental vibrational and rotational stretching modes of the main
milk constituents molecules, including proteins, saccharides, fats, etc., are manifested in this part of
the optical spectrum. At the same time background scattering on the milk particles is not so prominent
because the ratio of the fat globules and casein micelles sizes to the working wavelengths is much
lower than in the NIR region. Analytical methods based on MIR spectroscopy have been used for the
laboratory testing of milk since sixties [68] and are well established now [69]. Novel approaches are
constantly developing [50,69,70] because this technique gives the most precise and detailed information
about sample chemical composition; some examples of the most remarkable applications of MIR
spectroscopy for the analysis of milk are summarized in the Table 5.

Because milk is an extremely complicated multicomponent scattering medium the straightforward
determination of the constituents’ concentrations from the intensity (or area) of the characteristic
absorption peaks in spectra according to the classical Beer-Lambert law is impossible in most cases.
Therefore, various multivariate chemometrics algorithms for spectral calibration and data analysis
are applied: Partial Least Square Regression (PLS) and Discriminant Analysis (PLS-DA), Principal
Component Regression (PCR), Principal Component Analysis (PCA), Artificial Neural Networks (ANN),
Soft Independent Modeling of Class Analogy (SIMCA), Multivariate curve resolution alternating least
square (MCR-ALS), etc. [71,72].

It is very important to mention that MIR spectroscopy is an immensely powerful tool not only for
the quantitative determination of the basic milk constituents or residual amounts of antibiotics and
disinfectants (see Table 5), but also widely used for detecting milk adulteration, when original proteins
and fats are replaced with vegetables products, or foreign, often dangerous substances (sucrose, starch,
urea, melamine, formalin, etc.) are deliberately and illegally added to milk and other dairy products
by fraudsters to extend the shelf life or falsely increase the claimed protein and fat content.
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Fourier transform infrared (FTIR) spectrometers are usually used for the analysis of milk and
dairy products in the MIR region; highly specialized platforms are available on the market, for example
MilkoScan® series by FOSS (Hillerød, Denmark). The main obstacle for wider implementation of this
technique is strong MIR water absorption [82]; so very thin optical cuvettes or, which is more preferable,
attenuated total internal reflectance (ATR) accessories have to be used [62]. The main element of an
ATR accessory is an optically dense IR crystal with a high refractive index which is simultaneously
transparent in a working spectral range (Figure 4). An incident IR beam travels through the crystal
and undergoes multiple total internal reflections. The surface of the crystal is in direct contact with a
liquid medium where an evanescent electromagnetic wave propagates along the border. In regions of
the spectrum where the liquid absorbs electromagnetic energy of the evanescent wave the IR beam in
the crustal is attenuated.

output IR beam input IR beam 

IR crystal 

liquid sample (milk) 

Figure 4. Measuring MIR absorption spectra using ATR setup.

Because the penetration depth of the evanescent wave is limited to a few micrometers, IR radiation
interacts with the liquid sample in a very thin near-surface layer. As a consequence, the spectra
are very sensitive to the presence of fat globules or fat biofilms in the boundary layer that forms
at the interface between the milk and the crystal which serves both as radiation waveguide and
sensing element [83]. In combination with such factors as high-cost spectral equipment, complicated
maintenance, cleaning, calibration, and sample preparation procedures, this fundamental limitation
makes FTIR/ATR spectroscopy almost exclusively off-line, laboratory technique not suitable for
real-time in-line monitoring in milking machines on farms or milk processing equipment on production
facilities [65].

3.4. Near-Infrared (NIR) and Visible Spectroscopy

In the NIR range characteristic absorption bands corresponding to the overtones and combination
vibrations of proteins, lactose, fat, and water molecules are manifested (see Table 6), but these bands
are weaker than in the MIR region and harder to distinguish on the background of highly intensive
light scattering on the milk particles—the fat globules and casein micelles. The NIR spectra of the
bulk scattering coefficient and the scattering anisotropy factor strongly depend on the particle size
distribution which can vary in each sample of milk [50]. It means that samples with equal fat and
protein content, but different particle size distributions have different spectral transmittance and
reflectance, which makes extracting information about sample composition from the spectral data a
complicated task, especially for raw, unhomogenized milk [65].

From the other side, weaker than in MIR, water absorption, especially in the visible and the
short-wavelength part of the NIR region allows using longer optical path flow-through cuvettes (up to
10 mm) suitable for in-line measurements. Another advantage of NIR techniques is the possibility
to employ more affordable and robust multichannel detectors-based spectral instruments with no
moving parts. Despite some lack of sensitivity and selectivity, less reliable and more specific calibration
compared to MIR spectroscopy, NIR techniques are now leading in milk analysis.
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Different approaches and measuring schemes (Figures 5 and 6) are used for the registration of
the NIR spectra of milk, including collimated transmission (CT) [84], diffuse transmission (DT) [64],
diffuse reflection (DR) [85], backscattering (BS) [86].

Table 6 summarizes the applications of NIR technologies for the quantitative and qualitative
determination of the main milk constituents (crude protein, casein, fat, lactose), comatic cells count,
and common adulterants reported in the selected papers.

 
 

(a) (b) 

cuvette 

entrance 
slit 

light 
source 

entrance slit 

cuvette 

light 
trap 

light 
source 

Figure 5. Measuring collimated transmission (a) and diffuse transmission (b).

 
 

(a) (b) 

cuvette 

entrance 
slit 

light 
source 

entrance slit 

cuvette 

light 
source 

Figure 6. Measuring backscattering (a) and diffuse reflection (b).

17



J. Compos. Sci. 2020, 4, 151

T
a

b
le

6
.

A
pp

lic
at

io
ns

of
N

IR
sp

ec
tr

os
co

py
fo

r
th

e
an

al
ys

is
of

m
ilk

.

M
e

a
su

re
m

e
n

t
T

e
ch

n
iq

u
e

C
h

e
m

o
m

e
tr

ic
s

S
p

e
ct

ra
l

R
a

n
g

e
M

il
k

C
o

n
st

it
u

e
n

ts
/

A
d

u
lt

e
ra

n
ts

A
cc

u
ra

cy
/

D
e

te
ct

io
n

L
im

it
1

R
e

fe
re

n
ce

D
T

PL
S,

PC
R

80
0–

25
00

nm
pr

ot
ei

n,
fa

t,
la

ct
os

e,
to

ta
ls

ol
id

s
8.

2%
;9

.3
%

;5
.4

%
;2

.2
%

(r
el

at
iv

e)
[6

3]

D
R

PL
S

40
0–

99
5

nm
fa

t,
pr

ot
ei

n
0.

10
%

;0
.0

08
%

[6
4]

D
T

PL
S

40
0–

11
00

nm
fa

t,
pr

ot
ei

n
0.

08
%

;0
.0

4%
[6

5]
C

T
PL

S
40

0–
10

00
nm

fa
t,

pr
ot

ei
n

0.
05

%
;0

.0
3%

[6
6]

D
T

PL
S

40
0–

11
00

nm
fa

t,
pr

ot
ei

n
0.

09
%

;1
0%

[6
7]

D
T

PL
S

40
0–

25
00

nm
fa

t,
pr

ot
ei

n,
la

ct
os

e
0.

04
%

;0
.1

3%
;0

.1
3%

[8
4]

D
R

PL
S

40
0–

17
00

nm
fa

t,
pr

ot
ei

n,
la

ct
os

e
0.

05
%

;0
.1

%
;0

.1
8%

[8
4]

D
T

PL
S

11
00

–2
50

0
fa

t,
pr

ot
ei

n,
ca

se
in

0.
05

–0
.0

7%
[8

7]

D
T

PL
S

11
00

–2
50

0
nm

70
0–

11
00

nm
fa

t;
pr

ot
ei

n;
la

ct
os

e
0.

11
%

;0
.1

2%
;0

.0
9%

0.
19

%
;0

.1
9%

;0
.1

%
[8

8]

D
R

PL
S

85
1–

16
49

nm
fa

t,
pr

ot
ei

n,
la

ct
os

e
0.

03
%

,0
.0

7%
,0

.0
9%

[8
9]

D
T

PL
S

40
0–

11
00

nm
fa

t
0.

12
%

[9
0]

D
R

M
C

R
-A

LS
,S

IM
C

A
10

00
–2

50
0

nm
m

el
am

in
e;

su
cr

os
e

0.
14

%
(0

.8
–2

%
);

0.
08

%
(1

–3
%

)
[9

1]

D
R

PC
A

,P
LS

70
0–

25
00

nm
su

cr
os

e
0.

04
%

[9
2]

C
T

PC
A

,P
LS

10
00

–2
50

0
nm

ur
ea

0.
48

%
[9

3]

FT
IR
/D

T
PL

S,
O

PL
S,

Po
ly

-P
LS

,
A

N
N

11
10

–2
50

0
nm

m
el

am
in

e
1

pp
m

[7
8]

D
T

PL
S

70
0–

11
00

nm
so

m
at

ic
ce

lls
co

un
t

0.
3

Lo
gS

C
C

[9
4]

1
A

bs
ol

ut
e

er
ro

rs
of

de
te

rm
in

at
io

n
fo

r
th

e
co

nc
en

tr
at

io
ns

of
co

m
po

ne
nt

s
(i

n
%

)a
re

pr
es

en
te

d
if

no
ts

pe
ci

fie
d

ot
he

rw
is

e;
de

te
ct

io
n

lim
it

s
ar

e
in

it
al

ic
.

18



J. Compos. Sci. 2020, 4, 151

In contrast to the off-line milk analyzers based on FTIR spectrometers working in the MIR
spectral region, NIR technology allows developing portable devices for fast on-farm milk quality
control [95] and analytical solutions for in-line applications in milking robots [96] and automated
milking systems [97]. Authors claim that such devices can determine the concentrations of three
major milk constituents (fat, protein, and lactose) and somatic cells count with accuracy which is quite
acceptable for practical use.

3.5. Atomic Spectroscopy, Raman Spectrosocopy, Fluorescent Spectrosocopy

Besides the above-mentioned spectrophotometric methods based on measuring molecular
absorption and elastic scattering of optical radiation, spectroscopic techniques that utilize different
optical phenomena are also used for milk analysis and quality control, though not so often.

In analytical chemistry, atomic spectroscopy is considered to be the most widespread method for
elemental analysis; when applied to milk and dairy products it is mainly used for the determination
of macroelements (Ca, P, Mg, K) and microelements (P, Fe, Zn, Se, Al, Cd, Cu, S), including toxic
heavy metals (Cd, Pb). Various techniques are employed: atomic absorption spectroscopy with prior
atomization [98], inductively coupled plasma atomic emission spectrophotometry [99,100].

Raman spectroscopy has long been used for the quality control and the quantitative analysis
of powdered milk and baby formula and to screen samples adulterated with whey and melamine.
It is a very capable and convenient method, because Raman spectra can be collected extremely fast,
without any special sample preparation, and even from samples in glass and polymer packaging [101].
The main obstacle for the application of Raman analysis for liquid milk and other dairy products with
high humidity is a weak signal from the main milk constituents on the background of very intensive
water bands. Despite this problem modern chemometrics approaches have been successfully used
for extracting from the Raman spectra of milk information about the concentrations of fat, proteins,
lactose, antibiotics, and adulterants (melamine) [102]. Raman spectroscopy are even considered as a
perspective on-line analytical method [103].

Molecular fluorescence spectroscopy is one of the most sensitive and highly selective spectroscopic
methods, which can detect extremely low amount of chemical substances. In milk industry it is used for
the determination of vitamins, fatty acids [104], residual amounts of antibiotics [105], and identification
of different milk species in dairy products [106].

3.6. Prospects for the Further Development of Optical Methods and New Devices for Milk Analysis

The main leading trend in the optical spectroscopy of milk and dairy products is developing
affordable, portable, on-site or in-line devices, which can be used outside of a laboratory or even
incorporated in milking robots or processing equipment, for the monitoring of milk quality in
real-time, either on milking-farms or production facilities. The most promising results so far have been
achieved in the NIR technologies, even with conventional spectral equipment, mainly because of the
implementation of sophisticated chemometrics algorithms such as artificial neural networks.

The other acute problem in milk analysis is the detection of as many known adulterants as possible.
Despite constant improving of the calibration and prediction algorithms it is not always possible even
by FTIR spectroscopy because of the inherent limitations of optical spectroscopic techniques [107].
Combination of several different approaches, for example spectrophotometry and acoustic analysis,
may be a solution here.

4. Ultrasound Approaches and Techniques for Milk Analysis

Ultrasound techniques are well-developed instruments used for non-destructive, accurate,
and non-invasive measurements [108,109]. In the dairy industry, ultrasound is widely used both for
non-destructive monitoring of the quality and parameters of milk [37,110–118], and in the ultrasonic
processing of dairy products [110,119,120]. In the first case, low-intensity ultrasound (less than 1 W/cm2)
is used at frequencies above 100 kHz, which is a non-destructive instrument for milk characterization.
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In the second case, high-intensity ultrasound (above 10 W/cm2) is mostly used in the 20–100 kHz
frequency range, which is destructive for milk sample: it modifies the properties of milk and is used
for the ultrasound treatment at different stages of dairy products processing. In this review, we are
interested only in methods of low-power non-destructive ultrasonic characterization of milk.

Ultrasound spectrometry offers the ability to characterize dairy products excluding special
preparation or disruption of the liquid sample. In addition, ultrasound methods are of interest for
monitoring processes in real time.

4.1. Acoustic Properties of Milk

Acoustic measurement techniques can provide data about protein [121] and fat [113] content,
physiochemical changes of milk with time [122], size distribution of air and fat droplets [123], content of
contaminants [112].

When an acoustic wave propagates through a liquid sample, its amplitude decreases, and the
phase changes because of the interaction with liquid medium and its dispersed filler. The decline in
ultrasound intensity is commonly called attenuation. The phase links to the velocity of propagation
of sound through a sample. The variations of sound velocity and attenuation are governed by the
physicochemical features of liquid medium and its ingredients. By measuring changes in these
acoustic parameters, specific information about the properties of a liquid sample can be accessed.
Thus, the thermo-acoustic, physical, and chemical properties of milk can be obtained by measuring
ultrasound speed and attenuation. These measurements can be carried out by such methods as
transmission, pulse-echo and interferometer techniques (Figure 7). An alternative microbalance
approach to acoustic measurements allows access to viscosity and density of milk via measuring of
additional mass load of resonant sensor. The analysis and interpretation of acoustic measurements
can be done in two steps. The first step is purely phenomenological and involves determination
of the ultrasound parameters (speed of sound and attenuation, or viscosity and density) of milk
sample. The second step requires the use of model to describe the real milk as a complex multiphase
polydisperse system. By solving inverse problems on the basis of appropriate models, it is possible
to determine the content of various ingredients in milk and their size information. Such calculations
can be done using models of ultrasound attenuation [123] and velocity [124] in dispersed liquids
and emulsions.

Ultrasound 
spectrometry

Pulse–echo               
technique

Ultrasonic 
interferometer 

technique

Speed of sound 
and Attenuation 
measurements,

0.1–100 MHz

Transmission 
technique

Microbalance 
technique

Added Mass 
measurements,

1–30 MHz

Figure 7. Ultrasound techniques for milk quantitative and qualitative analysis.

The speed of sound can provide some specific information about the composition of a liquid.
Speed of sound is a collective value. The simplest mixing rule for sound velocity has been proposed
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by [125] and fits well with experimental data in liquid mixtures. Molecule interactions gives to
excess Gibb’s energy to an ideal mixture, and this affects in an excess compressibility and an excess
volume [126]. The speed of sound contains information about the nature of interactions between
molecules, because it depends on changes in the shape of molecules and on the type of interaction
potentials between the components of liquid mixture [127]. The speed of sound in suspensions and
emulsions was studied in detail in [124]. The sound velocity is very sensitive to milk chemistry content
and temperature. It is the most suitable parameter for studying milk features on a molecular scale,
that is, with characteristic dimensions in angstroms. The speed of sound changes from 1000 to 2000 m/s
for a variety of dairy products. For dilute milk, it is about 1500 m/s, close to water sound velocity at
room temperature.

Attenuation of ultrasound propagating through a heterogeneous system is the sum of scattering
and absorption. Particle scattering redirects energy of ultrasound wave out of the propagation line.
Absorption converts ultrasonic energy into heat because of the interaction effects between the ultrasonic
wave and particles and medium. The propagation of acoustic waves through the milk medium is
mainly of a thermodynamic character. Big droplets can serve as scattering centers. Submicron particles
in milk only absorb ultrasound. Absorption in milk can be divided into so-called internal attenuation
and thermal attenuation. The first is measured directly. The second is associated with differences
in thermo-mechanical properties between particles and a liquid medium, whereby the particles and
liquid expand in ultrasonic field in different ways, creating a temperature gradient at the particle-liquid
interface, as a result of which the ultrasonic energy at this interface is converted into heat [123,128].
Thermal part of attenuation in a liquid medium depends on thermal conductivity, thermal expansion,
and heat capacity. The total value of the thermal part of attenuation of the multiphase polydisperse
liquid depends on these three thermo-mechanical parameters for each component as well as the particle
distribution by sizes [123]. Ultrasound attenuation is not good enough to reflect changes in chemical,
ionic, and molecular milk composition, but it is sensitive to particles present in milk. Attenuation
perceives changes in nanometre-micrometre size level and is suitable for characterizing liquid features
associated with inhomogeneity and phase composition of a disperse liquid system [113,123]. Milk can
be modelled as a liquid composition of spherical fat droplets of approximately spherical shape in an
aqueous solution of proteins and sugars [123,124,129]. Knowing the corresponding physical properties
of the constituent milk ingredients, fat particles size distribution in milk can be determined from
measurements of attenuation [123]. Attenuation in milk can vary very widely depending on the
frequency. In water the attenuation rises with frequency up to 0.2 dB/cm per MHz at 100 MHz. In milk,
depending on the fat content, the attenuation can vary from 0.4 to 0.7 dB/cm per MHz for 100 MHz and
from 0.1 to 0.4 dB/cm per MHz for 2 MHz. For comparison, for butter and margarine, the attenuation
increases from 2 to 7 dB/cm per MHz as the frequency increases from 2 MHz to 100 MHz [113].

Milk density is close to the density of water. Normal milk density ranges from 1027 to 1032 kg/m3,
with an average of 1030 kg/m3. The density of milk is higher if it contains more sugar, proteins,
and minerals, and lower, with an increase in fat [130]. Density can reflect falsification: decreases with
water addition and increases with skimming or diluted with skim milk. For example, a density of
1028 kg/m3 indicates natural milk, 1027 kg/m3 means suspicious milk, 1027 kg/m3 and below indicates
falsified milk with water, more than 1031 kg/m3 means suspicion of dilution backwards. The addition
of water to milk causes a decrease in density of approximately 3 kg/m3 for every 10% water added. It is
characteristic that if the fat is removed from the milk and the same amount of water is added, then the
density does not change, and such falsification can only be detected by determining the amount of fat
in the milk [22].

Viscosity of milk is understood as the internal friction of liquid layers during their relative
movement, which depends on the adhesion forces between the molecules. The viscosity of
milk is influenced by emulsified (fats) and colloid-soluble particles (casein), the state of whey
proteins, technological modes of milk processing, causing changes in the state of aggregation of its
components, etc. [131]. The viscosity of milk and dairy products strongly depends not only on the
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composition, but also on the temperature [132]. An increase in temperature leads to an increase in the
speed of Brownian motion (random motion [133]) of solution molecules, a weakening of the interaction
forces between them, and as a consequence, a decrease in viscosity. However, if the temperature
exceeds the coagulation point of whey proteins, the viscosity of these products begins to increase
again. This is due to a decrease in the degree of dispersion of whey proteins caused by their thermal
denaturation and aggregation [134]. Typical values of milk viscosity are given in Table 2.

Techniques for measuring the above acoustic properties of milk are briefly discussed below.

4.2. Transmission Technique

Figure 8a shows in a simplified way the idea of the transmission measurement method. To the left
and to the right of the cuvette with the liquid sample, two piezoelectric transducers are located at the
same level, opposite to each other. The first acts as a transmitter, and the second as a receiver of an
ultrasound waves. The transmitter sends an ultrasonic wave with a certain frequency and amplitude
into the liquid-filled cuvette, and the receiver gets a signal weakened in intensity and changed in
phase as a result of the wave propagation through the liquid sample and the interaction between
ultrasound wave and liquid medium and its dispersed filler. A piezoelectric receiver converts this
ultrasonic signal into an electrical one, which is then compared with the input signal. The result of
such a comparison makes it possible to determine the values of speed of sound and attenuation in a
liquid sample, according to the equations [108,135]:

V = x/t; Aout = Ain exp(−αx), (2)

where V is the speed of sound; α is attenuation; x is the traveling distance; t is the traveling time of
the wave; Ain and Aout are the amplitudes of ultrasound wave at the beginning and at the end of the
traveling distance. For the transmission approach (Figure 8a) x = L.

 
Figure 8. Ultrasound measuring approaches: simplified illustrations of transmission (a), pulse-echo (b),
interferometer (c) and quartz crystal microbalance (d) techniques.

Sound velocity and attenuation measurements can be made over a wide frequency range,
typically for milk in the 1 to 100 MHz range.

The most informative frequency range for detecting fat in milk is from 40 to 50 MHz [113].
Relatively big particles, such as air droplets in milk, can be detected by measuring the attenuation
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spectrum at low frequencies up to 10 MHz. Small particles down to 5 nm can be detected by
studying and interpretation of the attenuation spectra in the higher frequency part of the spectrum
up to 100 MHz [123]. For a sufficiently accurate control of the fat particle size distribution in milk,
an attenuation measurement accuracy of level about 0.01 dB/cm per MHz is required [113].

The accuracy of sound velocity measurements is limited by the accuracy of temperature control.
A 1 ◦C change in temperature leads to a change in the velocity of sound in water by 2.4 m/s,
while maintaining a uniform temperature of the liquid sample with an accuracy less than 0.01 ◦C
is impossible.

The transmission method has been used by various researchers to determine the water content,
fat content [113], particle size distribution [123], and various chemical compounds [113], melamine [114],
microorganisms [136] in milk.

4.3. Pulse–Echo Technique

In a pulse-echo method [110,137], the only one piezoelectric transducer is used (see Figure 8b).
It is both a transmitter and a receiver of the ultrasonic signals. On the opposite side of the cuvette
with a liquid sample, there is a reflector. The wall of the cuvette can act as a reflector, while for good
reflection it is important to reach a high acoustic contrast and low acoustic losses at the liquid-wall
interface. The pulsed ultrasound wave is directed from the transducer to the opposite wall of the
cuvette, reflected from it, and returns to the transducer with weakened intensity. The wave partially
reflected from the transducer travels the same path again and returns to the transducer as a second
echo. Knowing the travel time of the wave and the distance, it is possible to calculate the speed
of sound and attenuation based on Equation (2), only in this case, unlike the transmission method,
the travel distance x is equal to 2 L for the first echo and 4 L for the second one. Also, when using
Equation (2) to calculate attenuation, it is necessary to take into account multiple reflections and the
respective reflection coefficients at the interfaces.

Pulse–echo technique has been used to determine the water content, carbohydrates, and total fat
content, fat globular, and casein micelles sizes distribution in milk [110,124,137].

4.4. Ultrasonic Interferometer Technique

At first glance, the ultrasonic interferometer technique is very close to the previous approach, but in
reality, it has differences both in the method of collecting raw data, in the approach to their analysis,
and in sensitivity to changes in the speed of sound and attenuation. An ultrasonic interferometer
uses a single transducer that serves both transmitter and receiver roles. On the opposite side there is
a movable reflector (Figure 8c) that allows profiling the distance at which standing acoustic waves
are generated in the liquid sample because of the interference of the incident and reflected waves.
When the distance between transducer and reflector changes, the intensity oscillations are measured,
corresponding to the maxima and minima of the ultrasonic wave along its propagation path with a step
of the half wavelength. Description of devices, principles of use, and improvements of the ultrasonic
interferometer technique can be found in [138–140]. Furthermore, some devices of the ultrasonic
interferometer include optical diffraction, which allows expanding its analytical capabilities [141].
Examples of using an ultrasonic interferometer for milk analysis are given in [111,142].

4.5. Microbalance Technique

Acoustic resonant sensor principles are broadly used as biochemical sensors. They are typically
understood to convert a surface mass change into a frequency change of a resonant device. They are
therefore often called microbalance with the quartz crystal microbalance (QCM) being its most
prominent sensor. However, a resonance sensor is far more than a mass balance. Shear bulk acoustic
resonators are commonly used for biosensing because of low in-liquid radiation losses. This allows
to keep relatively high quality factor of the resonant sensor even while interfacing viscous liquids.
QCM is a recognized technology that is used to detect interactions at the surface [143]. Excited at a
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shear bulk vibration mode, its resonant frequency shifts in accordance with interface loading. For milk
characterization, QCM is commonly used to detect proteins [121,144,145].

The QCM measurements are based on a frequency shift (Δf ) detection from the fundamental
resonant frequency (f 0) of quartz resonator when it is loaded by a small additional mass (Δm) per area
of electrode (A), according to the equation:

Δ f = −K· f02(Δm/A), (3)

where K is a constant and depends on the properties of quartz crystal and its cut.
Small mass and high Q-factor of the resonator give access to a mass detection limit Δm/mres of

10−6 to 10−9 with Δm and mres being the added mass and resonator mass per unit area, respectively.
When a quartz crystal sensor is in direct contact with a liquid, the shear wave penetrates into it

to a small depth and the frequency shift is determined by the acoustic properties of the near-surface
liquid with the thickness of δ = (η/πρf )1/2 (Figure 8d), where η and ρ are the liquid viscosity and
density. For reliable separate measurements of liquid sample viscosity and density, in [143] a method
for comparing the results of measuring a liquid using smooth and corrugated electrodes of QCM was
proposed. The respective frequency shifts for a smooth- (Δf 1) and corrugated-surface (Δf 2) QCM
liquid sensors are given as [143]:

Δ f1 = −c1
√
ρη; Δ f2 = −c1

√
ρη− c2hρ, (4)

where c1 and c2 are constants, h is the depth of the grooves on the corrugated surface of QCM electrode.
Some modern QCM biosensors use a sensitive or recognition layer to enhance sensitivity and

selectivity for specific ingredients in liquid sample. Such QCM biosensors with specially prepared
sensitized surfaces have been used to detect specific proteins in milk [144,145].

Table 7 summarizes information about ultrasonic measurements of milk by various research groups.

4.6. Prospects for the Further Development of Ultrasound Methods and New Devices for Milk Analysis

New promising directions for the development of milk characterization can become microfluidic
concepts, phononic crystals concepts, and a combination of acoustic and optical approaches in
one device.

Microfluidic technologies may be of interest for separating milk ingredients using acoustophoresis
and other methods. Pre-separation of particles based on their differences in size and other physical
properties allows for more accurate analysis at a later stage. Up to now, various microfluidic devices have
been developed to separate and characterize suspensions and emulsions [112,129]. The acoustofluidic
separation can become a powerful instrument for accurate milk analysis.

Improving existing and developing new microfluidic sensor devices involves the use of phononic
crystals with liquid-filled cavities [146–148]. Phononic crystals can manipulate and tailor elastic
and acoustic wave propagation, can create dynamically resonant metastructures. Phononic crystal
designs can be scaled to meet given real object dimensions. Resonance frequency and bandwidth
are highly sensitive to geometric and material parameters, specifically speed of sound and sound
attenuation. High resolution requires high-Q resonators. Fabrication of phononic crystal and resonant
sensor structures with high Q-factor is a challenging but realistic task. Recent studies [146–148] show
that the use of phononic crystals can improve the resolution and isolation of responses from liquid
resonances. The unique combination of the properties and concepts of phononic crystals, resonant
sensors, ultrasonic measurement, and acoustofluidic methods can lead us to a new generation of
high-sensitive and high-resolutive liquid sensor devices.
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The development of liquid sensor devices that combine the advantages of optical and acoustic
methods are carried out both on the basis of traditional methods (like ultrasonic interferometer include
optical diffraction [141]) and using promising phononic-photonic crystals approaches [149].

5. Conclusions

The use of rapid methods for the analysis of the composition and falsification of dairy products has
significant advantages over traditional chemical methods. These advantages include: high productivity
and degree of automation, speed of measurements, minimal sample preparation, as well as the ability
to determine a large number of parameters from the data of one experiment. But to create optimal
analyzers for modern manufacturers, it is still necessary to solve such issues as the possibility of
introducing the sensor into the milk pipeline, where it will have to take into account the complex
polydisperse composition of milk and the heterogeneity of the flow. The analysis should be carried out
in the shortest possible time, preferably in real time, and most importantly for manufacturers, it should
be inexpensive.

Optical spectroscopy is an extremely powerful and versatile tool for the quantitative and qualitative
analysis of milk composition. Not only the concentrations of the principal milk constituents (fat, protein,
lactose) but somatic cells count, common adulterants, residual amounts of antibiotics and disinfectants,
amino acid composition, and even milk species could be estimated by optical spectroscopic techniques.

Recent advances in chemometrics made possible more widespread use of NIR spectroscopy which
allows developing and implementing spectral equipment for on-site or in-line monitoring of milk
quality in real-time.

Optical methods are capable of detecting many types of milk adulteration, but not all of them;
using optical spectroscopy in combination with other approaches, for example acoustic methods may
greatly improve the analytical possibilities of this technique.

Ultrasound techniques are well-developed instruments used for non-destructive, accurate,
and non-invasive measurements. Ultrasound spectrometry offers the ability to characterize dairy
products excluding special preparation or disruption of the liquid sample. In addition, ultrasound
methods are of interest for monitoring processes in real time.

Acoustic measurement techniques can provide data about protein and fat content, size distribution
of air and fat droplets, physiochemical changes of milk with time, content of contaminants.

New promising directions for the development of milk characterization can become microfluidic
concepts, phononic crystals concepts and a combination of acoustofluidic and optical approaches in
one device.
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Long, V.; Ţălu, Ş. The Structure and

Crystallizing Process of NiAu Alloy:

A Molecular Dynamics Simulation

Method. J. Compos. Sci. 2021, 5, 18.

https://doi.org/10.3390/jcs5010018

Received: 16 December 2020

Accepted: 3 January 2021

Published: 7 January 2021

Publisher’s Note: MDPI stays neu-

tral with regard to jurisdictional clai-

ms in published maps and institutio-

nal affiliations.

Copyright: © 2021 by the authors. Li-

censee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and con-

ditions of the Creative Commons At-

tribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Institute of Physics, University of Zielona Góra, 65-516 Zielona Góra, Poland; caolongvanuz@gmail.com
2 The Directorate of Research, Development and Innovation Management, Technical University of Cluj-Napoca,

15 Constantin Daicoviciu St., Cluj-Napoca, 400020 Cluj County, Romania; stefan_ta@yahoo.com
* Correspondence: dungntsphn@gmail.com

Abstract: This paper studies the influence of factors such as heating rate, atomic number, temperature,
and annealing time on the structure and the crystallization process of NiAu alloy. Increasing the
heating rate leads to the moving process from the crystalline state to the amorphous state; increasing
the temperature (T) also leads to a changing process into the liquid state; when the atomic number
(N), and t increase, it leads to an increased crystalline process. As a result, the dependence between
size (l) and atomic number (N), the total energy of the system (Etot) with N as l~N−1/3, and −Etot

always creates a linear function of N, glass temperature (Tg) of the NiAu alloy, which is Tg = 600 K.
During the study, the number of the structural units was determined by the Common Neighborhood
Analysis (CNA) method, radial distribution function (RDF), size (l), and Etot. The result shows that
the influencing factors to the structure of NiAu alloy are considerable.

Keywords: annealing time; crystallize process; molecular dynamics; NiAu alloy; structure

1. Introduction

Today, the alloys PtAu [1], PdAu [2], NiAu [3] are receiving great attention from
theoretical and experimental scientists [4,5] because they have many special properties
compared to pure materials [6,7]. In particular, NiAu alloy is synthesized by two metals,
Ni and Au, and applied in many fields of science, technology, and life such as mag-
netism [8–10], photocatalyst [11,12], DNA markers [13,14], or cancer treatment [15] as
the agent in cell separation [16,17], and biological processing [18,19] which increase con-
trast and biological agents [20]. The properties of alloys such as ionization, optics, and
magnetism [21] depend on the shape and the concentration of doping [22].

There are a lot of methods to research and manufacture NiAu alloy, such as experimen-
tal, theoretical, and simulated. The experimental method includes mechanical grinding [23],
electric arc [24], deposition [25,26], electrochemical [27], hydrothermal [28], Sol-Gel [29],
mechanics [30], micro-emulsion [31], and colloidal solution [32].

These methods can change the size and shape of the alloy in normal conditions and
do not require an environment of pressure (P) and high temperature (T) [33]. Theoretical
methods include initial principles, Ab initio model [34], and methods of Molecular Dy-
namics (MD) simulation [35–37] combined with different interaction potentials such as
Finnis–Sinclair (FS) [38], and Sutton–Chen (SC) [39,40]. In particular, the method of MD
simulation is considered as the most preeminent method today with low research costs,
capable of researching at the atomic level and providing a huge amount of information o
the structure and explaining relevant physical mechanisms [41,42].

The result of research of Ni, Au metal and NiAu alloy in the liquid state, crystalline
state, an amorphous state [43–45] shows that at the temperature (T), T = 300 K, pure
Ni, Au metals do not change the structure transition process when being combined to
form NiAl alloy; their electronic mobility is in ranges from 5% to 99% depending on
the impurity concentration [46] that leads to the crystallize processes, and the structural
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transitions occurring quickly [47]. They use NiAu alloys as catalysts for clean water [48–50]
by using Au atoms in combination with Ni atoms to ionize water atoms. However, to meet
below phase diagram, the study and synthesis of NiAu alloy [51] are being performed by
electrolysis, the results showing an irregularly distributed shape and a medium particle
size, which is 25 nm [52].

Recently, researchers have proposed a method using low temperature [53,54] and
reduction as a way to synthesize NiAu alloy [55]. Vasquez et al. [56] also used this method
to synthesize Au3Fe, Au3Co, and Au3Ni alloys. With this one, the shape and size of NiAu
alloy are better controlled, and it has carried out more research in recent years [57–61]. With
these obtained results [3], at high pressure [62,63] and Morse potential interaction, we can
measure accurately the elastic modulus of AuNi. Lecadre et al. [64] studied the scattering
and diffusion mechanism in Au-Ni alloys with Au3Ni and Au3Ni2 ratios. Berendsen
et al. [65] have identified the transition temperature (Tm) of NiAu ranges from Tm = 1100 K
to Tm = 1300 K with Au impurity concentration of 58% [66]. Combined with our recent
results as Al [67], FeNi [68], AlNi [69], Ni1−x Fex [70], Ni1−xCux [71], Ni [72,73], these results
show that the transition temperature (Tm) of Ni material; Tm is always proportional with
atom number (N), N−1/3 [74,75], and the electronic structure of AuCu [76] and AgAu [77].
The phase transition of Ni material can be determined by stress or temperature [78–81],
and the bonding length of Ni-Ni determined by the experimental method is r = 2.43 Å [82],
while the simulation method of Dung, N.T is r = 2.45 Å [73], and P.H. Kien is r = 2.52 Å [72].
Meanwhile, Ni and Au both have significant differences in atomic radius (R) sizes such as:
Ni is R = 1.245 Å, Au is R = 1.44 Å, and surface energy (E) of Ni is E = 149 meVÅ−2, Au is
E = 96.8 meVÅ−2 [83], which lead to the diffusion of Au atoms in the crust and Ni atoms
in the core layer [84]. So, what processes were happened to NiAu alloy when there was
a change in heating rate, atomic number, and temperature? To answer this question, we
focus on studying the factors that affect the structure and crystallization process of NiAu
alloys.

2. Method of Calculation

Initially, the ratio between NiAu alloy and Ni:Au is 1:1, as in 2048 NiAu atoms,
there are 1024 Ni atoms, 1024 Au atoms (NiAu2048), 2916 atoms (NiAu2916), 4000 atoms
(NiAu4000), 5324 atoms (NiAu5324), 6912 atoms (NiAu6912); all samples are studied by
molecular dynamics (MD) simulation method [85–95] with embedded Sutton–Chen (SC)
interaction [39,96–99] and boundary conditions recirculating with the Equation (1):

Etot =
N

∑
i=1

1
2

N

∑
j=1,j �=i

Φ
(
rij
)
+ F(ρi), Φ

(
rij
)
= ε

(
a
rij
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N

∑
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√
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N
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ρ
(
rij
)
, ρ

(
rij
)
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(
a
rij

)n
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The parameters of the NiAu alloy (Table 1) are shown below.

Table 1. Parameters of NiAu alloy.

Alloy ε (×10−2 eV) a (Å) n m C

Ni 1.5707 3.52 9 6 39.432
Au 1.2793 4.08 10 8 34.408

NiAu 1.4175 3.80 9.5 7.0 36.834

The parameters of the alloy are determined by the mathematical Formula (2):

εNiAu =
√
εNi·εAu; aNiAu =

(a Ni+aAu)

2
; nNiAu =

(n Ni+nAu)

2
; mNiAu =

(m Ni+mAu)

2
; CNiAu =

√
CNi·CAu (2)
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At all samples, there is an increase in temperature (T) from T = 0.0 K to T = 2000 K to
NiAu alloy at the liquid state. From the liquid state, the temperature of the samples was
reduced from T = 2000 K to T = 300 K to change from a liquid state to a crystalline one.
After getting NiAu alloy, NiAu6912 alloys are run MD with a heating speed of 4 × 1011 K/s,
4 × 1012 K/s, 4 × 1013 K/s, 4 × 1014 K/s at (T), T = 300 K. After determining the heating
speed of 4 × 1012 K/s to be appropriate, the effects of NiAu2048, NiAu2916, NiAu4000,
NiAu5324, NiAu6912 at T = 300 K; NiAu6912 at T = 300 K, 400 K, 500 K, 600 K, 700 K, 900 K,
1100 K are studied. All given samples are structurally studied through shape, size (l) as (3),

ρ =
N
V

→ 1 = 3

√
N
ρ

= 3

√
(mNi · nNi + mAu · nAu)

ρ
(3)

radial distribution function (RDF) as (4):

g(r) =
V

N2

〈
∑i ni(r)
4πr2Δr

〉
(4)

In it: 1, ρ, r, N, ni(r), V, g(r) is the size, density, radial distance, the number of atoms,
the coordinates, the volume, the probability of finding an atom in the distance from r to r +
Δr. To determine the number of structural units, are applied the Common Neighborhood
Analysis (CNA) method [100–103]. The crystallizing process is carried out based on the
laws of Nosé el [104] and Hoover el [105] and uses the techniques of particle size analysis,
atomic composition, and configuration [106].

3. Results and Discussion

3.1. Effect of Heating Rate

The factors that affect the heating rate 4 × 1012 K/s, 2 × 1013 K/s, 4 × 1013 K/s,
2 × 1014 K/s, and 4 × 1014 K/s on the structural characteristics and crystallization process
of NiAu5324 alloy at temperature (T), T = 300 K, are shown in Figure 1.

Figure 1. The shape (a), g(r) of NiAu5324 alloy (b) at T = 300 K, and heating rate 4 × 1012 K/s.
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The result shows that when NiAu5324 alloy at T = 300 K with the heating rate of
4 × 1012 K/s, it has a cube shape, made by two atoms: Ni shown in black and Au in
yellow (Figure 1a), and has structural features such as r of radial distribution function
(RDF) = 2.47 Å; the height of RDF is g(r) = 6.51, size (l), l = 10.16 nm, Etot = −446.09 eV
(Figure 1b). That increasing heating rate from 4 × 1012 K/s to 2 × 1013 K/s, 4 × 1013 K/s,
2 × 1014 K/s, and 4 × 1014 K/s leads to r decreases from r = 2.47 Å to r = 2.43 Å and g(r)
decreases from g(r) = 6.51 to g(r) = 6.05, l negligibly changes from l = 9.71 nm to l = 10.76 nm,
and Etot negligibly changes from Etot = −440.25 eV to Etot = −447.18 eV (Table 2). These
results show that increasing the heating rate leads to NiAu5324 alloy change, the state from
crystalline to amorphous. To study the process of structural transition, the CNA method
was used and the results are shown in Figure 2.

Table 2. The structural features such as r, g(r) of the radial distribution function, l, and Etot with t
different heating rates.

Heating Rates (K/s) 4 × 1012 2 × 1013 4 × 1013 2 × 1014 4 × 1014

r (Å) 2.47 2.47 2.45 2.45 2.43
g (r) 6.51 6.08 5.43 4.87 6.05

l (nm) 10.16 10.35 10.05 9.71 10.76
Etot (eV) −446.09 −446.84 −447.18 −447.15 −440.25

Figure 2. The structural unit number shape includes FCC structure (a), HCP structure (b), Amor structure (c) of NiAu alloy.

The result shows that NiAu5324 alloy at the heating rate of 4 × 1012 K/s has structural
shapes (Figure 3a) corresponding with 03 links Ni-Ni, Au-Au: Ni- Ni is r = 2.47 Å, Ni-Au
is r = 2.47 Å, Au-Au is r = 3.17 Å (Figure 3b), and expresses through structural unit number
FCC (Figure 2a), HCP (Figure 2b), Amor (Figure 2c). The obtained results are consistent
with the results of Ni-Ni by experimental methods r = 2.43 Å [82], and R = 1.245 Å, with the
simulation method r = 2.45 Å [73], r = 2.52 Å [72], for Au-Au, only X-ray diffraction results
in an atomic radius value R = 1.44 Å [83,84]. Increasing heating rate from 4 × 1012 K/s to
2 × 1013 K/s, 4 × 1013 K/s, 2 × 1014 K/s, and 4 × 1014 K/s leads to r of link Ni-Ni, Ni-Au,
Au-Au change values. Besides, when Ni-Ni changes from r = 2.47 Å to r = 2.41 Å, Ni-Au
decreases from r = 2.47 Å to r = 2.43 Å, Au-Au decreases from r = 3.17 Å to r = 3.09 Å,
corresponding to the change of g(r) and structural unit number FCC, HCP, Amor; as FCC
decreases from 802 to 0.0 FCC, HCP decreases from 811 HCP to 13 HCP, Amor increases
from 3711 Amor to 5311 Amor (Table 3). That confirms that there is an increase in the
heating rate when the crystallization process decreases.
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Figure 3. The structural shape (a), radial distribution function (b) of NiAu5324 alloy at heating rates of 4 × 1012 K/s.

Table 3. The structural features such as links Ni-Ni, Ni-Au, Au-Au include r and g(r) with a different atomic number (N).

NiAu5324 Alloy
r(A0) g(r) Structural Unit Number

rNi-Ni rNi-Au rAu-Au gNi-Ni gNi-Au gAu-Au FCC HCP Amor

4 × 1012 2.47 2.47 3.17 48.11 6.51 4.41 802 811 3711

2 × 1013 2.45 2.47 3.11 44.98 6.08 4.35 111 139 5074

4 × 1013 2.41 2.45 3.11 39.84 5.43 4.75 58 115 5151

2 × 1014 2.45 2.45 3.11 33.60 4.87 5.17 0 26 5298

4 × 1014 2.45 2.43 3.09 42.15 6.05 5.70 0 13 5311

Results simulation
experiment

2.45 [73]
2.52 [72]
2.43 [82]

2.88
[83,84]

3.2. Effect of Atomic Number

Similarly, with the influence of atomic numbers NiAu2048, NiAu2916, NiAu4000, NiAu5324,
and NiAu6912 on structural characteristics, results are shown in Figure 4.

Figure 4. Cont.
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Figure 4. The structural shape (a1,b1,c1,d1,e1), radial distribution function (RDF) (a2,b2,c2,d2,e2), structural unit number
(a3,b3,c3,d3,e3) of NiAu alloy with different N.
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The results indicate that NiAu2048 alloy at T = 300 K has structural shape and l = 7.34 nm,
Etot = −173.85 eV (Figure 4(a1)), together with the radial distribution function, has r = 2.49 Å,
g(r) = 6.47 (Figure 4(a2)), and the structural unit numbers are 312 FCC, 443 HCP, 1293
Amor (Figure 4(a3)). When increasing atoms number from NiAu2048 to NiAu2916, NiAu4000,
NiAu5324, NiAu6912, then structural shape changes, size (l) increases from l = 7.34 nm to
l = 10.89 nm, Etot decreases from Etot = −173.85 eV to Etot = −580.35 eV (Figure 4(b1,c1,d1,e1));
r changes from r = 2.49 Å to r = 2.45 Å, g(r) changes from g(r) = 6.43 to g(r) = 6.77
(Figure 4(b2,c2,d2,e2)); and the structural unit number change corresponding to FCC about
from 312 FCC to 1869 FCC, HCP about from 308 HCP to 914 HCP, Amor increases from
1293 Amor to 4129 Amor (Figure 4(b3,c3,d3,e3)). The given result indicates that increasing
N leads to l increase and Etot decrease. As a result, there is a relationship between l, N, and
Etot, N. To confirm the defining relationships between size, atom number, and between Etot,
atom number of NiAu alloy, the results are shown in Figure 5.

Figure 5. The relationship between characteristic quantities such as structures as dependence between l, N (a); −Etot, N (b)
of the NiAu alloy with different N.

The given result shows that increasing N leads to l increase, and satisfy the formula:
l = 18.021 − 138.153N−1/3, corresponding to l~N−1/3 (Figure 5a) and −Etot proportional to
N (Figure 5b). The results are consistent with the results of crystallizing process temperature
(Tm) proportional with N−1/3 [74,75] and size (l or D) proportional with N−1/3 [67–73]. This
proves that increasing atom number leads to crystalline atoms number FCC, HCP increase,
Amor decrease, size increase, the total energy of system decrease; and the relationship with
l~N−1/3 is an important result for future experimental implementation.

3.3. Influence of Temperature

The research results of the effect of temperature, T = 300 K, 400 K, 500 K, 600 K, 700 K,
900 K, 1100 K 1300 K, and 1500 K, on the structural characteristics are shown in Figure 6.
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Figure 6. The structural characteristics as structural shape (a) of NiAu5324 alloy at T = 300 K; RDF (b) and structural unit
number (c) at different T.

The results indicate at T = 300 K, NiAu5324 alloy has structural shape, r = 2.47 Å,
g(r) = 6.51, 802 FCC, 811 HCP, 3711 Amor (Figure 6a). When increasing T from T = 300 K
to T = 1500 K, r decreases from r = 2.47Å to r = 2.32 Å, g(r) changes from g(r) = 6.51 to
g(r) = 4.62 (Figure 6b), FCC decreases rapidly from 802 FCC to 0.0 FCC, HCP decreases
dramatically from 811 HCP to 0.0 HCP, Amor increases from 3711 HCP to 5324 HCP, at
T = 700 K Amor state maximum increases (Figure 6c). This proves that with T < 700 K,
NiAu alloy is in the crystalline state, T > 700 K, and NiAu alloy is in the liquid state,
thereby, this is a crystallizing process between the crystallization and liquid states of NiAu
alloy. The results of phase transition from crystalline state to a liquid state by type 1 phase
transition theory, for each value of temperature (T), will correspond to a total energy value
of the system (Etot). To confirm that, a study of the relationship between T and Etot was
carried out and the obtained results are shown in Figure 7.

Figure 7. The structural shape of NiAu5324 alloy at temperatures 700 K (a), phase transition (b) of NiAu5324 alloy at different
temperatures.

Increasing T from T = 300 K to T = 400 K, 500 K, 600 K, 700 K, 900 K, 1100 K, 1300 K,
and 1500 K leads to l insignificant change range l = 7.34 nm to l = 7.35 nm and Etot increase
from Etot = −446.0 eV to Etot = −430.2 eV, −424.3 eV, −418.2 eV, −415.6 eV, −405.5 eV,
−394.2 eV, −383.1 eV, and −372.4 eV. In it, the structural shape of NiAu alloy at T = 700 K
(Figure 7a) and an interrupting point at T = 600 K then corresponds with Etot = −418.2 eV
observed at glass temperature (Tg), Tg = 600 K (Figure 7b). The results obtained show that,
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with T < 600 K, NiAu5324 alloy exists in the crystalline state and T > 600 K is in a liquid
state, this result is completely consistent with the results obtained in on and are considered
as the basis for future empirical research.

3.4. Influence of Annealing Time

The crystallization process of NiAu5324 alloy is carried out after the tempering period
and shown in Figure 8, Table 4.

Figure 8. The crystallization process of NiAu5324 alloy after different annealing time (a), the shape of NiAu alloy at t1 = 50 ps
(b), t2 = 150 ps (c), t3 = 250 ps (d).

Table 4. The structural characteristics and number of structural units of NiAu5324 alloy after different
annealing times.

t(ps) 50 150 250

r(Å) 2.45 2.49 2.47
g(r) 5.26 5.08 5.88
FCC 0.0 58 1463
HCP 0.0 9 368
Amor 5324 5257 3493
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The result shows that after incubation period, t = 50 ps, 150 ps, 250 ps, Etot decreases
from Etot = −425 eV to Etot = −430 eV (Figure 8a), the structural shape at t1 = 50 ps
(Figure 8b), t2 = 150 ps (Figure 8c), t3 = 250 ps (Figure 8d) corresponding with the link
length, the height of the RDF Ni-Au varies greatly from r = 2.45 Å to r = 2.49 Å, g(r) = 5.26
to g(r) = 5.88 and structural unit number FCC increases from 0.0 FCC to 1463 FCC, HCP
increases from 0.0 HCP to 368 HCP, and Amor decreases from 5324 Amor to 3493 Amor
(Table 4). The results obtained show that NiAu5324 alloy at Tg = 600 K after the annealing
time t = 250 ps, the crystallization process increases, proving that NiAu5324 alloy is easy to
crystallize at the temperature Tg and results obtained are consistent with the results of the
previous alloys such as AlNi [69], NiCu [71], FeNi [68,70].

When increasing heating rate, the temperature leads to r, g(r) decreases, l, Etot increase,
FCC, HCP decrease and Amor increase and vice versa with increasing atomic number
and the incubation time at Tg = 600 K. This is a very useful result for the process of
implementing experimental results in the future.

4. Conclusions

After studying the effect of factors on the structure and crystallize process, we got the
following results: The relationship between size (l) and atomic number (N) is determined
according to the formula is l~N−1/3; the total energy of the system (−Etot) always depends
on N by function, the result is consistent with results [67–75] when the glass temperature
(Tg), Tg = 600 K. With NiAu5324, when increasing the heating rate from 4 × 1012 K/s to
2 × 1013 K/s, 4 × 1013 K/s, 2 × 1014 K/s, and 4 × 1014 K/s leads to r decrease from r = 2.47 Å
to r = 2.43 Å, and g(r) decrease from g(r) = 6.51 to g(r) = 6.05, corresponding to the change of
g(r) and structural unit number. FCC, HCP, Amor FCC decreases from 802 FCC to 0.0 FCC,
HCP decreases from 811 HCP to 13 HCP, Amor increases from 3711 Amor to 5311 Amor.
When increasing atom number from NiAu2048 to NiAu2916, NiAu4000, NiAu5324, NiAu6912,
first peak position (r) of RDF changes values from r = 2.49 Å to r = 2.45 Å, g(r) changes from
g(r) = 6.43 to g(r) = 6.77, the structural unit number changes corresponding to FCC increases
from 312 FCC to 1869 FCC, HCP increases from 308 HCP to 914 HCP, Amor increases
from 1293 Amor to 4129 Amor. Similarly, with NiAu5324 when increasing T from T = 300 K
to T = 1500 K, r decreases from r = 2.47 Å to r = 2.32 Å, g(r) changes in the range from
g(r) = 6.51 to g(r) = 4.62, FCC decreases rapidly from 802 FCC to 0.0 FCC, HCP decreases
rapidly from 811 HCP to 0.0 HCP, Amor increases from 3711 HCP to 5324 HCP, Amor
state maximum increases. When increasing in annealing times at Tg = 600 K leads to the
structural unit number FCC, HCP increases, Amor decreases. It indicates that the heating
rate increase leads to the NiAu alloy change from crystallizing state to the amorphous
state; increasing atomic number, annealing times leads to crystallization process increase;
increasing temperature leads to process change from a crystallization state to a liquid state.
This is a very essential factor and a basis for future empirical research.
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Abstract: Strawberry fruits have a short shelf life after harvesting due the physiological factors
that enhances ripening such as respiration and transpiration. Sensory properties including color,
texture, odor, and flavor are the main factors that makes fresh produce appealing to consumers, and
they change very rapidly upon harvest. For this reason, quality preservation is essential during
post-harvest handling and storage of strawberry fruits. Quality deterioration rates are higher in
strawberry fruit cuts due to the mechanical damage and the loss of their natural protective barriers,
resulting in an increase in moisture loss, respiration rates, and the deterioration of their sensory
properties. The effect of a sodium alginate-calcium chloride edible coating on quality preservation
and shelf life extension of strawberry cut fruits stored at 4 ◦C was studied. Control samples had mold
growth initiated after one week of storage at 4 ◦C, while the coated fruit samples had a mold free shelf
life extension for up to 15 days. The sodium alginate-calcium chloride edible coating was effective in
reducing respiration and transpiration rates and delayed the increase of the pH and soluble solid
content. Furthermore, the coating delayed surface mold growth for up to 15 days and preserved the
sensory properties of the cut fruits such as color and texture.

Keywords: strawberry; edible coating; cut fruits; post-harvest; storage; quality

1. Introduction

Different methods have been used to reduce food losses and extend the shelf life of fresh fruits
and vegetables including conventional refrigerated storage, modified atmosphere packaging (MAP),
and controlled atmosphere storage [1]. Active packaging is also a method that has been used to reduce
post-harvest losses, and it consists of using synthetic packages with variable active functions such
as oxygen scavengers, carbon dioxide absorbents, and ethylene absorbents. Moreover, edible film
and coating is a preservation method that has become very popular in the last few decades due its
effectiveness in the extension of the post-harvest shelf life of the fresh produce [2].

An edible coating is a thin layer of adhesive material that must be applied on the surface of the
food product in a liquid form by brushing, spraying, or complete immersion, forming a protective
coating that can be consumed together with the food product, while an edible film is a self-standing
material that can be used to wrap the food products or cover them. Edible films and coatings extend
the shelf life of fresh produce and protect them from the external environmental damages in addition
to the physical, chemical, and biological changes [3]. Research studies have shown that edible films
can act as natural barriers against moisture loss, gas exchange, lipids, and flavor compounds losses [4].
Additionally, edible coatings create an internal atmosphere when applied on the surface of the fresh
produce, which reduces the respiration and transpiration rates and delays quality deterioration and
ripening [5].
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Research is focused today on developing eco-friendly and biodegradable food packaging to replace
synthetic packaging materials [6]. In the past several decades, scientists have been able to identify
different types of natural polymers that can be used in the production of edible films and coatings.
These polymers can be derived from multiple sources such as plants, animals, and microorganisms
and are divided into three different categories. The hydrocolloid category including proteins and
polysaccharides; the lipid category; and composites [3]. Composites are made of a combination of
hydrocolloids and lipids to produce edible films and coatings with shared advantages from two
different categories [5]. The thermo-physical and mechanical spectral properties of these special
composite materials have also been extensively studied to determine their suitability for different
applications with the desired adhesive, water vapor and gas permeability control respiration, and
transpiration rates of perishable produce [7,8].

Polysaccharides are polymers of monosaccharides connected to each other by glycocidic bonds
and used in the production of edible films and coatings. Polysaccharides are suitable for use in the
coating of fruits and vegetables due to their effective gas barriers. Their selective permeability to O2 and
CO2 gases allows for the creation of a modified atmosphere. Other advantages are their low cost and
their high availability since they are mainly found in plants and seaweeds. However, polysaccharides
are hydrophilic with a high-water vapor permeability [9]. Cellulose derivatives, starches, alginates,
pectin, chitosan, pullulan, and carrageenan are the most commonly used polysaccharides in the
production of edible films and coatings [3].

Pullulan is a water soluble microbial exopolysaccharide obtained from the yeast-like fungus
Aureobasidium pullulans and can be used in the production of thin, colorless, odorless, and tasteless
edible films [6]. Moreover, alginates are polysaccharides naturally produced by brown marine algae
or seaweeds such as Laminaria hyperborean and Macrocystis pyrifera. Alginates can also be produced
by some bacteria such as Azotobacter vinelandii, which were first discovered in 1881. Alginates are
considered as generally recognized as safe (GRAS) by the U.S. Food and Drug Administration (FDA)
and were used as thickening agents and stabilizers. In addition, they are an approved food additive
by the European Commission (EC). Water soluble sodium alginate is commonly used in the making
of edible films and coatings and should be mixed with divalent ions to reduce its water solubility.
The addition of divalent ions such as calcium allows for the formation of divalent salt bridges due to
the binding of calcium ions between two chains, which provides rigid and dense gels [10].

According to the Food and Agriculture Organization report (FAO, 2011), over 4.5 million tons
of strawberries were harvested each year around the world, mainly in Spain, Egypt, the USA, and
Mexico [11]. Several studies have focused on strawberry fruits due to their high perishability. The effect
of a chitosan-based edible coating on the shelf life extension of strawberry cut fruits was reported [12].
Additionally, the effect of a gellan-based edible coating on the quality parameters of strawberry cut
fruits was studied. Their soft texture makes them more susceptible to mechanical damage and quality
loss during post-harvest storage [13].

With the increased interest in ready to eat and nutritious snacks, cut fruits have become more
popular and widely available in supermarkets, cafeterias, airline catering, universities, and schools [10].
Cut fruits and vegetables are wounded tissues with a shorter shelf life than the intact fruits due to the
induced mechanical damages. The internal tissues in cut fruits are exposed to the external environment,
which increases respiration and transpiration rates, oxidative browning, and microbial growth [14].

Minimally processed fruits and vegetables usually show uneven responses to edible coatings due
to the differences in their tissue structures, surface texture, turgidity, and metabolic activity. However,
a successful adhesion of the coating solution on the fruit surfaces can extend their shelf life and provide
a fresh-like appearance [15].

Several studies have been carried out to evaluate the best coating composition to extend the shelf
life of cut fruits. A whey protein-calcium caseinate-based edible coating has been credited with a
beneficial effect in preventing oxidative browning in apple and potato cuts. However, whey proteins
have low mechanical properties, which makes them not very suitable for use on the surfaces of fresh
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fruit and vegetables [14]. It has also been reported that a methyl cellulose and sodium alginate-based
edible coating extended the shelf life of peaches stored at 15 ◦C, up to 21 and 24 days compared with
15 days in the control samples. This edible coating reduced the respiration and transpiration rates and
delayed the increase in total soluble solids content [7,8]. It was also reported that the chitosan-based
edible coating significantly reduced the weight loss of fresh strawberries and red raspberries during
storage at 2 ◦C and 88% relative humidity (RH) compared to the control [16]. The sodium alginate
composites provide some additional advantages because of their ability to complex with calcium
chloride [17]. Calcium chloride has been widely used as a texture firming agent for fruits and vegetables
for a long time since it can form complexes with low methoxyl pectin present in the produce tissue,
thereby facilitating texture firming [18,19]. A similar benefit can potentially be realized with the
combination of sodium alginate-calcium chloride combinations [17].

The objective of this study was to evaluate the effect of a sodium alginate-calcium chloride-based
edible coating on the quality parameters and the shelf life extension of cut strawberry fruits stored
for two weeks at 4 ◦C was evaluated. The available information of edible coating for cut fruits is
very scanty.

2. Materials and Methods

2.1. Sample Preparation

Four kg of strawberry fruits were purchased fresh from the market and chosen based on similar
degrees of maturity and stored at 4 ◦C overnight until use the next day. Strawberries were washed
with tap water to remove the external impurities and cut into 1-cm thicknesses along their longitudinal
axis. Cut fruits were drained for 10 min after washing and before coating.

2.2. Coating Solution Preparation

Calcium chloride salt was used in the study due to its effect as a firming agent and high-water
solubility. Distilled water was used to prepare the coating solutions of 2% (w/w) sodium alginate (Sigma,
Oakville, ON, Canada) and 2% (w/w) calcium chloride (Sigma, Oakville, ON, Canada). To prepare the
sodium alginate coating solution, sodium alginate powder was added to distilled water and the beaker
was placed on a magnetic stirring rod at 300 rpm with no heat until the sodium alginate powder was
completely dissolved at room temperature. To prepare the calcium chloride solution, calcium chloride
salts were added in a volumetric flask with distilled water and shaken to completely dissolve the salt.

2.3. Control Sample Preparation

For the preparation of control samples, two kg of strawberry fruits were only washed with
tap water, cut into 1 cm thicknesses, drained for 10 min at room temperature, and stored in plastic
containers at 4 ◦C. Fruit samples were covered with polyvinyl chloride stretch film (PVC films) [20].

2.4. Sample Coating

Sodium alginate and calcium chloride solutions were poured in to the plastic containers and the
strawberry cut fruits were placed in a fabric mesh and dipped completely into the sodium alginate
solution for 5 min, removed, and drained for 1 min in a plastic mesh, dipped again this time in the
calcium chloride solution for 5 min, removed, drained, and left on filter paper for 10 min at room
temperature (22 ◦C) to remove the surface excess of the coating solution. Two kg of strawberry cut
fruits were coated with the sodium alginate-calcium chloride-based edible coating [21].

2.5. Sample Storage

Coated and control samples were stored in plastic containers (each container contained six to
seven fruit samples) and covered with polyvinyl chloride stretch film (PVC film). Small four to five
holes were made in the PVC film (1–2 mm each) to maintain the atmospheric composition of air within
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the container (Figure 1). Plastic containers were stored in the refrigerator at 4 ◦C for two weeks and
tests were done on both the control and coated samples every three days (days 0, 3, 6, 9, 12, and 15)
with quality monitoring on a daily basis [20].

Figure 1. Sample storage in plastic containers covered with polyvinyl chloride (PVC) films.

2.6. Respiration Rate

Control and coated strawberry cut fruits (150 g) were placed for 2 h in an airtight Plexi-glass
chamber (18 cm × 12 cm × 27 cm) at room temperature (22 ◦C). The glass chamber was connected
to a CO2 sensor (ACR Systems Inc, St-Laurent, QC, Canada) that transferred the results to a data
acquisition system (Smart Reader plus 7). The CO2 concentration was collected every 1 min over a 2 h
period. Respiration rates were obtained from the regression slope of CO2 concentration versus time
and evaluated as mL CO2 kg−1 h−1 [7,8].

2.7. Transpiration/Weight Loss

Weight loss was measured by periodically weighing fruit samples using a digital balance (Denver
instrument, APX-323, NY, USA). The difference between the initial weight on day 0, and the final
weight measured every three days was considered as the weight loss and expressed as a percentage
of the initial weight. The test was done in triplicate every three days during storage using 200 g of
uncoated fruit samples and 200 g of coated fruit samples stored in multiple plastic containers (six to
seven fruit samples per container) [22].

2.8. Color

The color characteristics of strawberry cut fruits were measured using a calorimeter, a tristimulus
Minolta Chroma Meter (Minolta Corp, Ramsey, NJ, USA), to determine the L value (lightness), a *
(green-red chromaticity), and b * (yellow-blue chromaticity), Chroma, and Hue angle. The calorimeter
was calibrated using a white standard. Readings were done at room temperature on five to six samples
of the control and coated samples [7,8].

2.9. Texture

Seven to ten samples from each lot (control and coated) were subjected to a puncture test using a
Texture Analyzer (Model TA XT Plus, Texture Technologies Corporation, Scarsdale, NY, USA/Stable
Micro Systems, Godalming, Surrey, UK) fitted with a 25 mm diameter round tipped puncture probe
with a speed of 10 mm/s. The force deformation and firmness of the fruit samples were measured
based on the force–deformation curve. Measurements are in Newton (N) [7].
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2.10. pH

The pH was measured with a standard calibrated pH meter (Brinkman Co., Mississauga, ON,
Canada). pH measurements were made by blending for 1 min and 50 g of the strawberry cut fruits
with 150 mL of distilled water. A pH meter calibration was done with variable standard solutions at
pH 7 and 10.

2.11. Titratable Acidity

Titratable acidity (TA) was measured using the Association of Official Analytical Chemists (AOAC)
titrimetric method for fruits [23] by titrating 10 mL of strawberry juice with 0.1 mol/L NaOH using
phenolphthalein as an indicator. The tests were done in triplicate on coated and uncoated samples.
The results are expressed in citric acid (%).

Titratable acidity (%) =
V(NaOH)(0.1)(0.064)

m
× 100 (1)

where V(NaOH) is the mL of NaOH used during titration; (0.1) is the molarity of the NaOH solution
used; (0.064) is the conversion factor for citric acid, which is the main acid in strawberries; and (m) is
the mass of the strawberry samples used during the test [24].

2.12. Total Soluble Solids (TSS)

Total soluble solids (TSS) were measured using a hand refractometer (ATAGO N1, Kirkland,
DC, USA) and expressed in ◦Brix scale. Tests were done in triplicate for both the coated and control
samples [22].

2.13. Total Aerobic Count of Microorganisms

Total aerobic counts of microorganisms were analyzed using the plate count method. Ten grams
of different control and coated samples were transferred to a blender with 90 mL of saline peptone
water (0.1 g peptone/100 mL water). After blending, a serial dilution was done and pour-plated onto
plate count agar (PCA). Plates were incubated for five days at 25 ◦C for counting of total aerobic
microorganisms. Colony count was expressed as Log CFU/g of strawberries. Tests were done every
three days in triplicate on both the control and coated samples [25].

2.14. Appearance

The appearance of samples was evaluated based on the color and surface mold growth.
Three plastic containers of control samples and three plastic containers of coated samples (each
container containing six to seven fruit samples) were stored at 4 ◦C and used to evaluate the appearance
of the control and coated strawberry cut fruits during the experiment.

2.15. Statistical Analysis

A statistical analysis system (Analysis ToolPak in Excel) was used to conduct one-way Analysis of
Variance (ANOVA) at 95% level of confidence and 5% level of significance. The significance level used
was (p < 0.05). Tukey’s method was used to indicate the significant difference between the control
and coated samples during storage as well as between the different storage times for both the control
and coated. The effect of the edible coating on pH, moisture loss, respiration, TSS, titratable acidity,
firmness, color, and microbiological count on strawberry cut fruits was evaluated [7,8].
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3. Results and Discussion

3.1. Transpiration/Weight Loss

The transpiration rates (expressed as percentage moisture loss) measured for fruit samples stored
at 4 ◦C are shown in Figure 2a. Weight loss was measured every three days during storage in triplicate
using 200 g of the control samples and 200 g of the coated samples stored in multiple plastic containers.
During the 15 days of the experiment, overall, the moisture loss percentages in the coated samples
were significantly lower (p < 0.05) than in the control samples. The weight loss in the control samples
after three days of storage was 5.2%, slightly higher than 4.0% in the coated samples. Transpiration
rates increased in both the control and coated samples during the experiment. On the final day 15,
moisture loss in the control samples reached 13% while in the coated samples, it was 11%. Differences
between the coated and uncoated samples were clear from day 3 onward. Moisture loss was reduced
due to the water vapor barrier formed by the sodium alginate-calcium chloride edible coating on the
fruit’s surface (Figure 2a).

Figure 2. Moisture loss (%) (a), respiration rate (b), and firmness of control and sodium alginate-calcium
chloride coated samples during storage (c). Different lowercase letters indicate a significant difference
due to storage time (p < 0.05). Different uppercase letters indicate a significant difference among the
control and coated samples (p < 0.05).
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One-way ANOVA statistical analysis showed that there was a significant difference in moisture
loss among the control samples and among the coated samples during storage (p < 0.05). A clear
significant difference in moisture loss between the control and coated samples was observed starting
from day 6 up to day 15 (p < 0.05). Moisture loss was significant with respect to time for both the
coated and uncoated cut fruits. Moisture loss is also related to quality loss and the reduction in weight
and volume (shrinkage or shriveling) of the fresh produce. It was also reported that the reduction of
moisture loss in coated fruits during storage played an important role in the shelf life extension of the
strawberry cut fruits. Formation of a layer of the alginate film obviously helped to reduce the moisture
loss from the fruit by acting as a barrier [10].

3.2. Respiration Rate

The respiration rates of the control and coated samples were measured over the period of storage.
The amounts of CO2 produced were measured every minute for 2 h using 150 g of both the control
and coated strawberry cut fruits. The results were taken during the first hour until the saturation of
CO2 [24]. Based on this methodology, the respiration rates measured (mL CO2 kg−1 h−1) in the control
samples were higher than the respiration rates in coated fruit samples over the whole period of the
experiment starting from day zero. The sodium alginate-calcium chloride edible coating played an
effective role in decreasing the respiration rates in the coated samples by reducing the amounts of
CO2 produced. On day zero, the respiration rate in the control samples was 104 mL CO2 kg−1 h−1,
while it was 71.6 mL CO2 kg−1 h−1 in the coated samples. Previous studies showed that on day zero,
the respiration rates in both the control and coated samples should be high due to the mechanical
damage. The respiration rates decreased in the control samples on day 3 to 81.3 mL CO2 kg−1 h−1,
while in the coated samples, it decreased to 64.7 mL CO2 kg−1 h−1. On day 6, the respiration rates
in the control samples increased to 123.7 mL CO2 kg−1 h−1 and stayed stable until day 9, before it
decreased to 68.5 mL CO2 kg−1 h−1 on day 15. In the coated samples, the respiration rate increased
to 99.6 CO2 kg−1 h−1 on day 9, before it decreased to 55.5 mL CO2 kg−1 h−1 on day 15 (Figure 2b).
The sodium alginate-calcium chloride coating reduced the respiration rates in strawberry cut fruits.

One-way ANOVA statistical analysis showed no significant overall difference between the control
and coated samples (p > 0.05) (because of the consideration of the variation over the entire range
rather than a direct one to one comparison). However, the differences were significant in the beginning
and between six and 12 days of storage. Other studies have shown that calcium dips can be effective
in reducing respiration rates in addition to extending the shelf life of cut fruits. A decrease in the
respiration rates in cut cantaloupe dipped in a calcium salt solution and stored 4 ◦C was reported.
This reduction is facilitated by the reduced oxygen and carbon dioxide permeability by the coating.
This will not only result in reducing the oxygen tension within the fruit because of the lower infusion
of oxygen into the tissue, but at the same time, reduced removal of the CO2 produced will thereby
promote a higher concentration of CO2 within the tissue and the consequence of both will be a reduced
respiration rate [26].

3.3. Texture

The firmness of the strawberry cut fruits was measured using seven to 10 samples of the control
and coated samples, the results of which are shown in Figure 2c. Firmness of coated strawberry cut
fruits decreased during the 15 days of storage at 4 ◦C. However, the coated samples showed better
results than the control samples. A beneficial effect in the firmness retention was observed in coated
samples during the 15 days of the experiment. Since day zero, the texture of the coated samples showed
higher values than the control samples due to the added calcium chloride, which acts as firming
agents as well as the lowered respiration and transpiration rates. The firmness of the control samples
decreased from 57.3 N on day zero to 41.2 N on day 3, while in the coated samples, the firmness was
almost stable during the first six days of storage. On day 6, the firmness in the control samples showed
a dramatic decrease and declined to 11.8 N at the end of the experiment on day 15. In the coated
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samples, firmness declined only to 36.6 N on day 15, thus remained firm. Additionally, after 12 days of
storage, it was difficult to perform the texture analysis on the control samples due to their extremely
soft texture, while coated samples were still in good condition. The results showed the positive effect
of the sodium alginate-calcium chloride edible coating on the texture of strawberry cut fruits, since a
good texture was maintained over the whole period of the experiment. Values observed in coated
fruits were three times higher than in the control samples (Figure 2c).

One-way ANOVA statistical analysis showed a significant difference in the firmness among the
control samples after day 0 (i.e., from day 3 to 15) (p < 0.05). However, with the coated samples, no
significant decline in texture was observed until day 9. Furthermore, a significant difference in the
firmness between the control and sodium alginate-calcium chloride coated samples was observed
starting from day 3 up to day 15 (p < 0.05).

Fruit softening during maturation is caused by the biochemical changes in the cell turgidity and
the cell wall compositions. The changes are shown by a degradation of the middle lamella of the
cortical parenchyma cells, and a decrease in the pectin content [24]. The addition of calcium chloride
salts was reported to play an effective role in maintaining the firmness of the coated samples during
storage, acting as firming agents [9].

3.4. Total Soluble Solids

Total soluble solids (◦Brix) is used as an indicator of fruit maturity and is measured in fruits
to study their maturation rates. Based on different studies, the total soluble solids content (TSS) in
fruits increased during storage. The edible coating could reduce the TSS content by delaying the
fruits ripening [27]. During the 15 days of storage, the TSS in the control samples was higher than in
the coated samples, which suggests that sugars are synthesized at a slower rate due to the sodium
alginate-calcium chloride coating. On day zero, the values of TSS were 7.7 in the control samples and
7.6 in the coated samples. TSS in the control samples increased to 8.3 on day 6, while in the coated
samples, the TSS remained almost stable from day 0 until day 6 with a value of 7.6. The edible coating
reduced the rates of carbohydrate breakdown and delayed fruit maturation (Figure 3a). The decrease
in the TSS content at the end of the experiment is an important indicator of fruit maturation since
it can indicate fruits over ripening [28]. One-way ANOVA statistical analysis showed an overall
significant difference between the control and sodium alginate-calcium chloride coated samples during
the experiment (p < 0.05). However, no significant difference was observed among the control samples
or among the coated samples during storage (p > 0.05). The increase in TSS is related, first, to moisture
loss and the increase in the soluble solid concentration. Moreover, it is related to the breakdown of
complex carbohydrates into soluble solids due to the respiration and ripening of fruits. Starch is
degraded rapidly into sugars such as sucrose, glucose, and fructose due to the activity of amylases,
starch phosphorylase and 1,6-glucosidase enzymes [27].

3.5. pH

A significant increase in the pH of the control samples over the period of storage was observed.
The pH of the control sample was higher than in the coated sample during the 15 days of the experiment.
On day zero, the pH of the control and coated samples was 3.6. The pH of the control samples gradually
increased and reached 3.8 on day 12, while in the coated sample, the pH was almost stable from
day zero until day 12. The sodium alginate-calcium chloride edible coating reduced the pH of the
coated samples in comparison with the control samples. Additionally, it delayed the increase in the
pH values during storage (Figure 3b). One-way ANOVA statistical analysis showed a significant
difference between the control and sodium alginate-calcium chloride coated samples during the 15 days
of storage, especially day 3 onward (p < 0.05). The pH of the coated fruits remained higher than in
the control samples throughout the study. A delay in the increase of the pH of strawberries coated
with carboxyl methyl cellulose (CMC) was reported [22]. It has also been reported that the sodium
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alginate-based edible coating delayed the increase in the pH of the fruit samples, which delayed fruit
ripening and mold growth by maintaining the acidity of the fruits [27].

 
(b) 

 
(c) 

Figure 3. Changes in total soluble solids (TSS) (a), pH change (b), and titratable acidity of the control
and coated samples during storage (c). Different lowercase letters indicate a significant difference due
to storage time (p < 0.05). Different uppercase letters indicate a significant difference among the control
and coated samples (p < 0.05).

3.6. Titratable Acidity

Titratable acidity (TA) was measured and expressed in citric acid (%). Based on the test results, the
coated fruits had a higher citric acid (%) than the uncoated samples. On day zero, the titratable acidity
was the same in both the control and coated samples. The acidity decreased at a slightly lower rate in
the coated samples during the 15 days of storage. On day 6, a significant decrease in TA was observed
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in the control samples and the value reached 0.088%, while in the coated samples, it decreased to
0.091%. On day 9, the TA decreased in the coated samples to 0.081% and stayed steady up to day 15.
Additionally, in the control samples, TA declined on day 9 to 0.076% and stayed steady thereafter
until day 15 with a value of 0.078% (Figure 3c). Coated fruits had a higher TA (%) during the 15 days
of the experiment. The sodium alginate-calcium chloride edible coating minimized the reduction of
fruit acidity compared to the control. However, one-way ANOVA statistical analysis did not show a
significant difference in TA (%) between the control and coated samples (p > 0.05).

Titratable acidity is related to the organic acid content in strawberries. Acidity decreases at
the late stages of fruit ripening due to the use of organic acids during respiration. Coating of
strawberries with CMC and hydroxypropyl methylcellulose (HPMC) showed a delay in the decrease
in TA (%) in strawberries. The edible coating reduced the loss of ascorbic acid during the 16 days of
storage by reducing oxygen diffusion and respiration rates, which caused ascorbic acid retention [22].
Slower rates of decreased acidity were also observed in pectin coated cherry tomatoes stored at different
temperatures [27]. Moreover, methyl cellulose coated peaches showed a delayed reduction in the
titratable acidity [7,8].

3.7. Color

The color of strawberry cut fruits was affected by the sodium alginate-calcium chloride edible
coating and storage time. The color parameters L value, a * value, and Chroma were evaluated as the
other parameters of b * value and hue angle did not show any differences between the control and
coated samples.

3.8. L Value

The decrease in L value is an indicator of surface darkening [14]. On day zero, both the control
and coated samples had similar values. The L value in the control samples showed a dramatic decrease
starting from day 3 and declined from 31.6 on day zero to 20.8 on day 15. In the coated samples, the L
value was almost stable until day 6. The L value decreased on day 9 and reached 26.7 on day 15. The L
value was higher in the coated samples than in the control samples during the whole period of the
experiment, which indicates that the sodium alginate-calcium chloride coating prevented oxidative
enzymatic browning (Table 1). One-way ANOVA statistical analysis showed a significant difference in
the L value between the control and sodium alginate-calcium chloride coated samples (p < 0.05) as
well as a gradual decrease with storage time, while it reduced more rapidly in the control samples.

Table 1. Color parameters L value, a * value, and C value of the control and coated samples
during storage.

Samples Day 0 Day 3 Day 6 Day 9 Day 12 Day 15

L values
Control 31.6 ± 1.1 a,A 26.9 ± 0.8 b,B 25.6 ± 1.6 b,C 24.0 ± 1.5 c,C 22.5 ± 1.5 c,D 20.8 ± 2.8 d,E

Coated 31.3 ± 1.0 a,A 30.8 ± 0.8 a,C 30.6 ± 0.2 a,D 29.9 ± 1.4 b,D 27.1 ± 0.3 b,E 26.7 ± 0.5 b,F

a * values
Control 32.4 ± 0.2 a,A 31.2 ± 0.9 a,A 30.3 ± 2.6 b,A 29.3 ± 0.8 c,A 27.4 ± 1.9 d,B 26.4 ± 2.6 e,C

Coated 32.6 ± 1.3 a,A 31.3 ± 0.7 b,A 29.3 ± 2.0 c,A 29.0 ± 2.0 c,A 30.0 ± 2.1 b,B 32.0 ± 0.6 a,D

C values
Control 37.8 ± 0.4 a,A 35.7 ± 1.0 b,A 34.8 ± 3.8 b,A 33.7 ± 1.0 b,A 31.9 ± 3.4 c,A 29.9 ± 3.7 c,B

Coated 38.3 ± 1.1 a,A 34.0 ± 1.1 b,A 35.1 ± 3.9 b,A 33.9 ± 2.1 b,A 34.6 ± 2.6 b,A 36.2 ± 1.3 b,C

Different lowercase letters within a row indicate a significant difference due to storage time (p < 0.05). Different
uppercase letters indicate a significant difference among the control and coated samples (p < 0.05).

It has been reported that the L value decreased in the uncoated cherry tomatoes, pectin coated
cherry tomatoes, and alginate coated cherry tomatoes stored at different temperatures (4 ◦C and 12 ◦C).
However, the L value was higher in the coated samples than in the control samples over the 21 days of
storage [27].
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3.9. a * Value

The a * value indicates the green/red components. On day zero, a * value was almost the same
in the control and coated samples with values of 32.4 and 32.6, respectively. In the control samples,
the a * value slowly decreased during storage and reached 26.4 on day 15 (p < 0.05). The decrease
in the a *value in the control samples might be a response to surface darkening and the formation of
a red-brownish color. Additionally, the surface mold growth negatively affected the redness of the
fruit samples. The changes in a * value in the sodium alginate-calcium chloride coated samples was
not significant (p > 0.05) and almost remained steady during the 15 days of the experiment (Table 1).
However, one-way ANOVA statistical analysis did not show a significant overall difference in the
a * value between the control and sodium alginate-calcium chloride coated samples during storage
(p > 0.05).

It has been reported that the a * value increased slightly in the sodium alginate coated cherry
tomatoes and pectin coated cherry tomatoes stored at 4 ◦C and 12 ◦C. In the control samples, the a *
value was higher due to the increased redness of the cherry tomatoes during the 21 days of storage [27].

3.10. C Value

The C value, which is the Chroma of the color, was also measured. The C value in the coated
samples slightly decreased from 38.3 on day zero to 33.9 on day 9 and increased again on day 12 to
finally reach 36.2 on day 15. In the control samples, the C value gradually decreased from 37.8 on day
zero to 29.9 on day 15. The C value was lower in the control samples during the whole experiment.
The difference between the control and coated samples was mainly observed on days 12 and day 15 due
to the fruit maturation, surface browning, and mold growth in the control samples (Table 1). However,
as with a * values, one-way ANOVA statistical analysis did not show a significant overall difference in
the C values between the control and sodium alginate-calcium chloride coated samples (p > 0.05).

A decrease in the Chroma of the uncoated strawberries stored for 8 days at 1 ◦C was reported.
During storage, the color of the fruits became less vivid and was caused by the development of a
red-brownish color in the fully ripe strawberries [29]. The edible coating maintained the Chroma of
the color during storage of strawberry fruits [22].

3.11. Total Aerobic Count of Microorganisms

A plate count analysis was performed every three days on the control and sodium alginate-calcium
chloride coated samples. On day zero, almost similar values were observed in the control and coated
samples. After only three days of storage, the number of yeasts and molds in the control samples
increased to 5.9 log CFU/g, while in the coated samples, it increased to 5.1 log CFU/g. On day 6, minor
mold growth was observed in the control samples and the values increased to 6.15 log CFU/g and
reached 6.25 log CFU/g on day 9. After 12 and 15 days of storage, the number of colonies of aerobic
microorganisms in the control sample was too large to count (>300 colonies on the least diluted agar
plate) using the plate count analysis method; hence, only the total aerobic count of microorganisms for
coated samples were shown on day 12 and day 15 (Figure 4).

In the coated samples, the total aerobic count of microorganisms slightly increased to 5.5 log
CFU/g on day 6 and reached 5.9 log CFU/g on day 12. On day 15, minor mold growth was observed on
the surface of the coated samples and the total aerobic count of microorganisms increased to 6.1 log
CFU/g (Figure 4). One-way ANOVA statistical analysis showed a significant increase in total aerobic
counts among the control samples starting from day 0 until day 9 (stopped at this stage due to spoilage)
and among the sodium alginate-calcium chloride coated samples starting from day 0 until day 15
(p < 0.05), although quantitatively slightly less than the coated ones.
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Figure 4. Total aerobic microorganisms count (Log CFU/g) in the control and sodium alginate-calcium
chloride coated samples during storage. Error bars are indicated with the points and significance
detailed in the text. Different lowercase letters indicate a significant difference due to storage time
(p < 0.05). Different uppercase letters indicate a significant difference among the control and coated
samples (p < 0.05). TLC: Too Large to Count.

It has been reported that a chitosan-based edible coating reduced the decay and surface mold
growth in strawberry fruits and raspberries stored at 2 ◦C and 88% RH. Mold growth appeared on the
surface of the control samples only after five days of storage, while in the coated samples, the mold
growth was delayed [16].

3.12. Appearance

Minor mold growth was apparent on the surface of the control samples on day 6, while in the
coated samples, mold growth was observed only on day 15. Control samples stored at 4 ◦C had an
acceptable visual quality during the first six days of storage before the beginning of decay and mold
growth. On day zero, both the control and coated strawberry cut fruits showed similar appearances
with a bright red color (Figure 5a). After six days of storage, the color of the control samples became
darker with a minor appearance of mold growth on the surface. The color of the coated samples
became a bit darker after six days with no mold growth (Figure 5b). After nine days of storage, control
samples showed some browning, tissue softening, and mold growth while the coated samples showed
no darkening and no mold growth (Figure 5c). After 12 days of storage, the control samples had mold
growth, very soft texture, and browning, while the coated samples showed no mold growth and a
slight darkening in color (Figure 5d). On day 15, the control samples were completely grey with mold
growth, and extremely soft with a watery texture. The coated samples showed minor mold growth on
the surface of some samples with tissue softening and color darkening (Figure 5e).

The addition of calcium chloride salts helped in enhancing the texture of strawberry cut fruits since
they act as firming agents. Additionally, it helps in reducing mold growth, physiological disorders,
and oxidative browning [30]. CMC, with the incorporation of probiotic Lactobacillus plantarum, was
also used to coat strawberries stored at 4 ◦C for 15 days. A delay in mold surface growth was observed
in the coated strawberries [31]. In another study, the chitosan coating reduced mold and yeast growth
in fresh cut papaya and reduced mesophilic plate counts [15].
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(a) 

 
(b) 

 
(c) 

 
(d) (e) 

Figure 5. Side by side appearance of the control and coated fruits at day zero (a) and after storage for
six (b) and nine (c) days, and only for coated fruits after storage for 12 (d) and 15 (e) days (extensive
mold grown on control samples, not shown).
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4. Conclusions

The results demonstrated that the sodium alginate-calcium chloride edible coating extended
the shelf life of strawberry cut fruits stored at 4 ◦C for up to 15 days. The edible coating reduced
the transpiration and respiration rates, acting as a protective barrier, which caused the reduction of
mold growth and preserved the sensory properties of the cut strawberries. Additionally, the sodium
alginate-calcium chloride edible coating delayed the increase in TSS content and the pH of the cut
fruits through citric acid retention. The use of a sodium alginate-based edible coating on cut fruits help
both consumers and producers reduce food losses and save money.
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Abstract: To address the need to develop improved hybrid biopolymer composites, we report on
the preparation of composites that contain chitosan and pectin biopolymers with tunable adsorption
properties. Binary biopolymer composites were prepared at variable pectin–chitosan composition
in a solvent directed synthesis, dimethyl sulfoxide (DMSO) versus water. The materials were
characterized using complementary methods (infrared spectroscopy, thermal gravimetric analysis,
pH at the point-of-zero charge, and dye-based adsorption isotherms). Pectin and chitosan composites
prepared in DMSO yielded a covalent biopolymer framework (CBF), whereas a polyelectrolyte complex
(PEC) was formed in water. The materials characterization provided support that cross-linking occurs
between amine groups of chitosan and the –COOH groups of pectin. CBF-based composites had a
greater uptake of methylene blue (MB) dye over the PEC-based composites. Composites prepared
in DMSO were inferred to have secondary adsorption sites for enhanced MB uptake, as evidenced
by a monolayer uptake capacity that exceeded the pectin–chitosan PECs by 1.5-fold. This work
provides insight on the role of solvent-dependent cross-linking of pectin and chitosan biopolymers.
Sonication-assisted reactions in DMSO favor CBFs, while cross-linking in water yields PECs. Herein,
composites with tunable structures and variable physicochemical properties are demonstrated by
their unique dye adsorption properties in aqueous media.

Keywords: composites; chitosan–pectin; adsorption; polyelectrolyte complex; covalent
biopolymer framework

1. Introduction

Methylene blue is a cationic dye with high water solubility that has many diverse applications
which includes the dyeing of paper, cotton, wool, and hair [1]. The occurrence of synthetic dyes in
industrial effluent has led to global environmental concern due to the inadvertent release into aquatic
environments and the impacts of such contaminants on ecosystems and human health. Exposure to
lethal doses of cationic dyes such as methylene blue may lead to vomiting, cyanosis, jaundice, shock,
and tissue necrosis in humans [2]. To address the removal of synthetic dyes from industrial wastewater,
conventional methods such as electrochemical, coagulation, flocculation, chemical oxidation, solvent
extraction, and adsorption have been reported [3–5]. Among these methods, adsorption is a popular
choice for contaminant removal due to its simplicity of operation, cost-effectiveness, and availability of
commercial adsorbents such as zeolites and activated carbon. Whereas the efficiency of adsorption
processes is often limited by the physicochemical properties of the adsorbent and its regeneration
capability, there is continued interest that exists in the development of biomaterial adsorbents derived
from renewable sources such as cellulose and chitosan. Chitosan is a natural product derived from
chitin upon deacetylation via alkaline hydrolysis, where the resulting copolymer contains glucosamine
and acetylated glucosamine co-monomer units. The solubility of chitosan and its chemical reactivity
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scale as the degree of deacetylation reaches 60% or more [1]. The synthetic versatility of chitosan is
evidenced by its various modified forms upon surface functionalization, cross-linking, and composite
formation. As well, the physical modification of native chitosan through the alteration of its morphology
in the form of nanomaterials, beads, and fibers can also lead to changes in the textural and adsorption
properties toward ionic species. Raw chitosan and its derivatives are promising biopolymers for
cation–anion adsorbate binding due to its unique adsorption properties [1,6,7].

The continued interest in the development of biopolymer-based sorbents provides an opportunity
to develop sustainable adsorbent technology [8]. A previous study by Sabzevari et al. on the preparation
of chitosan composites that contain graphene oxide (GO) displayed unique adsorption with methylene
blue, as compared with pristine chitosan. Whereas GO is an arene base fragment with polar functional
groups (-OH, -COOH) due to the controlled oxidation of graphite, pectin contains α-(1–4) linked
D-galacturonic acid units and α-(1–2) linked L-rhamnopyranose residues. In comparison to GO, pectin
is a suitable precursor for the preparation of cross-linked chitosan-based composites [9,10] due to
its relatively low pKa (pKa = 2.9–3.2). The galacturonic acid (GalA) groups of pectin can react with
methanol in an acidic environment to form methyl esters, where the majority of these GalA units
are present as methyl esters in their native form. The degree of substitution (DS) of methyl ester
formation is used to classify pectin polymers, where such biopolymers with a high methyl ester content
(DS > 50%) are referred to as HM pectins [11].

Since chitosan contains glucosamine and N-acetyl glucosamine units linked through a (1–4)
linkage, the biopolymer can exist in its cationic form upon protonation at acidic pH below its pKa.
The protonated amine groups of chitosan are considered as the active sites to attract anion species
through electrostatic interactions. As well, the amine groups can also undergo reaction with carboxylic
acids to form hybrid composite materials [9,12]. Chitosan-based composites that contain pectin may
undergo covalent or ionic bonding, as shown by the formation of a polyelectrolyte complex (PEC)
or amide linkages between chitosan and pectin to yield a covalent biopolymer framework (CBF), as
conceptually illustrated in Scheme 1.

In this study, various pectin–chitosan composite adsorbents were prepared and their
physicochemical properties were characterized using infrared (IR) spectroscopy and other
complementary methods. The dye adsorption properties of the composites were studied using
methylene blue (MB), which is a model cationic dye that can provide insight on the nature of
composites formed between pectin and chitosan (cf. Scheme 1). The overall goal of this study
was to synthesize and characterize novel hybrid biopolymer adsorbents derived from chitosan and
pectin, where the following objectives were addressed: (1) to synthesize pectin–chitosan composites at
variable composition ratios using two different solvents (DMSO versus water), (2) to characterize the
structure and physicochemical properties of the composites using complementary methods, and (3) to
characterize the equilibrium adsorption properties of the biopolymer composites using methylene
blue as a dye probe. This research addresses the knowledge gap concerning the structure–adsorption
properties of pectin and chitosan composites according to the mode of preparation.
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Scheme 1. Formation of pectin–chitosan composites through a polyelectrolyte complex (PEC) or a
covalent biopolymer framework (CBF).

2. Materials and Methods

2.1. Materials and Equipment

Chitosan (Mwt. approximately 50,000–190,000 g/mol) with an average deacetylation of 75–85%,
dimethyl sulfoxide (> 99.7%, DMSO), methylene blue (MB), and pectin from citrus peel galacturonic
acid ≥ 74.0% (dry basis) were obtained from Sigma-Aldrich (Edmonton, AB, Canada). Ultrasonic
homogenizer (FisherbrandTM Model 505) is from Fisher Scientific (Edmonton, AB, Canada).

2.2. Synthesis of Pectin and Chitosan Composites

2.2.1. Pectin–Chitosan Polyelectrolyte Complexes in Water: PC15 W, PC11 W, PC51 W

To prepare the 1:5 pectin/chitosan composite (PC15 W), the 2 wt % chitosan solution was prepared
by dissolving chitosan (ca. 2 g) into 98 g of acetic acid (2 wt %), and the pectin solution was prepared
by dissolving of pectin (ca. 1.37 g) into 68.6 g of deionized water to make a 2 wt % solution. In a 150 mL
beaker, 50 g of the 2 wt % chitosan solution was mixed with 10 g of the pectin 2 wt % solution at 23 ◦C
with a magnetic stirrer at 1000 rpm overnight. The mixture was neutralized with 1M NaOH (aq) 12 h
after the mixing step until pH 7 to yield a suspension of pectin–chitosan particles. The pectin–chitosan
composite precipitate was filtered by a vacuum pump with Whatman 42 ashless filter paper and

67



J. Compos. Sci. 2020, 4, 95

washed with deionized water, where the filtrate reached a low conductivity (35 μS/cm). The final
products were air-dried for 48 h. Procedures for making PC11 W and PC51 W were similar to the
previous procedures to obtain the PC15 W products, except the relative amount of pectin and chitosan
was varied to achieve the different weight ratios accordingly.

2.2.2. Sonication-Assisted Synthesis of Pectin–Chitosan Composites in DMSO: PC15 S DMSO, PC11 S
DMSO, and PC51 S DMSO

To prepare PC15 S DMSO, pectin (ca. 1.5 g) and chitosan (ca. 7.5 g) were dispersed in DMSO
(200 mL). The pectin and chitosan mixture in DMSO was sonicated for 10 min. After cooling,
the brown-dark pectin/chitosan composites were filtered and dried in the fume hood at 23 ◦C.
The preparation of the PC11 S DMSO and PC51 S DMSO composites were similar to the above except
that pectin (ca. 2 g and 7.5 g) and chitosan (ca. 2 g and 1.5 g) were suspended in DMSO (200 mL).

2.3. Characterization of Composite Materials

The characterization of the composites involved the use of several complementary methods: pH
at the point-of-zero charge (pHpzc), Fourier Transform Infrared (FTIR) spectroscopy, ultraviolet-visible
(UV-vis) spectrophotometry, and thermal gravimetric analysis (TGA).

2.3.1. pH at the Point-of-Zero Charge (pHpzc)

The relative surface charge of the sample was determined by estimation of the pHpzc using an
adapted method reported previously [13]. First, 0.01 M NaCl aqueous solution (20 mL) was transferred
into each of nine 7-dram glass vials. The solution pH of each vial was adjusted by the addition of
NaOH/HCl to obtain pH values that ranged from pH 2.0 to 13.0. The sample materials (ca. 0.5 g) were
added to each solution and allowed to equilibrate for 48 h before the final pH was measured. A graph
of final pH versus initial pH was plotted where the intersection point was recorded as the pH for the
point-of-zero charge (pHpzc) for each material.

2.3.2. FTIR Spectroscopy

Fourier transform infrared (FTIR) spectra of powdered samples were obtained as 1 wt %
solid samples mixed with KBr and analyzed in diffuse reflectance mode using a BIO-RAD FTS-40
spectrophotometer. Multiple (n = 64) scans were obtained with a 4 cm−1 resolution that was
corrected against a background spectrum of spectroscopic grade KBr over a defined spectral range
(400−4000 cm−1).

2.3.3. Thermal Gravimetric Analysis (TGA)

TGA profiles were obtained using open aluminum pans with a TA Q50 (New Castle, DE)
instrument. The heating rate (5 ◦C min−1) profile was monitored from 30 to 500 ◦C using a N2 purge
gas environment.

2.3.4. Dye Adsorption Studies

The adsorption properties of the samples were evaluated using methylene blue (MB) in batch mode.
Stock aqueous solutions of MB (0.2–10 mM) were prepared at pH 6 under ambient conditions. For
each different set of 3-dram glass vials, adsorbents (ca. 10 mg) were added along with the MB solution
(10 mL) at variable dye concentration (0.2–10 mM). The vials were sealed with parafilm and mixed in
a horizontal shaker for 24 h at 130 rpm. After mixing for 24 h, the system reached equilibrium
and the samples were centrifuged, where the supernatant containing MB was analyzed using
UV-vis spectrophotometry. The optical absorbance of MB was determined using a Shimadzu UV-vis
spectrophotometer (Bio-RAD FTS-40 IR spectrophotometer, Bio-Rad Laboratories, Inc., Philadelphia,
PA, USA) at the maximum absorbance (λmax = 662 nm) to yield a calibration curve across a concentration
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range of dye (0.1–10 mM) [14]. The dye adsorption properties of the samples were evaluated by
measuring the concentration of unbound MB in the supernatant phase.

Adsorption of Methylene Blue (MB)

The molar absorptivity of methylene blue (ε-MB) was estimated by the Beer–Lambert law using
linear calibration plots and compared against literature values. UV-Vis spectroscopy can be used to
determine residual levels of MB in solution after the adsorption process from the experimental value
of ε-MB. Adsorption was carried out for all composites at ambient conditions, where the uptake of dye
by the composites was determined from the difference between the initial dye concentration (Co) and
the residual dye concentration (Ce), as described by Equation (1).

Qe =
(Ce −Co) ×V

m
(1)

Co (mmol) and Ce (mmol) are defined above, where V (L) is the volume of dye solution, m is the
mass of the adsorbent (g), and Qe is the dye uptake by per mass of adsorbent (mmol/g) at equilibrium.

Adsorption Isotherms

Adsorption isotherms were obtained by plotting Qe versus Ce (cf. Equation (1)) and were analyzed
by fitting to a suitable isotherm model (cf. Equations (2)–(4)). The Langmuir model (Equation (2))
accounts for monolayer adsorption onto a homogeneous surface.

Qe =
QmKLCe

1 + KLCe
(2)

Qe and Ce are defined as in Equation (1), whereas Qm is the maximum monolayer adsorption
capacity of the dye per unit mass of adsorbent (mmol/g), and KL (L/mmol) is the Langmuir equilibrium
adsorption constant. By comparison, the Freundlich model (Equation (3)) describes the possibility of
multilayer adsorption onto a heterogeneous adsorbent surface.

Qe = K f C
1

n f
e (3)

Kf is the Freundlich adsorption capacity constant and nf denotes the intensity of adsorption.
The Sips adsorption model (Equation (4)) accounts for both Langmuir (when ns = 1) and Freundlich
behavior (when ns � 1) under certain limiting conditions. The maximum monolayer adsorption
capacity (Qm, mmol/g) of the adsorbent can also be estimated. Ks (L/mmol) is the Sips equilibrium
adsorption constant, and ns denotes the Sips heterogeneity parameter

Qe =
QmKsCns

e

1 + KLCns
e

(4)

Surface Area Estimated from MB Adsorption

The dye sorption method provides an independent estimate of the adsorbent surface area (SA;
m2/g), according to the following equation [15]:

SA =
AmQmL

Y
(5)

where Am represents the cross-sectional area occupied by MB (Am, for a “coplanar” orientation is
8.72 × 10−19 m2/mol, where the dimensions of the dye are 1.43 nm × 0.61 nm), Qm is the monolayer
adsorption capacity per unit mass of sorbent, L is Avogadro’s number (mol−1), and Y is the coverage
factor (Y = 2.0 for MB) [16].
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3. Results and Discussion

As noted above, several pectin–chitosan adsorbent materials were prepared herein according
to variable synthetic conditions using adapted methods reported by other groups [17,18].
The characterization of the materials and selected physicochemical properties rely on various
complementary methods: pH analysis, TGA, IR spectroscopy, and dye adsorption properties in
aqueous media using methylene blue (MB). The results for the structural and physicochemical
characterization of the composite materials are outlined in the sections below.

3.1. PZC Analysis

The point-of-zero charge (PZC) is the pH where the net surface charge of the adsorbent is zero [13].
The PZC value becomes an important parameter for interpreting interactions that occur at material
surfaces, especially for charged adsorbate species when the dominant adsorption mechanism is driven
by electrostatic interactions. At pH > PZC, the surface of the adsorbent shows a negative surface charge
due to the adsorption of OH− ions or deprotonation of hydrogen ions. For conditions where pH < PZC,
the adsorbent surface shows a positive surface charge due to the adsorption of hydrogen ions from
solution [19]. In Figure 1, the PZC results show the pectin–chitosan composite that was prepared in
water with a net charge of zero near pH 4.7. Since pectin is soluble in water at all pH values [20],
an estimate of its pKa can be inferred according to the reported value for galacturonic acid (pKa = 3.24).
An estimate of the PZC value for chitosan (ca. 6.5) has been reported [21], where changes in the PZC
value upon the formation of pectin–chitosan composites reveals a unique material that differs relative
to the biopolymer precursors. The reduced PZC value of the pectin–chitosan composite is within the
range of an independent estimate (PZC = 4.4) [22]. On the other hand, the pectin–chitosan composites
prepared in DMSO with sonication show a net charge of zero near pH 3.8. The lower PZC value for
composites prepared in DMSO may reflect the greater contribution of the pectin fraction, according to
the lower pKa value estimated for galacturonic acid. This implies that the level of pectin grafting onto
chitosan is higher and/or there are fewer available amine groups of chitosan to buffer the hydrogen ions
dissociated from pectin. In the case of a dominant electrostatic interaction, the adsorption mechanism
for pectin–chitosan CBF composites with a lower PZC value have greater Coulombic attraction to
cation species (MB). This is in contrast to composites with a higher PZC value that possess a reduced
surface charge.

Figure 1. Point-of-zero charge (PZC) results of pectin and chitosan composites: (a) water-based
synthesis; (b) dimethyl sulfoxide-based synthesis.

3.2. TGA Results of Pectin and the Pectin-Chitosan Composites

The TGA results reveal that pectin decomposes at 236 ◦C, which is in agreement with the results
reported by Cao [23], where the main thermal event was attributed to scission of the saccharide
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rings. Pal and Kaityar reported the synthesis of a lactic acid oligomer-grafted chitosan that undergoes
decomposition at a lower onset temperature (ca. 200 ◦C) relative to that of pristine chitosan (ca.
200 ◦C) [24]. By comparison, the pectin–chitosan composite (PC11 S DMSO) prepared under
sonication-assisted synthesis in DMSO reveals a higher decomposition temperature in Figure 2,
as compared with the composites prepared in water (PC11 W and PC51 W). The greater decomposition
temperature of the composites formed under sonication in DMSO (PC51 S DMSO, PC11 S DMSO, and
PC15 S DMSO) provides support of the different bonding that results from water- versus DMSO-based
composite syntheses. Materials prepared in water are anticipated to favor the formation of PECs due to
the higher dielectric constant of aqueous media. Composites synthesized in DMSO are more likely to
form CBFs due to amide bond formation between pectin and chitosan biopolymers. The FTIR results
in Figure 3a for DMSO-based preparations provide confirmation of secondary amine features (two
bands ca. 2900 cm−1) that provide support for amide bond formation [25]. By contrast, pectin and
chitosan composites prepared in water reveal a prominent thermal event at 220–230 ◦C that indicates
the formation of PECs by electrostatic interactions. The TGA results for the PEC and CBF materials are
in agreement with independent results from the preparation of related composites [12,26,27].

Figure 2. Thermal gravimetric analysis (TGA) results of pectin and pectin–chitosan composites.

 

 

Figure 3. (a) Infrared (IR) spectra of pectin, chitosan, and their composites prepared in DMSO under
assisted sonication, and (b) IR spectra of pectin, chitosan, and composites prepared in water and
DMSO solvents.
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3.3. FTIR Spectral Results

In Figure 3a, pectin reveals a strong intensity stretching band (C=O) from non-ionized carboxy
groups (-COOH and -COOCH3) of galacturonic acid at 1750 cm−1, and lower intensity bands for
the symmetric and anti-symmetric carboxylate (-COO−) vibration at 1442 and 1673 cm−1, which
concur with spectral results for pectin from other reports [28,29]. The broad IR band at 1600 cm−1

for the chitosan spectrum relates to the N–H bending of a primary amine group of the glucosamine
units. The shift of this N–H band to 1660 cm−1 for the pectin–chitosan composite indicates a change
in the chemical environment of this group upon interaction with pectin. The IR shift results are
consistent with the reported results of such pectin–chitosan PECs [12,26,28]. Various reported studies
of pectin–chitosan composites indicate the formation of PECs in water [18,30], which are supported by
the IR results for composites prepared in water in Figure 3b. In Figure 3b, the IR bands for the pectin
polymer at 2924 cm−1 indicate C–H stretching vibrations, and IR signatures between 950 cm−1 and
1200 cm−1 relate to the IR absorption of the pyranose ring of pectin [31]. The C=O stretching band of
galacturonic acid from the pectin–chitosan composites (prepared in DMSO) appear at 1750 cm−1 and
relate to non-ionized carboxy groups (-COOH and -COOCH3). The bands at 1442 cm−1 and 1637 cm−1

are assigned to the symmetric and anti-symmetric vibration of carboxylate (-COO−) groups [31].
By comparison, the carboxylate band intensity increased, whereas the band intensity of non-ionized
carboxy groups decreased, according to the formation of PECs between chitosan and pectin [31] A
comparison of the IR signatures of pectin–chitosan systems in water (PECs) with composites prepared
in DMSO through sonication reveal an increased intensity in the C=O stretching from a secondary
amide that provide support for amide bond formation between pectin and chitosan [24,26,27,29,32].
Notwithstanding the difference in solvent properties, a rationale for the product distribution between
the water and DMSO synthesis can be attributed to the modes of energy employed. Sonication-assisted
synthesis differs from conventional heating and stirring, since ultrasonic waves can create vapor
cavities around the surface of dispersed solids due to heating and subsequent pressure gradients due
to cavitation effects. The resulting temperature and pressure gradients adjacent to the reactant surface
can facilitate the amide bond formation [33]. Udoetok et al. [27] reported enhanced cross-linking effects
at ambient temperature conditions in the case of epichlorohydrin cross-linked cellulose. The formation
of amide linkages between pectin and chitosan is further supported by the increased signature of
amide II band (N–H) bending of NH2 from chitosan at 1595 cm−1 for DMSO-based composites. The IR
results provided herein are also supported by other reported studies of amide bond formation for
related chitosan composite materials [9,24,26,27,29].

3.4. Sorption Isotherm Results

Dye adsorption isotherm results have been shown to provide insight on structurally similar
systems due to the sensitivity of dye probe to its chemical environment, especially dyes with large molar
absorptivity values. The change in dye adsorption reveals the variable surface accessibility of active
sites on the adsorbent material due to differences in morphology and the number of active adsorption
sites [34]. The trend in dye adsorption for MB with the various composites prepared in water and
DMSO are shown in Figure 4, along with a comparison with results for pristine pectin. In all cases,
the isotherm profiles show a nonlinear increase in dye uptake with increasing MB concentration. In the
case of composites, the dye adsorption capacity increases as the pectin content increases, where the
composites prepared in DMSO show notably greater uptake versus the composites prepared in water.
The observed trend parallels the greater negative surface charge of composites prepared in DMSO
versus the products prepared in water, which are in agreement with the offset in PZC values for each
synthetic preparation. The uptake of MB by pectin and pectin–chitosan composites in aqueous solution
were analyzed by several adsorption isotherms. According to Figure 4, the best-fit isotherm results for
the adsorption profiles of pectin and pectin–chitosan composites with MB dye were obtained using the
Sips model. Table 1 shows the Sips isotherm parameters, where Ks is the Sips adsorption constant that
relates to the adsorption energy, Qm is the monolayer adsorption capacity of MB, and ns indicates the
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adsorbent surface heterogeneity [6]. The Qm values for the composites reveal an incremental uptake
of MB as the weight fraction of pectin increased. The values of Qm (mmol/g) listed in Table 1 reveal
that pectin has the greatest MB uptake capacity, which concurs with its abundant –OH and –COOH
active sites. As well, pectin is very soluble in water with highly accessible carboxylate groups since
pH > pKa, which is in contrast to heterogeneous adsorbents that are water-insoluble with lesser surface
accessibility [35]. The formation of pectin–chitosan composites with covalent amide bonding show
promising dye uptake performance such as PC51 S DMSO, since such CBF-based systems are more
amenable to phase separation and recovery after the dye adsorption process. Insoluble composites
are contrasted with pristine pectin, in spite of the relatively high adsorption capacity of pectin. In the
case of PECs prepared in water such as PC51 W, lower dye uptake is observed relative to PC51 S
DMSO. The enhanced adsorption of MB by the PC51 S DMSO system can be attributed to its relatively
high pectin content and the branched structure of this CBF-based adsorbent. The covalent framework
likely contributes to potential cooperative effects between the biopolymer subunits to afford secondary
adsorption sites for MB along the chitosan backbone. The primary adsorption sites are attributed to the
carboxylate groups of pectin due to the key role of electrostatic interactions with MB. The prominent
role of the carboxylate sites is evidenced by the unitary exponential term (ns ≈ 1) for the composites in
Table 1, irrespective of the composition of the biopolymer composite. Hence, the use of MB as a dye
probe enables elucidation of the active adsorption sites (–COOH, –OH, and –NHR) for pectin and the
pectin–chitosan composites.

Figure 4. Methylene blue (MB) dye uptake isotherms for pectin and pectin–chitosan composites, where
the solid lines represent best-fit results by the Sips isotherm model.

Table 1. Sips model fitting parameters for methylene blue (MB) dye uptake by pectin and pectin–chitosan
composite adsorbents.

Sample Name Ks (M−1) Qm (mmol/g) ns Adjusted R2 SA (m2/g) 1

Pectin 0.50 ± 0.015 2.2 ± 0.012 0.99 0.99 170

PC51 W 0.54 ± 0.10 1.2 ± 0.089 1.3 0.96 92

PC11 W 0.54 ± 0.081 0.96 ± 0.051 1.0 0.97 75

PC15 W 0.69 ± 0.093 0.26 ± 0.011 1.1 0.96 20

PC51 S DMSO 0.36 ± 0.071 1.9 ± 0.10 1.1 0.97 146

PC11 S DMSO 0.45 ± 0.023 1.6 ± 0.011 1.0 0.97 123

PC15 S DMSO 0.50 ± 0.0.53 0.78 ± 0.028 0.84 0.97 60
1 The adsorbent surface area (SA) was estimated using an equilibrium dye adsorption method, as further described
in [1].
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4. Conclusions

The preparation of a composite with a covalent biopolymer framework (CBF) was achieved by
the formation of amide linkages between pectin and chitosan using a sonication-assisted synthesis in
DMSO. By contrast, the use of water as a solvent with conventional heating yielded pectin–chitosan
polyelectrolyte complexes (PECs). Characterization of the covalent and ionic types of pectin–chitosan
composites was supported by TGA results that revealed a more thermally stable cross-linked composite
with a covalent framework (PC11 S DMSO) over the pectin–chitosan polyelectrolyte complex (PC11 W)
prepared in water. The IR intensity changes for the secondary amine groups of chitosan before and after
composite formation provided support for the two types of composites (CBFs and PECs). Amide-based
CBFs prevail in DMSO, while PECs are favored in water-based reactions. The MB uptake capacity
for the pectin–chitosan CBFs exceed that of the PECs due to the key role of the carboxylate anions of
pectin. The greater dye uptake capacity of pectin highlights the prominent role of the carboxylate
anion site accessibility in the CBF composites versus the PEC-based materials. The formation of an
amide-based covalent network results in greater pectin incorporation onto chitosan with secondary
adsorption sites along the chitosan backbone. The use of a solvent to bias the formation of CBFs versus
PECs in the case of pectin–chitosan composites will contribute to the rational design of materials with
improved properties for diverse adsorption-based applications. This includes solid phase extraction
and recovery processes due to enhanced phase separation and the removal efficiency of waterborne
species that possess positive electrostatic potential.
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Abstract: Additive manufacturing, or 3D printing, has had a big impact on the manufacturing
world through its low cost, material recyclability, and fabrication of intricate geometries with a high
resolution. Three-dimensionally printed polymer structures in aerospace, marine, construction, and
automotive industries are usually intended for service in outdoor environments. During long-term
exposures to harsh environmental conditions, the mechanical properties of these structures can be
degraded significantly. Developing coating systems for 3D printed parts that protect the structural
surface against environmental effects and provide desired surface properties is crucial for the
long-term integrity of these structures. In this study, a novel method was presented to create 3D
printed structures coated with a weather-resistant material in a single manufacturing operation
using multi-material additive manufacturing. One group of specimens was 3D printed from
acrylonitrile-butadiene-styrene (ABS) material and the other group was printed from ABS and
acrylic-styrene-acrylonitrile (ASA) as a substrate and coating material, respectively. The uncoated
ABS specimens suffered significant degradation in the mechanical properties, particularly in the
failure strain and toughness, during exposure to UV radiation, moisture, and high temperature.
However, the ASA coating preserved the mechanical properties and structural integrity of ABS 3D
printed structures in aggressive environments.

Keywords: 3D printed coating; multi-material additive manufacturing; environmental exposure;
ABS; ASA

1. Introduction

Additive manufacturing (AM) has numerous applications, ranging from medicinal delivery
to aerospace, automotive systems, construction, biodegradable solutions, and ever-expanding
technologies as a platform for innovative designs [1–4]. Three-dimensional printing technology
found its way into different industries through a variety of techniques such as powder bed fusion, inkjet
printing, direct energy deposition, and laminated object manufacturing [5,6]. Given the expanding
range of processes, the scope of solutions has likewise expanded, from the 3D printing of shape-memory
materials in the development of aerospace deployable equipment in solar panels and antennas [3], and
thermoplastic equipment that can be printed on board the international space station, to manufacturing
of biodegradable scaffolds for organ growth, and direct printing of organs and tissues [7]. The process
has been adopted as one of the industrial requirements for technology and scientific research. The most
common method of 3D printing is fused deposition modeling (FDM). In this technique, a thermoplastic
material, typically in the form of continuous filaments, is heated and then extruded through a nozzle
into several layers to form the final object as it is being cooled down [8–13].

Polymer matrix 3D printed structures, like other types of polymer-based structure, are susceptible
to environmental exposure, such as ultraviolet (UV) radiation, moisture, or heat. The diffusion of
moisture into the structural components can damage the material as a result of the change in the
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mechanical properties of the polymer or replacing or weakening matrix-reinforcement interfacial bonds
through irreversible hydrolysis and plasticization [14,15]. Ultraviolet photons from sunlight exposure
initiate photo-oxidative reactions (i.e., chains scission and chain crosslinking) which deteriorate polymer
materials by altering their chemical structures. Chain scission reduces the molecular weight of the
polymer, which in turn degrades its strength and heat resistance. Chain cross-linking enhances the
brittleness of the polymer, leading to the surface microcracking [16–19]. The synergistic environmental
exposures can be more detrimental than individual exposures acting alone. For instance, in outdoor
environments, moisture diffuses into polymer materials and occupies positions among the polymer
molecules that results in the swelling of polymers. The moisture-induced damage will be exacerbated
by microcracking formation during UV exposure, which facilitates the moisture diffusion into polymers.
Moisture also dissolves and removes products of photo-oxidative reactions and exposes a fresh
surface for further degradation by UV radiation [20–22]. The adverse effect of moisture increases at
elevated temperatures as a result of an increase in the rate of water absorption into polymer-based
structures [23,24].

Nowadays, 3D printers can create multi-material objects with desired properties in specific
locations. By the advancement of AM processes, the creation of multifunctional parts becomes feasible,
which has never been possible through traditional, single-material manufacturing methods. This
unique AM feature is possible through layer-by-layer placement of material in the specific areas,
which enables the manufacturer to control structural properties at exact locations and tailor them
for specific applications [25–27]. Multi-material additive manufacturing can produce coatings with
certain properties on the surface of 3D printed structures, and it is a great replacement for conventional
ways of painting structures, such as brushing and air-spraying, or recently developed methods for
metallization of structural surface that are more costly and time-consuming [28]. The compatibility
between 3D printing materials as well as the printing parameters such as nozzles’ temperatures and
printing speed are important factors in creating a strong adhesion between 3D printed layers with
distinct material properties using multi-material additive manufacturing methods [5,25].

ABS, or acrylonitrile-butadiene-styrene, has seen the largest commercial usage in the additive
manufacturing industry due to its rigidity and high mechanical performance. ABS can be used to
create objects with intricate designs, structures with moving parts, and structures that are aimed
for further plastic forming, without the risk of breakage. However, it has been reported that the
mechanical properties of 3D printed ABS structures can diminish significantly during exposure to
harsh environmental conditions [28–30]. ASA, or acrylic-styrene-acrylonitrile, is a weather-resistant
thermoplastic material with a high performance in outdoor environmental conditions, including UV
radiation, moisture, and high temperatures. It offers easy printing, good dimensional stability, and an
excellent layer to layer adhesion.

In this paper, the surfaces of ABS 3D printed structures were coated by weather-resistant ASA
using a multi-material additive manufacturing technique to enhance the durability of the structure in
aggressive environments. The current study offers insights for the design, coating, and maintenance of
3D printed polymer structures exposed to outdoor environmental conditions.

2. Experimental Methods and Materials

A Raise3D Pro2 dual extruder 3D printer (Raise3D, Irvine, CA, USA) was employed to produce
samples from eSUN ABS and FilamentOne ASA PRO SELECT filaments using the FDM method.
Three-dimensionally printed specimens had dimensions according to the ASTM D790 standard of
127 mm (length) × 12.7 mm (width) × 3.2 mm (thickness). Nozzles with a size of 0.4 mm were used
for 3D printing of specimens and nozzles’ temperatures were established to be 205 ◦C for ABS and
220 ◦C for ASA extrusion. The bed temperature and the infill density were set to 100 ◦C and 100%,
respectively. The bed temperature is the temperature of the platform where the object is 3D printed.
The infill density determines the distance between adjacent deposited filaments within the shell of
the printed structure and an infill density of 100% results in no air gaps between adjacent filaments.
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The shell is the outer wall of the printed object that outlines the desired shape of the printed structure
and provides an anchor for the infill deposition. The print pattern was set to alternating angles (i.e.,
periodic −45◦/+45◦) of layer deposition with solid edges to create identical mechanical properties
in longitudinal and transverse directions of specimens, as illustrated in Figure 1. The pattern was
printed with an inner shell speed of 70 mm/s, outer shell speed of 25 mm/s, and infill speed of 80 mm/s.
The layer height for the deposition of ABS and ASA filaments was set to 0.3 and 0.125 mm, respectively.
The layer height is the thickness of the deposited filament per pass. In ASA-coated ABS specimens,
ASA coating with a thickness of 0.25 mm that consists of 2 layers was deposited on both sides of
specimens. One of the advantages of AM compared to traditional manufacturing techniques is the
ability to combine dissimilar materials in one continuous process, which eliminates the requirement of
using intermediate adhesives for bonding two distinctive materials. The thickness of ASA coating was
taken into consideration during 3D printing in order to manufacture uncoated and ASA-coated ABS
specimens with the same thickness.

  
(a) (b) 

Figure 1. Deposition of the (a) first and (b) second layers during 3D printing of specimens to create a
pattern of alternating −45◦/+45◦ angles.

To simulate the effects of outdoor environmental conditions on 3D printed polymer structures,
ABS samples with or without an ASA coating layer were aged in a controlled environmental chamber.
Exposure to UV radiation and moisture was conducted by using a UV radiation/condensation (Q-Lab
QUV/basic) accelerated weathering tester. In the environmental chamber, the specimens were exposed
to UV radiation and moisture cycles. UV radiation was generated with 340 nm wavelength UVA
lights set at 0.89 W/m2 intensity and 60 ◦C chamber temperature. The condensation was produced by
condensing vapor on specimens in the environmental chamber with 100% humidity and a temperature
of 50 ◦C. To follow the ASTM G154 standard and create a synergistic exposure to both UV radiation
and moisture, specimens were cyclically exposed to 8 h of UV radiation followed by 4 h condensation.

The LEO 1530 Scanning Electron Microscope (Zeiss, White Plains, NY, USA) and VHX 6000 Keyence
Digital Microscope (Keyence, Itasca, IL, USA) were used to characterize the surface morphology of
specimens during environmental exposure. A 5 nm gold layer was deposited on samples via a Quorum
sputter coater before SEM analysis and scanning electron microscopy was carried out with the beam
accelerating voltage of 5 kV. The resistance of ASA coating to separation from the ABS substrate before
and after environmental aging was assessed according to ISO 2409 standard. The flexural properties of
specimens during environmental exposure were evaluated using the three-point bending test carried
out by using Mark-10 testing equipment after 0, 300, 600, and 1200 h of environmental aging. The
span length of 51.2 mm (span to depth ratio of 16:1) and the crosshead rate of 1.37 mm/min were used
to produce a strain rate of 0.01 mm/mm/min in specimens based on the ASTM D790 standard. Six
specimens per each condition were used to ensure the reproducibility of results.
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3. Results and Discussion

3.1. Surface Analysis

During service, 3D printed polymer structures are typically exposed to aggressive environmental
conditions that may lead to the initiation and propagation of surface damage and eventually failure of
the entire structure under loading conditions. Therefore, investigation of the surface microstructure of
3D printed parts is necessary to evaluate their performance in outdoor environments.

The digital microscopy images of the surface of uncoated ABS samples before and after 1200 h of
exposure to UV radiation and moisture are given in Figure 2a,b. The yellowing of the surface areas
due to UV radiation and the creation of surface microcracks can be observed in Figure 2b. The cyclic
temperature variation inside the environmental chamber produces thermal stresses in the specimens,
which facilitates the creation and propagation of microcracks on the UV-exposed surfaces. Figure 3a,b
present the surface microscopy images of ASA-coated ABS specimens before and after environmental
aging. It can be observed that the ASA coating provides good protection for the underlying ABS
specimen and no microcracking was observed on the specimen’s surface.

  
(a) (b) 

Figure 2. Digital microscopy images of the surface of uncoated acrylonitrile-butadiene-styrene (ABS)
specimen (a) before and (b) after 1200 h of exposure to UV radiation and moisture.

  

(a) (b) 

Figure 3. Digital microscopy images of the surface of acrylic-styrene-acrylonitrile (ASA)-coated ABS
specimen (a) before and (b) after 1200 h of exposure to UV radiation and moisture.

To better assess the damage in the specimens after environmental aging, scanning electron
microscopy (SEM) images of the surface area of uncoated and ASA-coated ABS samples before and
after environmental exposure are presented in Figures 4 and 5. It can be seen that an extensive
propagation of microcracking occurred on the surface of the uncoated specimen after 1200 h of
environmental aging. The UV-induced microcracks and a high-temperature environment facilitate the
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ingression of moisture into 3D printed polymer structures that can have detrimental effects on the
long-term durability of structures.

  
(a) (b) 

Figure 4. SEM images of the surface of uncoated ABS specimen (a) before and (b) after 1200 h of
exposure to UV radiation and moisture.

  
 (b) 

Figure 5. SEM images of the surface of ASA-coated ABS specimen (a) before and (b) after 1200 h of
exposure to UV radiation and moisture.

The environmental exposure has no noticeable effects on the surface microstructure of ASA-
coated ABS specimens, as illustrated in Figure 5b. No observable microcracks were generated on
the structural surface and the ASA-coated ABS specimen retained its structural integrity throughout
the exposure.

A robust interfacial adhesion between the coating and the substrate is essential for the durability of
3D printed structures created by multi-material additive manufacturing. The strength of the adhesion
bond between the ASA coating and ABS substrate before and after 1200 h of environmental aging was
examined according to ISO 2409 standard. The adhesion test was performed on ASA-coated ABS 3D
printed samples with dimensions of 60 mm (length) × 60 mm (width) × 3.2 mm (thickness). Since the
thickness of the ASA coating is 0.25 mm, six cuts with 3 mm spacing were created along the length and
width directions following the standard.

No separation of ASA coating was observed after the removal of adhesive tape from the surface
of both environmentally aged and unexposed specimens. The adhesion of ASA coating to the ABS
substrate was classified as grade 0 based on the ISO 2409 standard, demonstrating the highest level
of resistance of the coating to the separation from the substrate that remained unaffected during the
environmental aging.
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3.2. Flexural Response

Out-of-plane loading is one of the main forces that acts on the structural components in outdoor
environments. This requires a thorough investigation of the flexural response of 3D printed polymer
structures under the bending load. Figure 6a shows that the flexural modulus of ABS specimens
with or without ASA coating was relatively unchanged during the environmental exposure. This
can be attributed to the fact that modulus is a bulk material property, while the environmental effect
is primarily a surface phenomenon. The embrittlement of polymers on the surface area due to UV
radiation can cause a slight increase in the modulus of specimens, as illustrated in Figure 6a.
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Figure 6. Flexural properties of uncoated and ASA-coated 3D printed ABS samples during exposure
to UV radiation and moisture. (a) Flexural modulus; (b) flexural strength; (c) failure strain; (d)
flexural toughness.

Figure 6b demonstrates that uncoated ABS specimens lost 5.5% of their flexural strength throughout
the exposure, while no noticeable changes in the flexural strength of ASA-coated ABS specimens were
observed. The failure strain of specimens over the exposure time is given in Figure 6c. The failure
strain of uncoated specimens decreased significantly during exposure to UV radiation and moisture
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with a maximum reduction of 32.1% after 1200 h of environmental aging. However, the ductility of
ASA-coated specimens showed a slight reduction throughout the exposure, with a maximum decrease
of 5.1%. This can be attributed to the extensive propagation of microcracks on the surface areas of
uncoated ABS specimens that can significantly impair the elongation in the outer layers which are
subjected to maximum tensile stresses.

Flexural toughness was measured as the integral of the area under the stress–strain curves of
samples during the three-point bending test. Figure 6d shows that the flexural toughness is the
most susceptible mechanical properties of uncoated 3D printed ABS specimens to the environmental
aging with a maximum reduction of 43.8% after 1200 h of exposure to UV radiation and moisture.
The ASA-coated ABS specimens could significantly preserve their flexural toughness after 1200 h of
environmental exposure with a retention of 95.9% of the initial flexural toughness. Figure 7 presents
the average stress–strain curves of uncoated and ASA-coated ABS specimens after 0, 300, 600, and
1200 h of environmental exposure that are obtained from the flexural test. It can be observed that both
uncoated and ASA-coated ABS specimens show ductile failure before and after environmental aging.
The significant reduction in the flexural toughness of uncoated specimens was a result of a decrease in
both flexural strength and ductility of specimens that largely reduced the area under the stress–strain
curves, as observed in Figure 7.

Figure 7. The average stress-strain curves of uncoated and ASA-coated 3D printed ABS specimens
after 0, 300, 600, and 1200 h of environmental exposure to UV radiation and moisture.

4. Conclusions

Developing coating systems for 3D printed polymer structures that protect the structural surface
against aggressive environmental conditions is critical for the long-term durability of the structures.
In this study, multi-material 3D printing was used to deposit an ASA coating on the surface of ABS
structures to protect the structure against UV radiation, moisture, and heat. The uncoated ABS samples
suffered significant degradation in the mechanical properties, particularly in the failure strain and
toughness, during environmental aging. However, ASA-coated ABS specimens largely retained their
initial mechanical properties throughout the environmental exposure.
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Abstract: To improve the oxidation resistance of carbon/carbon composites at high temperatures
(>1770 K), they were coated with MoSi2-Si3N4/SiC. The slurry and pack cementation methods
were adopted to deposit the inner SiC layer and outer MoSi2-Si3N4 layer. The phase composition,
microstructure, and elemental distributions in the coating were analyzed using SEM, XRD, EDS,
and Raman spectroscopy. Oxidation tests show that the deposited multi-layer coating can protect the
carbon/carbon matrix from oxidation at high temperatures (>1770 K) for 150h and that the coating can
withstand 40 thermal cycles between 1773 and 300 K. It is observed that Si3N4 assists in the formation
of a dense SiO2 layer at a high temperature, which plays a vital role in increasing the thermal cyclic
and oxidation resistance of the coating itself. The weight loss of coated carbon/carbon composite is
attributed to the formation of micro-cracks and diffusion of SiO2, MoO3, and N2 out of the material at
high temperatures.

Keywords: carbon/carbon composites; multi-phase coatings; oxidation resistance; thermal cycling

1. Introduction

For aggressive service environments in the nuclear and aerospace industry, carbon/carbon
composites are candidate structural materials due to their attractive properties such as a high
strength-to-weight ratio, thermal cyclic oxidation resistance, strength retention, and a low thermal
expansion coefficient [1–5]. However, these composites exhibit limitations such as susceptibility to
oxidation beyond 773 K and strength loss upon exposure to high temperatures. This makes them highly
unfavorable for specific high-temperature applications [6–8]. It was shown by previous researchers that
carbon/carbon composites could be protected against oxidation at high temperatures by the application
of anti-oxidizing coatings [9].

In multi-layered coatings, MoSi2 is used as an outer layer, while SiC forms the inner buffer
layer. The peripheral multi-layer coating containing MoSi2 exhibits a superior oxidation-resistant
capability for carbon/carbon composites at 1500–1600 ◦C [10]. However, due to the mismatch of the
thermal expansion coefficient between the SiC bonding layer and the MoSi2 outer coating, micro-cracks
in the MoSi2 appear at extended high-temperature (i.e., 800–1000 ◦C) exposure [11–14]. Therefore,
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the protective temperature range of coatings containing MoSi2 is constricted; this limits the structural
and high-temperature applications of such materials. The coefficient of thermal expansion (CTE) of
MoSi2 (~8.1 × 10−6/K) is higher than that of carbon/carbon composites (~1.0 × 10−6/K). Therefore,
the mismatch between the CTEs of the outer MoSi2 layer and the inner SiC-coated carbon/carbon
matrix causes the degradation of the coating under thermal cycling and ultimately lowers the coating
durability [15,16].

MoSi2 coating at a temperature range of 400–600 ◦C efficiently reacts with oxygen to form
MoO3 and SiO2. These oxides result in the considerable volume expansion of the MoSi2 matrix,
which results in the disintegration of bulk MoSi2 into powders and causes catastrophic failure of the
coating [17]. This is called the “pest phenomenon” and is another primary reason for coating failure.
In addition, MoSi2 is a low toughness material which limits its industrial application even at ambient
temperature [18].

Earlier reports have suggested that the addition of Si3N4 to MoSi2 can minimize the coefficient of
thermal expansion (CTE) mismatch between the outer MoSi2 and inner SiC coatings. Si3N4 exhibits
high flexural strength and excellent compatibility with MoSi2 and SiC due to better mixing with these
compounds. It also exhibits a reasonable resistance to creep, isothermal oxidation, and cyclic thermal
oxidation [19]. The MoSi2-Si3N4 coating exhibits excellent oxidation resistance with minute weight loss.
At high temperature, MoSi2-Si3N4 forms a dense glassy SiO2 film on the coating surface. Owing to its
low oxygen-diffusion coefficient, the SiO2 film serves as an oxygen diffusion barrier and efficiently
protects carbon/carbon composites from oxidation at 1773 K [20,21]. Due to good fluidity at high
temperatures, SiO2 can seal all the micro-cracks formed during the volatilization of MoO3, CO2, and
N2 [22]. Furthermore, the addition of Si3N4 provides better refractory and some oxidation-resistant
properties, which decrease the possibility of pest disintegration of MoSi2. Huang et al. [23] prepared a
MoSi2/Si3N4 coating on Mo substrate and described the effect of the Si3N4 content on the microstructure
and antioxidant properties of multi-layer coatings.

In this study, coatings composed of a SiC bonding layer and a MoSi2-Si3N4 outer layer were
prepared by a simple and low-cost slurry method. The phase composition, microstructure, and
oxidation resistance of the above multi-layer coatings at 1773 K in the air were investigated in detail.

2. Experimental Procedure

2.1. Coating Preparation

Small specimens (10 × 10 × 10 mm3) of carbon/carbon composite (Shandong Weiji Carbon
Technology Co. Ltd., Jinan, China) with a density of 1.79g/cm3 used as substrates were cut from thin
bulk sheet. The carbon/carbon composite used in this study was carbon fiber-strengthened graphite.
The surface area of the samples was increased by abrading them with commercially available rough
SiC papers. To remove any remaining debris and moisture, the samples were cleaned ultrasonically
with distilled water and dried in an oven at 100 ◦C for 2 h.

The powder compositions used were Si 75 wt%, graphite 20 wt%, and Al2O3 5 wt% respectively.
All the powders used were lab-grade and had a purity≥ 99% with particle size ranging between 1–10μm.
SiC inner coatings were applied to the specimens by the pack-cementation method. The carbon/carbon
composites and pack mixtures were put in a graphite crucible and heated at 1873 K for 2 h in an argon
atmosphere to form the SiC coating. After the completion of inner coating, the SiC-coated specimens
were cleaned ultrasonically and dried in an oven at 100 ◦C for 2 h.

The liquid slurry mixture method was adopted for applying the outer coating of MoSi2-Si3N4

over the already applied inner SiC coating. High-purity MoSi2 and Si3N4 powders supplied by
Turnnano Ltd., Henan, China) were used. The MoSi2 and Si3N4 powders were mixed in 10mL aqueous
solution of H-PSO, and a homogenous slurry solution was prepared. The SiC-coated carbon/carbon
specimens were put in a slurry mixture of MoSi2 and Si3N4. The as-coated specimens were put in a

88



J. Compos. Sci. 2020, 4, 86

graphite crucible and heated up to 2073 K for two hours in the nitrogen atmosphere to apply the outer
MoSi2-Si3N4 coating on the samples.

The slurry method was preferred over others due to its compositional flexibility, ease of processing,
and low cost. Also, it is known that the coating deposited via the slurry method exhibits reasonable
resistance to oxidation and thermal cyclic oxidation [11]. The MoSi2-SiC and MoSi2-Si3N4/SiC coatings
were prepared using a similar approach to elucidate the effect of Si3N4 addition on the oxidation
resistance of the multi-layer coatings.

2.2. Oxidation Test

Isothermal oxidation tests on the MoSi2-Si3N4/SiC multi-layer coated carbon/carbon specimens
were performed in a corundum tube furnace at 1773 K for 150 h. After every 10 h to a maximum time
of 150 h, the samples were taken out of the furnace directly and cooled to room temperature in air.
The weight loss of each specimen at room temperature was measured with an electronic balance with a
sensitivity of ±0.1 mg. The percentage weight loss (wt%) was calculated using Equation (1), where m0

and m1 are the weights of specimens before and after the oxidation test, respectively.

wt% =
m0 −m1

m0
× 100% (1)

The thermal cyclic oxidation resistance of the MoSi2-Si3N4/SiC multi-layer coating was investigated
by conducting a test between 1773 K and room temperature. In this test, the coated carbon/carbon
specimens were heated at 1773 K for 10 min, removed from the furnace, and air-cooled to room
temperature for each cycle. The testing was carried out in 40 cycles.

2.3. Characterization of the Coatings

The morphology of the MoSi2-Si3N4/SiC multi-layer coating before and after the oxidation test
was analyzed using a scanning electron microscope (SEM), equipped with an energy dispersive
spectroscope (EDS). Raman spectroscopy (LabRam-1B, 633nm line of the He-Ne laser) was used to
identify the chemical composition and phase transformation. An X-ray diffraction (XRD) technique
was used for the crystallographic characterization of the coating before and after the oxidation test.

To analyze the elemental distribution along with the depth of the coated samples, they were
sectioned using a power cutter and were then ground and polished to prepare the surface perpendicular
to the top coating surface. These samples were then analyzed using the same characterization techniques
stated earlier in this section.

3. Results and Discussion

3.1. Microstructure of Coating before the Oxidation Test

The XRD pattern of the as-coated inner SiC layer is shown in Figure 1a. Three significant peaks at
2θ≈ 35.6◦, 60.0◦, and 71.7◦correspond to the (111), (220), and (311) crystalline planes of β-SiC, indicating
the formation of the β-SiC crystalline plane during the pack cementation process. The low-intensity
peak at 2θ ≈ 33.6◦ indicates the existence of stacking faults (SF) in the β-SiC coating. The stacking
faults might be induced due to the thermal stresses produced in the coating process [24].
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(a) (b) 

Figure 1. Structure of the inner SiC coating: (a) XRD pattern; (b) surface SEM image.

Figure 1b shows the surface microstructure of the as-coated inner SiC layer. Figure 2 shows the
XRD analysis of the as-coated specimen, i.e., the MoSi2-Si3N4/SiC-coated carbon/carbon specimen
before the oxidation test. MoSi2, Si3N4, and SiC phases are apparent. The more vigorous peak intensity
of the MoSi2 phase in Figure 2 indicates that it is relatively more abundant in the slurry.

Figure 2. XRD pattern of MoSi2-Si3N4/SiC coated carbon/carbon specimen before the oxidation test.

Figure 3a shows the surface microstructure of the as-coated MoSi2-Si3N4 outer layer before the
oxidation test. The surface of the coating has no micro-cracks, indicating that the as-prepared coating
is dense and homogeneous. In Figure 3b, the EDS pattern of the area marked with the red square in
Figure 3a clearly shows that the smooth area of the as-coated MoSi2-Si3N4 is composed of the elements
Si, N, and Mo.
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Figure 3. Surface of the as-coated MoSi2-Si3N4 outer layer: (a) SEM image; (b) EDS pattern
corresponding to the marked red square in Figure 3a.

Figure 4 shows an overlay of element line scanning over the SEM image of the cross-section
of MoSi2-Si3N4/SiC coated C/C composite before the oxidation test. The multi-layer coating has an
average thickness of 195 ± 3 μm. It can be observed from the line scan that the as-prepared coating is
composed of a MoSi2-Si3N4outer layer, SiC inner layer, and SiC transition layer, of thicknesses 40 ± 5,
61 ± 2, and 93 ± 2 μm, respectively. The SiC transition layer, formed possibly due to the infiltration of
Si into the carbon/carbon substrate at high temperature, increases the oxidation and thermal cyclic
oxidation resistance of the coating. The lack of voids between the outer and inner coating layers in
Figure 4 indicate two things:

1. An increase in the interfacial bonding strength of the coating [25];
2. A reduction in the thermal mismatch of the expansion between the coatings and the C/C substrate.

Figure 4. Line scans of the cross-section of C/C composite coated with MoSi2-Si3N4/SiC.

3.2. Microstructure of Coating Post-Oxidation Test: Oxidation Resistance Evaluation

Figure 5 shows the XRD spectrum of the MoSi2-Si3N4/SiC coating after the oxidation test at 1773 K.
It is clear that the oxidation test resulted in the formation of several new phases. The MoSi2 phase of
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the MoSi2-Si3N4/SiC coating has undergone complete transformation, producing some new phases,
SiO2, Mo5Si3, and MoO3. The appearance of large fractions of Si-based new phases indicates that
MoSi2 is completely oxidized. The partial oxidation of Si3N4 at oxidation temperature has resulted
in the formation of the Si2N2O phase that is in accordance with the XRD pattern [26]. The possible
reactions are as follows.

SiC (s) + 2O2(g)→ SiO2 + CO2 (g) (2)

5MoSi2 (s) + 7O2 (g)→Mo5Si3 (s) + 7SiO2 (s) (3)

2Mo5Si3 (s) + 21O2 (g)→ 10MoO3 (g) +6SiO2 (s) (4)

2MoSi2 (s) + 7O2 (g)→ 4SiO2 (s) + 2MoO3 (g) (5)

Si3N4 (s) + 3O2 (g)→ 3SiO2 (s) + 2N2 (g) (6)

Si3N4 (s) + SiO2 (s)→ 2Si2N2O (s) (7)

Figure 5. XRD pattern of MoSi2-Si3N4/SiC-coated C/C composites after oxidation at 1773 K.

Mo5Si3 and SiO2 play an important role in increasing the oxidation resistance of the coating.
The Mo5Si3 phase increases the coating flexural strength and the coating-substrate compatibility and
enhances the creep strength [27]. The SiO2 phase, owing to its inherent low viscosity, good fluidity and
low oxygen permeability, serves as a barrier against oxygen attack. In Figure 6, the Raman spectroscopy
result also confirms the formation of SiO2 in the MoSi2-Si3N4 coating after oxidation at 1773 K. It can
be found that the peak with wave number of 228 and 414 cm−1 is the crystallite while the wave number
of 1034 cm−1 is the amorphous silica, which is accordance with the XRD result.
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Figure 6. Raman spectrum of the MoSi2-Si3N4/SiC coating after oxidation at 1773 K for 150 h [26].

The effect of Si3N4 on the oxidation resistance of the multi-layer coating was investigated from
the microstructure analysis and weight loss of the coatings constituting the MoSi2 and MoSi2-Si3N4

outer layers. Figure 7a shows the microstructure of the MoSi2 surface of the MoSi2/SiC multi-layer
coating after the oxidation test. The incomplete formation of silica (SiO2) was due to the non-uniform
agglomeration of MoSi2 particles in the brushing process [28]. These particles degraded the surface of
the coating and gradually reduced its oxidation resistance. As a result, some deep cracks occurred and
propagated through the randomly deposited MoSi2.

Figure 7b shows the SEM micrograph of the cross-section of MoSi2/SiC multi-layer-coated
carbon/carbon composites. The cross-section is rough, porous, and oxidized. This is because of
the large CTE difference between SiC and MoSi2, leading to the incomplete formation of SiO2 and
pore/cavity formation [25,29]. These pores provide the diffusion channel for oxygen that penetrates the
substrate and causes the failure of the coating. It is also noteworthy that the infiltration of oxygen
via the cavities would reduce the thickness of the coating. Therefore, the porous morphology of the
MoSi2/SiC coating is detrimental for its oxidation resistance.

Figure 7c shows the microstructure of the outer surface of the MoSi2-Si3N4/SiC coating after
the oxidation test at 1773 K. A dense glassy SiO2 layer on the surface is evident, which prevents the
carbon/carbon matrix from oxygen penetration and protects the coating from oxidation. This makes
the MoSi2-Si3N4/SiC coating oxidation-resistant and an ideal choice for high-temperature applications.

In Figure 7d, the cross-sectional morphology of the post-oxidation tested MoSi2-Si3N4/SiC coating
exhibits excellent compatibility between the coating and the substrate, which is responsible for
the high bonding and flexural strengths of the coating in high-temperature environments [30,31].
Furthermore, the absence of voids/holes at the coating–substrate interface indicates that the coating is
resistant to high-temperature rupture. In addition, Si3N4 forms a suitable combination with MoSi2
in the slurry, which helps to minimize the CTE difference between the outer MoSi2-Si3N4 layer and
the inner SiC-coated carbon/carbon substrate. Therefore, Si3N4 plays a vital role in increasing the
oxidation protective ability of outer coatings at high temperatures [32]. The formation of microdefects
(i.e., microcracks and micropores) is due to the volatilization of MoO3. From experimental observations,
these pores are far from detrimental to the coating and can be cured by the glassy SiO2 layer at
high temperatures.
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Figure 7. SEM image of MoSi2/SiC coating after oxidation at 1773 K: (a) surface, (b) cross-section;
SEM image of MoSi2-Si3N4/SiC coating after oxidation at 1773 K: (c) surface, (d) cross-section.

Figure 8 shows a comparison of weight losses for the two coatings, with and without Si3N4,
after the oxidation test at 1773 K. The MoSi2-Si3N4/SiC coating experienced a weight loss of 0.9% after
150 h of oxidation treatment while the MoSi2/SiC coating suffered a relatively high weight loss of 4.0%
even after 90 h of oxidation.

Figure 8. Isothermal oxidation curves of MoSi2-Si3N4/SiC-coated C/C composites in the air at 1773 K.
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The absence of Si3N4 in the MoSi2/SiC coatings causes the pest disintegration of MoSi2 which
results in the coating’s degradation at high temperatures. The increasing weight loss with oxidation
time is due to the insufficient amount of SiO2 that results in the formation of large cracks on the surface
of the coating. This severely affects the coating surface and allows oxygen access to the C/C composites,
causing gaseous byproducts. At high temperatures, these gaseous byproducts quickly evaporate to
cause the sudden weight loss of the coating. This de-gasification produces some micro-cracks and
deep cavities in the coating surface, which are the principal contributors to weight reduction.

The lower weight loss in the MoSi2-Si3N4/SiC coating indicates that the addition of Si3N4 is
beneficial for the coating’s integrity at high temperatures. Additionally, the absence of debonding
or spallation at 1773 K indicates that the Si3N4 in the coating yields better coating–substrate
compatibility at high temperatures. This suggests that the MoSi2-Si3N4 coating is more resistant to
high-temperature oxidation.

3.3. Thermal Cyclic Oxidation Resistance of the Coating at 1773 K

Figure 9a shows the SEM image of the MoSi2-Si3N4/SiC coating surface after the thermal cyclic
oxidation test. It can be observed that whiskers are formed throughout the surface. The exposure of
Si3N4 coatings to high temperatures can foster the formation of Si2N2O whiskers [33]. These whiskers
play an essential role in increasing the oxidation resistance of the coating [34]. The cross-sectional view
of the multi-layer coating in Figure 9b shows small pores, mainly caused by the rapid cooling from
1773 K to room temperature. These pores can be sealed by the formation of Si3N4 whiskers in the
subsequent thermal cyclic oxidation process, which further protects the coating from high-temperature
oxidation [35].

 

Figure 9. (a) Surface SEM image, where red arrows represent whiskers; (b) cross-section of multi-layer
coatings after thermal cyclic oxidation test between 1773 K and room temperature 40 times.

Figure 10 shows the weight loss curve of the MoSi2-Si3N4/SiC-coated C/C specimen during its
repeated thermal cycling between 1773 K and room temperature. It can be observed that the weight loss
of the coated specimen was only 0.05% after 40 thermal cycles. During the thermal cycling, the coating
remained intact, and no oxidation or spallation was found. This indicates that the coating exhibits
excellent oxidation and thermal cyclic oxidation resistance, which can be attributed to the filling of
micro cracks under oxidizing environments by abundant glassy oxides.
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Figure 10. Thermal cycling oxidation curves of the MoSi2-Si3N4/SiC coating between 1773 K and
room temperature.

4. Conclusions

The effect of Si3N4 addition in MoSi2/SiC coating on the oxidation and thermal cyclic oxidation
resistance at 1773 K was investigated. The 0.5% weight loss in the MoSi2-Si3N4/SiC coating after its
oxidation for 150 h in comparison to the 4.0% weight loss in the MoSi2/SiC coating after 90 h proves
that the coating with Si3N4 has a better high-temperature oxidation resistance. The negligible weight
loss after 40 thermal cycles between 1773 K and room temperature proves that the MoSi2-Si3N4/SiC
coating has an excellent thermal cyclic oxidation resistance. The presence of Si3N4 results in a complete
transformation of MoSi2 to SiO2, which results in a dense glassy SiO2 film. The SiO2 film improves
the coating’s resistance to high-temperature oxidation by preventing gas diffusion into the coating,
thus shielding the C/C substrate from byproduct-forming gases and delaying the generation of micro
cracks. The addition of Si3N4 to the multi-layer coating is found to be beneficial for both coating
integrity and coating–substrate compatibility.

Author Contributions: Conceptualization, I.A. and Y.W.; Methodology, I.A.; Software, H.E.; Validation, M.A.S.,
M.U., and I.A.; Formal analysis, F.Q.; Investigation, I.A.; Resources, M.A.S. and M.U.; Data curation, I.A., F.Q;
Writing—original draft preparation, I.A., F.Q., and H.E.; Writing—review and editing, all co-authors; Visualization,
I.A.; Supervision, Y.W.; Project administration, Y.W.; Funding acquisition, Y.W. All authors have read and agreed
to the published version of the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China (51573087) and the
Natural Science Foundation in Shandong Province (ZR2014EZ001, ZR2011EMM002).

Acknowledgments: The authors acknowledge the support of the National Natural Science Foundation of China
and the German Academic Exchange Service (DAAD). The authors also acknowledge the support of technical
staff for assisting in preparing samples and analyzing them.

Conflicts of Interest: The authors do not have any conflict of interest.

References

1. Krenkel, W.; Berndt, F. C/C–SiC composites for space applications and advanced friction systems. Mater. Sci.
Eng. A 2005, 412, 177–181. [CrossRef]

2. Katoh, Y.; Snead, L.L.; Henager, C.H., Jr.; Hasegawa, A.; Kohyama, A.; Riccardi, B.; Hegeman, H. Current
status and critical issues for development of SiC composites for fusion applications. J. Nucl. Mater. 2007,
367, 659–671. [CrossRef]

96



J. Compos. Sci. 2020, 4, 86

3. Kim, B.G.; Dong, S.; Park, S.D. Effects of thermal processing on thermal expansion coefficient of a 50 vol.%
SiCp/Al composite. Mater. Chem. Phys. 2001, 72, 42–47. [CrossRef]

4. Van der Berg, N.; Malherbe, J.B.; Botha, A.; Friedland, E. Thermal etching of SiC. Appl. Surf. Sci. 2012,
258, 5561–5566. [CrossRef]

5. Gasch, M.; Ellerby, D.; Irby, E.; Beckman, S.; Gusman, M.; Johnson, S. Processing, properties and arc
jet oxidation of hafnium diboride/silicon carbide ultra high temperature ceramics. J. Mater. Sci. 2004,
39, 5925–5937. [CrossRef]

6. Kim, Y.-W.; Chun, Y.-S.; Nishimura, T.; Mitomo, M.; Lee, Y.-H. High-temperature strength of silicon carbide
ceramics sintered with rare-earth oxide and aluminum nitride. Acta Mater. 2007, 55, 727–736. [CrossRef]

7. Fu, Q.-G.; Li, H.-J.; Shi, X.-H.; Li, K.-Z.; Sun, G.-D. Silicon carbide coating to protect carbon/carbon composites
against oxidation. Scr. Mater. 2005, 52, 923–927. [CrossRef]

8. Zhang, Y.; Li, H.; Qiang, X.; Li, K. Oxidation protective C/SiC/Si-SiC multilayer coating for carbon/carbon
composites applying at 1873 K. J. Mater. Sci. Technol. 2010, 26, 1139–1142. [CrossRef]

9. Chu, Y.; Li, H.; Fu, Q.; Wang, H.; Hou, X.; Zou, X.; Shang, G. Oxidation protection of C/C composites with a
multilayer coating of SiC and Si+ SiC+ SiC nanowires. Carbon 2012, 50, 1280–1288. [CrossRef]

10. Tian, X.; Guo, X.; Sun, Z.; Qu, J.; Wang, L. Oxidation resistance comparison of MoSi2 and B-modified MoSi2
coatings on pure Mo prepared through pack cementation. Mater. Corros. 2015, 66, 681–687. [CrossRef]

11. Zhang, Y.-L.; Li, H.-J.; Qiang, X.-F.; Li, K.-Z.; Zhang, S.-Y. C/SiC/MoSi2–Si multilayer coatings for carbon/carbon
composites for protection against oxidation. Corros. Sci. 2011, 53, 3840–3844. [CrossRef]

12. Fu, Q.; Shan, Y.; Cao, C.; Li, H.; Li, K. Oxidation and erosion resistant property of SiC/Si–Mo–Cr/MoSi2
multi-layer coated C/C composites. Ceram. Int. 2015, 41, 4101–4107. [CrossRef]

13. Feng, T.; Li, H.-J.; Fu, Q.-G.; Shen, X.-T.; Wu, H. Microstructure and oxidation of multi-layer MoSi2–CrSi2–Si
coatings for SiC coated carbon/carbon composites. Corros. Sci. 2010, 52, 3011–3017. [CrossRef]

14. Friedrich, C.; Gadow, R.; Speicher, M. Protective multilayer coatings for carbon–carbon composites.
Surf. Coat. Technol. 2002, 151, 405–411. [CrossRef]

15. Wu, H.; Li, H.-J.; Ma, C.; Fu, Q.-G.; Wang, Y.-J.; Wei, J.-f.; Tao, J. MoSi2-based oxidation protective coatings for
SiC-coated carbon/carbon composites prepared by supersonic plasma spraying. J. Eur. Ceram. Soc. 2010,
30, 3267–3270. [CrossRef]

16. Shi, X.; Wang, C.; Lin, H.; Huo, C.; Jin, X.; Shi, G.; Dong, K. Oxidation resistance of a La–Mo–Si–O–C coating
prepared by supersonic atmosphere plasma spraying on the surface of SiC-coated C/C composites. Surf.
Coat. Technol. 2016, 300, 10–18. [CrossRef]

17. Li, H.-J.; Xue, H.; Wang, Y.-J.; Fu, Q.-G.; Yao, D.-J. A MoSi2–SiC–Si oxidation protective coating for
carbon/carbon composites. Surf. Coat. Technol. 2007, 201, 9444–9447. [CrossRef]

18. Fu, Q.; Zou, X.; Chu, Y.; Li, H.; Zou, J.; Gu, C. A multilayer MoSi2–SiC–B coating to protect SiC-coated
carbon/carbon composites against oxidation. Vacuum 2012, 86, 1960–1963. [CrossRef]

19. Feng, T.; Li, H.; Shi, X.; Yang, X.; Wang, S.; He, Z. Multi-layer CVD-SiC/MoSi2–CrSi2–Si/B-modified SiC
oxidation protective coating for carbon/carbon composites. Vacuum 2013, 96, 52–58. [CrossRef]

20. Zhang, H.; Lv, J.; Zhuang, S.; Chen, Y.; Gu, S. Effect of WSi2 and Si3N4 contents on the thermal expansion
behaviors of (Mo, W) Si2-Si3N4 composites. Ceram. Int. 2017, 43, 2847–2852. [CrossRef]

21. Li, L.; Li, H.; Shen, Q.; Lin, H.; Feng, T.; Yao, X.; Fu, Q. Oxidation behavior and microstructure evolution of
SiC-ZrB2-ZrC coating for C/C composites at 1673 K. Ceram. Int. 2016, 42, 13041–13046. [CrossRef]

22. He, Z.; Li, H.; Shi, X.; Fu, Q.; Wu, H. Microstructure and oxidation resistance of SiC–MoSi2 multi-phase
coating for SiC coated C/C composites. Prog. Nat. Sci. Mater. Int. 2014, 24, 247–252. [CrossRef]

23. Huang, Y.; Lin, J.; Zhang, H. Effect of Si3N4 content on microstructures and antioxidant properties of
MoSi2/Si3N4 composite coatings on Mo substrate. Ceram. Int. 2015, 41, 13903–13907. [CrossRef]

24. Hu, M.; Li, K.; Wang, J. Effect of Cr content on the microstructure and thermal properties of ZrSi2–CrSi2–SiC
multiphase coating for the SiC coated C/C composites. Ceram. Int. 2016, 42, 19357–19364. [CrossRef]

25. Srivastava, A.; Tripathi, P.; Nayak, M.; Lodha, G.; Nandedkar, R. Formation of Mo5Si3 phase in Mo/Si
multilayers. J. Appl. Phys. 2002, 92, 5119–5126. [CrossRef]

26. Fabrizi, A.; Cecchini, R.; Kiryukhantsev-Korneev, P.V.; Sheveyko, A.N.; Spigarelli, S.; Cabibbo, M. Comparative
investigation of oxidation resistance and thermal stability of nano-structured Ti-B-N and Ti-Si-B-N coatings.
J. Prot. Met. Phys. Chem. Surf. 2017, 53, 452–459. [CrossRef]

97



J. Compos. Sci. 2020, 4, 86

27. Jianhui, Y.; Hongmei, X.U.; Houan, Z.; Siwen, T. MoSi2 oxidation resistance coatings for Mo5Si3/MoSi2
composites. Rare Met. 2009, 28, 418–422.

28. Fu, Q.-G.; Jing, J.-Y.; Tan, B.-Y.; Yuan, R.-M.; Zhuang, L.; Li, L. Nanowire-toughened transition layer to improve
the oxidation resistance of SiC–MoSi2–ZrB2 coating for C/C composites. Corros. Sci. 2016, 111, 259–266.
[CrossRef]

29. Huang, J.-F.; Wang, B.; Li, H.-J.; Liu, M.; Cao, L.-Y.; Yao, C.-Y. A MoSi2/SiC oxidation protective coating for
carbon/carbon composites. Corros. Sci. 2011, 53, 834–839. [CrossRef]

30. Iizuka, T.; Kita, H. Tribological behavior of Mo5Si3 particle reinforced Si3N4 matrix composites. Wear 2005,
258, 877–889. [CrossRef]

31. Zhang, J.; Fu, Q.; Qu, J. Enhanced bonding strength and thermal cycling performance of MoSi2–CrSi2–SiC–Si
coating for carbon/carbon composites by surface modification via blasting treatment. Ceram. Int. 2016,
42, 14021–14027. [CrossRef]

32. Yoon, J.-K.; Lee, K.-H.; Kim, G.-H.; Han, J.-H.; Doh, J.-M.; Hong, K.-T. Low-temperature cyclic oxidation
behavior of MoSi2/SiC nanocomposite coating formed on Mo substrate. Mater. Trans. 2004, 45, 2435–2442.
[CrossRef]

33. De la Pena, J.; Pech-Canul, M. Microstructure and kinetics of formation of Si2N2O and Si3N4 into Si porous
preforms by chemical vapor infiltration (CVI). Ceram. Int. 2007, 33, 1349–1356. [CrossRef]

34. ZhongLiu, W.; Peng, X.; Zhuan, L.; XiaoYu, Y.; Yang, L. Thermal cycling behavior and oxidation resistance of
SiC whisker-toughened-mullite/SiC coated carbon/carbon composites in burner rig tests. Corros. Sci. 2016,
106, 179–187. [CrossRef]

35. Lai, Z.; Meng, S.; Zhu, J.; Jeon, J. Microstructure of a Mo-Si-CN multi-layered anti-oxidation coating on
carbon/carbon composites by fused slurry. Rare Met. 2009, 28, 460–464. [CrossRef]

© 2020 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 (http://creativecommons.org/licenses/by/4.0/).

98



Article

Effects of Pulp Fiber and Epoxidized Tung Oil
Content on the Properties of Biocomposites Based on
Polylactic Acid

Van Khoi Nguyen *, Thanh Tung Nguyen *, Thu Ha Pham Thi and Thu Trang Pham

Institute of Chemistry, VAST, 18 Hoang Quoc Viet, Cau Giay, Ha Noi 122300, Vietnam;
haptt6@gmail.com (T.H.P.T.); thutrang90vhh@gmail.com (T.T.P.)
* Correspondence: khoinguyen56@gmail.com (V.K.N.); nttung@ich.vast.vn (T.T.N.);

Tel.: +84-904141011 (V.K.N.); +84-901333885 (T.T.N.)

Received: 13 April 2020; Accepted: 15 May 2020; Published: 19 May 2020

Abstract: Recently, various environmental-friendly materials have been investigated and developed,
especially composites of polylactic acid (PLA) and plant fibers. This paper investigates the effects of
pulp fiber (PF) and epoxidized Tung oil (ETO) content on the properties of biocomposites, based on
polylactic acid. The bleached pulp fiber reinforced PLA (PLA/PF) composites with 10–50 wt% fiber
contents and 0–15% epoxidized Tung oil contents (with a certain number of fiber) were prepared
in an internal mixer (Plastograph® EC) at 150 ◦C. The mechanical properties of PLA/PF composites
were improved significantly. The pulp fiber reinforced PLA composites, with the fiber content of
30 wt%, were found to have the highest mechanical properties. The tensile and flexural properties of
PLA/Tung oil-soaked-pulp fiber composites were higher than those of PLA/Tung oil unsoaked pulp
fiber composites. In addition, the degradation temperature of PLA-based composites decreased after
adding more pulp fiber. The pulp fibers were well-dispersed in the PLA matrix with the content up to
30 wt%. The interaction between pulp fiber and PLA matrix improved by the addition of epoxidized
Tung oil. Epoxidized Tung oil also improved tensile and flexural strength of composite materials
when it was added with a number of below 10% of fiber.

Keywords: poly (lactic acid); pulp fiber; natural fiber reinforced composites; epoxidized Tung oil

1. Introduction

Over the last few decades, the natural fiber, reinforced polymer composites, have rapidly grown
and are now widely used in the academic and industrial applications due to the advantages of natural
fibers, such as low density, lightweight, renewability, high specific strength, enhanced energy recovery,
good thermal properties, non-toxicity, low cost and biodegradability [1]. The natural fiber reinforced
composites are used in various applications, such as transportation, building and construction materials,
packaging, consumer products, etc. due to their environmentally-friendly properties [2]. Natural
fibers, which are commonly used as reinforcement for polymer composites, include abaca, jute, kenaf,
coir, cotton, bamboo, flax, hemp, ramie, sisal, banana, etc. [3,4]. Despite the advantages, natural
fibers, used as reinforcement agents, also have some disadvantages, such as high moisture absorbtion,
poor wettability, and incompatibility with polymeric matrices [1]. Recently, chemical treatment
methods have been used to improve the compatibility between natural fibers and polymer matrix,
such as alkaline treatment, coupling agents (silanes, acetylation, graft copolymerization), bleaching,
enzyme, etc. This increases the interaction between fibers and polymer matrix, as well as improves the
mechanical properties of the composites.

One of the most widely investigated polymers to replace petroleum-based polymers is PLA because
of its favorable properties, namely good mechanical properties, biocompatibility, biodegradability,
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and especially the use of the same technological equipment as what used for conventional fiber
reinforced composite materials. In addition, PLA can be made from renewable resources, for example,
maize, sugarbeet, rice, etc. In the recent years, many studies concentrate on the performance of PLA
with different natural fibers, such as flax fiber [5–7], jute [8,9], kenaf [10–12], abaca fiber [13] and
hemp [14]. Pulp fibers are also a good option for reinforcement composites because of their availability,
uniform quality and cheaper price than agro fibers. Zhaozhe Y. et al. found that the tensile and flexural
modulus of the PLA composites with wood fiber and pulp fiber were greater than those of pure PLA,
and pulp fiber improved the properties of the composites better than wood fiber [15]. Kirsi Immoen
et al. fabricated PLA composite with softwwood kraft pulp using epoxidized linseed oil (ELO) as
a plasticizer and a platicizer-coupling agent. The results showed that ELO improved, not only the
interaction between pulp fiber and PLA, but also the tensile strength of composites by using at 5–8%
content of ELO [16]. Heidi Peltola et al. found that epoxidized linseed oil, not only promotes the
adhesion of PLA wood pulp, but also reduces fiber loss during melting processing [17]. Research also
showed that unbleached fibers had a stronger reinforcement effect than bleached fibers.

However, hydrophilic cellulose fibers are difficult to disperse equally and to interact with the PLA
matrix. A commonly used method to increase the interaction between fiber and polymer is adding
plasticizers, especially vegetable oil-based plasticizers because of its availability, biodegradability,
and low cost. Among vegetable oils, Tung oil is widely used in the industry, especially in the field of
paints and plastics due to its high heat resistance, water resistance and salinity tolerance. Moreover,
as one of oil with the highest iodine index [18], Tung oil promises good results when used as a plasticizer
for PLA/pulp fiber composites. The aim of this study is to study the effects of pulp fiber and epoxidized
Tung oil content on the properties of biocomposites, based on polylactic acid.

2. Materials and Methods

2.1. Materials

Poly (lactic acid) (PLA) resin produced by SMBEST Pvt. Ltd. (Busan, Korea) was used as the
matrix material. Its density was 1.2–1.31 g/cm3, and its melt flow index (MFI) was below 5 g/10 min
at 5 kg/190 ◦C. In terms of the reinforcement materials, bleached pulp fibers were initially supplied
by An Hoa Paper Joint Stock Company (Tuyen Quang, Viet Nam) then cut to the size of 3–4 mm.
The properties of bleached pulp fibers were listed in Table 1.

Table 1. The properties of bleached pulp fibers.

Properties Value

α-cellulose, % 96.7 ± 0.5

Lignin, % 0.27 ± 0.08

Viscosity, ml/g 655

Ash, % 0.28 ± 0.05

Tung oil was supplied by Vietnam Tung oil company limited (Ha Noi, Viet Nam). The properties
of Tung oil were listed in Table 2. Amberlite® IRC120 H, hydrogen form 15 wt% to oil (Sigma),
H2O2 (Sigma) and acetic acid (Sigma) were used to modified Tung oil.
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Table 2. The properties of Tung oil.

Properties Value

Density (at 20 ◦C) 0.920–0.945

Acid value 1.4

Iodine value 149.5–170.6

Saponification value 193.4–196.7

To prepare epoxidized Tung oil, Tung oil was stirred in a flask and heated to 55 ◦C in the presence
of Amberlite® IRC120 Has the catalyst with a uniform agitation under the constant stirring speed of
1600 rpm. A mixture of H2O2 and acetic acid was dropwise added into the mixture of Tung oil and
Amberlite® IRC120 at a constant rate for 2 h. The reaction time was 5 h and the ratio of Tung oil/acid
acetic/H2O2 was 1.0/0.5/0.5. At the end of the reaction, the mixture was cooled and centrifuged at least
5 min under the rotation speed of 2000 rpm. The oil phase, separated from the aqueous phase and the
catalyst, was washed with distilled water until acid free, and evaporated for at least 1 h under the
vacuum of about 40 mbar at 60 ◦C [19]. Epoxy value was determined by titration method according to
TY-6-10-722-72. Epoxy value of epoxidized Tung oil was 6.8%.

2.2. Composite Preparation

The PLA resin and pulp fibers were dried at 80 ◦C for 5 h under vacuum. PLA/pulp fiber
composites were manufactured according to two methods (Figure 1): (1) Pulp fiber (NPF), epoxidized
Tung oil and PLA were mixed directly; (2) epoxidized Tung oil soaked pulp fibers (SPF) were mixed
with PLA (Sce. To soak the pulp fibers with epoxidized Tung oil, epoxidized Tung oil was dissolved in
methyl ethyl ketone (ratio of 1/20) and sprayed onto the pulp. After that, the mixtures were dried in an
oven at 80 ◦C for 5 h for the reaction between Tung oil and pulp fiber to take place.

Figure 1. Two fabricating methods for Poly (lactic acid) (PLA)/pulp fiber (PF) composites.

The separated pulp fibers and epoxidized Tung oil or epoxidized Tung oil-soaked pulp fibers
were melt-blended with PLA resin in an internal mixer model Plastograph® EC (Duisburg, Germany)
at 150 ◦C with a rotor speed of 50 rpm for 6 min. The pulp fiber/PLA composites were compressed
and moulded into 3-mm-thick plates on a GoTech hot press at 170 ◦C at a pressure of 50 psi for
5 min. Moulded samples were cut into specimens according to ASTM D638 and ISO 178 to determine
tensile properties and flexural properties respectively. To study the effect of pulp fiber contents on the
properties of composite, the pulp fibers were adding into PLA with different fiber contents (0%, 10%,
20%, 30%, 40% and 50%) in the presence of epoxidized Tung oil (in amount of 10% of fiber). To study
the effect of pulp fiber contents on the properties of composite, the used epoxidized Tung oil contents
were 0%, 5%, 7.5%, 10%, 15%, respectively.
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2.3. Characterization of Composites

2.3.1. Mechanical Properties

Tensile test was determined by ASTM D638 at a crosshead speed of 50 mm/min by using Instron
5980 Testing Machine (Illinois Tool Works Inc., Norwood, MA, USA). Flexural test was carried out
on Instron 3382 (American) according to ISO 187. All the test samples were stabilized at a room
temperature for 24 h before testing. An average value of five tests was reported.

2.3.2. Scanning Electron Microscope (SEM)

The fracture surface morphology of the pulp fiber reinforced PLA composites was investigated by
using a scanning electron microscope SEM (JEOL 6490, Tokyo, Japan) at 15 kV. The fracture surface of
the samples was coated with platinum before examination.

2.3.3. Fourier Transfer Infrared Spectra (FTIR)

The IR spectra of composites was analysed with a Fourier transform infra-red (FTIR) spectrometer
(Nicolet Impact model 410, Nicolet, Madison, WI, USA). The equipment was operated with a resolution
of 4 cm−1 and scanning range from 4000 to 500 cm−1.

2.3.4. Thermogravimetry Analysis (TGA)

Thermogravimetry analysis was carried out at 10 ◦C/min heating rate in the air, from room
temperature to 550 ◦C on a thermogravimetry analysis system TGA209F1 (Netzch, Selb, Germany).

2.3.5. Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry analysis was conducted using NETZSCH DSC 204F1 Phoneix
(Netzsch, Selb, Germany). The sample was heated at a rate of 10 ◦C/min from rt to 200 ◦C, followed by
cooling at 10 ◦C/min to rt.

3. Results and Discussions

3.1. Effect of Pulp Fiber Contents

3.1.1. Mechanical Properties of Composites

In this study, the samples were prepared with different pulp fiber contents (ranging from 0% to
50%), and the epoxidized Tung oil was fixed at 10% of fiber. The mechanical properties of neat PLA
and PLA/PF composites were presented in Table 3.

Table 3. Effect of pulp fiber contents on the mechanical properties of PLA/PF composites.

Composite
Fabrication

Method

Pulp Fiber
Contents

(%)

Tensile
Strength

(MPa)

Tensile Modulus
(MPa)

Elongation
at Break (%)

Flexural
Strength

(MPa)

Flexural
Modulus

(GPa)

0 40.67 ± 1.87 2187.64 ± 95.37 11.70 ± 0.41 95.0 ± 4.65 2.91 ± 0.12

Method 1

10 45.74 ± 2.03 2209.94 ± 86.22 11.63 ± 0.53 101.2 ± 4.91 3.14 ± 0.09

20 51.62 ± 1.94 2482.22 ± 101.05 5.11 ± 0.30 103.6 ± 5.02 3.86 ± 0.23

30 56.61 ± 2.11 2809.67 ± 90.43 5.24 ± 0.28 109.5 ± 6.36 4.54 ± 0.17

40 52.84 ± 1.21 3060.97 ± 98.12 2.54 ± 0.20 104.9 ± 4.23 5.09 ± 0.20

50 42.87 ± 1.53 3542.66 ± 88.96 2.14 ± 0.23 103.3 ± 5.64 5.93 ± 0.34

102



J. Compos. Sci. 2020, 4, 56

Table 3. Cont.

Composite
Fabrication

Method

Pulp Fiber
Contents

(%)

Tensile
Strength

(MPa)

Tensile Modulus
(MPa)

Elongation
at Break (%)

Flexural
Strength

(MPa)

Flexural
Modulus

(GPa)

Method 2

10 46.34 ± 2.24 2316.46 ± 102.68 11.71 ± 0.39 102.2 ± 6.15 3.21 ± 0.25

20 52.88 ± 1.96 2502.19 ± 93.14 5.26 ± 0.25 105.0 ± 5.28 4.02 ± 0.29

30 59.32 ± 2.35 3043.54 ± 96.52 5.13 ± 0.31 114.7 ± 3.67 4.97 ± 0.18

40 55.45 ± 2.41 3390.27 ± 99.45 2.64 ± 0.18 108.8 ± 4.82 5.85 ± 0.10

50 50.28 ± 2.07 3751.38 ± 92.47 2.23 ± 0.24 106.5 ± 5.26 6.18 ± 0.32

It can be seen that the tensile strength of neat PLA is lower than that of PLA/PF composites.
The tensile strength of PLA/PF composites increased significantly by increasing the percentage of pulp
fiber content up to 30 wt% and then decreased by further addition of pulp fiber. When the pulp fiber
contents were from 10 to 30%, the tensile strength of the composites increased from 45.74 MPa to
56.61 MPa (for PLA/NPF composites) and to 59.32 (for PLA/SPF composites). The increase of tensile
modulus of PLA/PF composites was in proportion to the increase of pulp fiber content. These revealed
that the addition of pulp fibers into PLA matrix provided effective reinforcement. This was because
the stress was expected to transfer from the matrix to the strong fiber. Huda M. S. et al. suggested the
better the alignment of the fibers, the higher the strength value [20]. However, when the pulp fiber
was added to more than 30%, the tensile properties of composite decreased. This might be due to the
poor dispersion of fiber into the PLA matrix at higher pulp content. This result was consistent with the
results of Jin Qian et al. for-cotton fiber/PLA composites [21]. However, Zhaozhe Yang et al. found that
the tensile strength of both PLA/pulp fiber and PLA/wood fiber composites decreased with the increase
of fiber content [15]. The results also showed that the tensile strength and modulus of composites,
with untreated or soaked pulp fibers, were not significantly different with a fiber content of less than
30%, but those of composites, containing soaked pulp fibers, were higher than those of composites
containing untreated pulp fibers. This might be due to the fact that epoxidized Tung oil-treated pulp
fibers were more evenly dispersed in PLA matrix, and Tung oil improved the interaction between PLA
matrix and pulp fiber. The chemical interaction mechanism among epoxidized vegetable oil, PLA and
natural fiber was proposed by Buong Woei Chieng et al. [22] (Figure 2) and Omid Nabinejad et al. [23]
(Figure 3).

Figure 2. Suggested chemical interactions between epoxidized vegetable oil and PLA by Buong Woei
Chieng et al. [22].
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Figure 3. Suggested chemical interactions between epoxidized vegetable oil and mercerized natural
fiber by Omid Nabinejad et al. [23].

Elongation at the break of the PLA/PF composites was also tested and shown in Table 3.
The elongation at break of composites decreased as the fiber content in the composites increased.

According to the results, the flexural modulus of the composites increased significantly by
increasing the pulp fiber content, while the flexural strength of the composite had non-significant
change. However, both the flexural strength and flexural modulus of the composites were higher than
that of the neat PLA. This could be explained that the addition of pulp fiber promoted the nucleation and
crystallization of PLA matrix, so that the flexural modulus of the composites improved. This indicated
that the pulp fiber acted as a rigid filler, which increased the stiffness of the composites. Similarly to
the tensile properties, the flexural strength and modulus of PLA/SPF composites were slightly higher
than that of PLA/NPF composites. When the content of pulp fiber was 30%, the flexural strength of
PLA/NPF and PLA/SPF composites reached 109.5 and 114.7 Mpa respectively, which increased by
15.3% and 20.7% compared with the pure PLA. This result was consistent with the results of Buket
Okutan Baba and Ugur Özmen for chicken feather/PLA composites [24].

3.1.2. Morphology Observation

Figure 4 showed the fractured surfaces morphologies of PLA/NPF composites. As can be seen in
Figure 4, there was a difference in the adhesion between NPF fiber and PLA matrix. At the lower fiber
content, the voids between PLA matrix and NPF fiber were invisible. The composite containing 30% of
pulp fiber began to show voids between PLA matrix and NPF fiber. When the fiber content exceeded
30%, the fiber breakages and the voids can be observed more clearly. The NPF fibers were pulled out
from the PLA matrix, and the surface of PF fiber was not wrapped by PLA matrix. This suggested
a poor adhesion between NPF fiber and PLA matrix.

Figure 5 showed that when treating pulp fiber with epoxidized Tung oil, the bonds between fibers
and the PLA improved more significantly, compared to the untreated fibers. Even at 10% of fiber
content, it was difficult to distinguish pulp fibers and PLA because the pulp fibers was covered by PLA.
At 40 and 50% of fiber content, the gaps and holes between the SPF and PLA matrix can be observed.
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 50% NPF  

Figure 4. SEM images of fractured surface of PLA/NPF composites with different NPF contents.

   
10% SPF 20% SPF 30% SPF 

  

40% SPF 50% SPF 

Figure 5. SEM images of fractured surface of PLA/SPF composites with different SPF contents.

3.1.3. Fourier Transfer Infrared Spectra

The FTIR spectra of pulp fiber, ETO, PLA, PLA/SPF composites with 10, 30 and 50% SPF were
presented in Figure 6.
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Figure 6. The FTIR spectra of pulp fiber, ETO, PLA, PLA/SPF composites with 10% SPF, 30 SPF and
50% SPF.

In IR spectrum of ETO, the peak at 1642 cm−1 which was assigned for C=C disappeared. Instead
there was appearance of a peak at 824 cm−1 which was assigned for C-O in epoxy ring [25]. This indicated
that epoxidation of Tung oil had occurred. The IR spectrum of the pulp fiber appeared as a peak
at 3445 cm−1, which was assigned for O-H stretching vibration. This peak of PLA/SPF composites
increased by increasing SPF content. A peak at 1771 cm−1, which was assigned for C=O group in
PLA and ETO [16], also increased by increasing SPF content. This might be due to the increase of
SPF content means that the ETO content in the composite also increased, so the concentration of C=O
group increased.

3.1.4. Differential Scanning Calorimetry

The thermal properties of the composites with different SPF fiber contents were investigated by
Differential Scanning Calorimetry (DSC). The DSC results for PLA, PLA/SPF composite were listed in
Table 4.

Table 4. Differential Scanning Calorimetry (DSC) results of PLA/SPF composites.

Soaked Pulp Fiber Contents (%) Tg (◦C) Tm (◦C) Tc (◦C)

0 56.2 148.1 86.4

10 56.2 147.7 88.8

20 54.8 146.5 -

30 55.0 146.8 -

40 53.5 146.9 -

50 50.6 150.3 -

The results showed that when the fiber content was 10-30%, the glass transition (Tg) temperature
of PLA in the composite was almost insignificantly as compared to that of neat PLA. This indicated
that there was no restriction on the mobility of the PLA chains when adding pulp fiber. Espinach
et al. [26] also observed the same phenomenon when adding 20–25% of bleached kraft soft wood

106



J. Compos. Sci. 2020, 4, 56

to PLA matrix. However, when the fiber content exceeded 30%, the glass transition temperature of
composites decreased.

The melting temperature (Tm) of PLA in the composite, containing 10% fiber, was quite similar to
that of neat PLA, but the crystallization temperature (Tc) increased slightly. Meanwhile, at the fiber
content of 20–50%, the melting temperature of PLA decreased, compared to the composite, containing
10% of fiber and had no differences among samples. In addition, the crystallization temperature of
these samples was not observed, and this change in crystallinity reduced the melting temperature of
the composites.

3.1.5. Thermogravimetry Analysis

The thermal stability of PLA/SPF composites was investigated by thermogravimetry analysis
method, and the results are shown in Figure 7. Data analysis from the thermal analysis curves of these
composites was listed in Table 5.

Figure 7. TGA curves of pulp fiber, PLA and PLA/SPF composites.

Table 5. Thermal analysis value of PLA and PLA/SPF composites.

Soaked Pulp Fiber Contents (%) T5 (◦C) T25 (◦C) T50 (◦C) Weight Loss at 450 ◦C (%)

SPF 314.6 335.9 346.3 74.37

0 313.9 371.2 394.0 78.98

10 302.8 365.0 389.3 80.61

20 310.5 360.9 393.2 77.29

30 312.7 356.9 390.0 75.39

40 305.1 342.0 370.8 74.02

50 306.1 346.0 372.9 79.68

The pulp fiber decomposition process can be divided into 3 stages. The first stage was the process
of losing moisture at about 100 ◦C with about a 3% of weight loss. The second stage takes place at
about 280–410 ◦C with a mass loss of 63.6%. This weight-loss stage was due to the decomposition of the
main components of the fibers which took place mainly in amorphous regions [27]. This stage can be
the polymerization of hemicellulose [28] and the random cleavage of glycoside bonds in cellulose [29].
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The results showed that TGA curves of PLA/SPF composites exhibited multiple steps.
The decomposition stage takes place at about 300–410 ◦C due to the decomposition of the PLA
polymer chains and the main components of pulp fibers. The stage at 410–480 ◦C is due to carbon
burning. The results in Table 5 also indicated that the degradation temperature of composites was
lower than that of neat PLA. The degradation temperature of PLA-based composites decreased by
increasing the SPF fiber content. It might be due to the degradation temperature of SPF fiber was lower
than that of neat PLA.

3.2. Effect of Epoxidized Tung Oil Contents

3.2.1. Mechanical Properties of Composites

In this study, the sample was prepared according to method 2 with different epoxidized Tung oil
contents (0–15%), but the ratio of PLA/pulp fiber was fixed at 70/30. Physical properties such as tensile
strength, flexural strength of PLA/SPF composites were measured to evaluated effect of epoxidized
Tung oil. Results of the mechanical tests were presented in Table 6.

Table 6. Mechanical properties of PLA/SPF composites with different percentages of epoxidized
Tung oil.

Epoxidized Tung Oil
Contents (%)

Tensile
Strength

(MPa)

Tensile Modulus
(MPa)

Elongation at
Break (%)

Flexural
Strength

(MPa)

Flexural
Modulus

(GPa)

0 48.05 ± 1.85 2403.11 ± 105.42 2.19 ± 0.08 98.3 ± 4.88 2.93 ± 0.12

5 50.52 ± 2.09 3219.22 ± 96.23 2.56 ± 0.23 102.1 ± 5.03 3.17 ± 0.15

7.5 52.28 ± 2.14 3094.93 ± 101.45 3.71 ± 0.40 103.2 ± 3.94 3.34 ± 0.09

10 59.32 ± 2.35 3043.54 ± 96.52 5.13 ± 0.31 114.7 ± 3.67 4.97 ± 0.18

15 54.03 ± 2.28 2667.19 ± 95.16 5.45 ± 0.30 105.8 ± 4.52 4.19 ± 0.16

The results showed that the mechanical properties of the composites with ETO, used as a plasticizer,
were higher than those without ETO. The tensile strength increased from 50.52 to 59.32MPa, elongation
at break increased from 2.56 to 5.13%, the flexural strength increased from 98.3 to 114.7MPa and flexural
modulus increased from 3.17 to 4.97 GPa when the ETO content increased from 5 to 10%, but the
tensile modulus decreased from 3219.22 to 3043.54 MPa. This indicated that the ETO improved the
mechanical properties of the composites, due to the fact that the ETO also acted as a plasticizer for
PLA, so it increased the flexibility of matrix and reduced its free surface energy. This had also been
proved by several other authors [30]. However, when the content of the ETO in fiber exceeded 15%,
both strength and modulus reduced because it made the material softer. This phenomenon was also
observed by Kirsi when using 12% of epoxidized linseed oil as a plasticizer for PLA/bleached softwood
kraft pulp composites [26].

3.2.2. Morphology Observation

The fracture surface morphology of the ETO soaked pulp fiber reinforced PLA composites with
different epoxidized Tung oil contents were presented in Figure 8.
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ETO-10 ETO-15 

Figure 8. SEM picture of PLA/SPF composites with different contents of ETO.

The results showed that the composite without ETO can experience clear gaps between fiber and
PLA. There was less phase separation between fiber and PLA when ETO was added to the number
of fiber of 5–7.5%. When the number of fiber in ETO content was 10%, it was found that the pulp
fibers showed more tight connections with PLA matrix. However, with ETO content with 15% of fiber,
it seemed that the links between the pulp fiber and PLA were weakened, and there were gaps between
the two surfaces.

4. Conclusions

This research suggested that pulp fiber could be successfully used as a reinforcement in PLA-based
composites. The tensile properties of PLA/PF composites firstly increased after adding the fiber,
and then decreased when the content of fiber was over 30%. With the addition of PF fiber, the flexural
modulus of PLA-based composites increased, but the flexural strength of them experienced no change.
An improvement in the mechanical properties was possibly caused by PF reinforcement, as well as the
efficient stress transfer between the PLA matrix and fiber. The PLA-based composite with 30% SPF
fiber had the optimal mechanical properties; the tensile strength, tensile modulus, flexural strength
and flexural modulus of this composite increased by 45.86%, 39.12%, 20.74%, and 70.79%, respectively,
when compared with those of the neat PLA. In addition, the thermal stability of the PLA/PF composites
decreased by the increase of the PF fiber.

The interaction between pulp fibers and PLA matrix improved, as the ETO content increased.
The tensile and flexural strength of the composite increased by adding ETO with the percentage of
5–10% content. The mechanical properties of composites reduced when the ETO content was high
(in amount of 15% of fiber) because ETO acted as a plasticizer for PLA.
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Abstract: This study aims to evaluate the synergical effects of SiO2 nanoparticles (nano-SiO2) and
organic photostabilizers (Tinuvin 384 (T384) and Tinuvin 292 (T292)) on the weathering resistance
of acrylic polyurethane coating. Data obtained from infrared (IR), field emission scanning electron
microscopy (FESEM), and weight loss of coatings (before and after aging test), suggest that the
SiO2 nanoparticles play a dual role, as both reinforcer and UV absorber, thus improving effectively
both the mechanical properties and the weathering resistance of polyurethane acrylic coatings.
The nanocomposite coating containing 2 wt % nano-SiO2, 2 wt % T384, and 1 wt % T292 exhibits
excellent weathering and abrasion resistances, offering a durable outdoor application.

Keywords: acrylic polyurethane coating; nanocomposite; nano-SiO2; mechanical properties;
weathering resistance

1. Introduction

Having many advantages over other conventional polymer coatings, such as good adhesion,
transparency, high gloss, and weathering resistance, acrylic polyurethane coating is used widely as a
protective and decorative coating for metal structures, interior and exterior wood, and automotive
paint [1,2]. Two-component acrylic polyurethane paint can be cured at room temperature through
the step-growth polymerization of isocyanate groups with hydroxyl groups in the acrylic polyol resin
forming crosslinked urethane.

In order to improve the weathering resistance of the outdoor coatings, in addition to selecting the
main components such as resins and pigments with high weathering durability, organic and inorganic
light stabilizing additives are usually added to the paint formulation [3–7]. Previous published works
showed that organic light stabilizers (such as Tinuvin 384, Tinuvin 1130, Tinuvin 292) exhibited an
excellent light stabilizing efficiency. Adding these additives at appropriate content could increase the
weathering durability of the polymer coatings by 2–3 times [3]. Besides, as reported in literature, some
metal oxides (TiO2, ZnO, ZrO2) can absorb ultraviolet (UV) rays, therefore having an ability to protect
the polymer substrates from harmful UV light [4–9].

During UV absorption, an electron from the valence band jumps onto the conduction band,
leaving a positively charged hole. These electrons and positively charged holes move onto the particle
surface, where they recombine to each other or react with oxygen and water to form •OH activated
free radicals [4]. These free radicals can be the agent promoting the degradation of polymers. Thus,
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metal oxides exhibit the dual effects: (i) Blocking UV rays, and (ii) causing photo-catalytic degradation
of the polymer (depending on their content, sizes, structure, and surface modifications) [5].

Currently, the addition of inorganic particles/nanoparticles (at appropriate content) into the
polymer substrate can enhance its property [10–16]. Nano-SiO2 is the most used among the common
inorganic nanoparticles. For example, by adding nano-SiO2 into the coating formulation, the mechanical,
thermal, [2,17] weathering resistance [18,19], and anticorrosion properties [20,21] of the organic coatings
were significantly improved. Nano-SiO2 is also used for both super hydrophobic coatings [22–25] or
hydrophilic coatings [26].

In our previous work [3], acrylic polyurethane coating with photostabilizers exhibited the lifespan
over 12 years under the marine weathering condition (natural exposure). On the other side, as reported
in literature, nano-SiO2 has only been considered as a reinforcer (nanofiller) for polymer matrix.
In this study, the combination of nano-SiO2 and organic light stabilizers (Tinuvin 384, Tinuvin 292) are
expected to enhance simultaneously the abrasion resistance and weathering durability of coatings.
We will try to explore the role of nano-SiO2 in this expected enhancement.

2. Experimental

2.1. Materials

The acrylic polyol solution (HSU 1168) obtained from A&P Industrial Resins Company (Taiwan)
contained 65 wt % solid, in which the content of hydroxyl groups was 4.3 wt %. The curing agent
was polyisocyanate N-75 (75 wt %, Germany) in which the weight percentage of isocyanate groups
was 17%. The organic UV absorber, benzotriazole-UV (2-(2-hydroxy-3-tert-butyl-5-propionic acid isooctyl
ester)-2H-benzotriazol, or Tinuvin 384 and the light stabilizer HALS, bis (1, 2, 2, 6, 6-pentamethyl-4-piperid502)
sebacate or Tinuvin 292, were provided by Ciba (Switzerland). The chemical structures of these materials
are presented in Figure 1.

The nano-SiO2 used in this study is non-porous silica (Aerosil 200 F, Antwerp, Belgium). Their
average particle size and surface area are 15 nm and 200 m2/g, respectively.

The toluene and butyl acetate solvents which were used were the Chinese P-type.

 

Figure 1. Chemical structures of used compounds.
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2.2. Preparation of Coatings

For fabrication of coating, 2 wt % T384, 1 wt % T292, and 2 wt % SiO2 nanoparticles (by the total
solid resin) were selected at the optimal values in our previously published works [5,27]. Weight ratios
of materials in coating formulations are presented in Table 1.

At the first step, the nanoparticles were dispersed in the solvent using ultrasonic bath TP 25 for
1 h, then this as-prepared solution was mixed with acrylic polyol resin solution, T384, and T292 by
stirring for 15 min. The obtained mixtures were continuously homogenized by ultrasonic bath for 3 h
to ensure that the nanoparticles were well dispersed.

The coating samples (with quasi-constant thickness of ~25μm) were prepared by using a Quadruple
Film Applicator (Erichsen model 360, Hemer, Germany). For infrared (IR), ultraviolet-visible (UV-Vis),
and field emission scanning electron microscopy (FESEM) analysis, coating samples were prepared on
the Teflon sheets, then after 6 days of curing at room temperature separated and attached to aluminum
windows. The coating samples for monitoring the weight loss were prepared on glass sheets (100 × 70
× 2 mm) whereas for measuring the gloss and the abrasion resistance, coating samples were prepared
on CT3 steel sheets (100 × 100 × 2 mm).

Table 1. Weight ratios of components in coating formulations.

No Materials
Coating Samples

ACPU ACPU/SiO2 ACPU/SiO2-T

1 HSU 1168 60.40 60.40 60.40
2 SiO2 0 1.33 1.33
3 T 384 0 0 1.33
4 T 292 0 0 0.66
5 Toluene 18.10 18.76 18.76
6 Butyl acetate 18.10 18.76 18.76
7 N-75 36.20 36.20 36.20

Note: The contents of nano-SiO2, T 384, and T 292 were 2%, 1.5%, and 1.0% by weight of the total solid resin, respectively.

2.3. Accelerated Weathering Test

The accelerated weathering test was carried out in the Atlas UV/CON chamber (model UC-327-2,
Chicago, IL, USA), under UV-A 340 fluorescent lamp, according to ASTM D 4587-05 standard (every
testing cycle consists of 8 h for UV exposure at 60 ◦C and further 4 h for condensate water at 50 ◦C).

2.4. Characterizations

2.4.1. Field Emission Scanning Electron Microscopy (FESEM) and Transmission Electron Microscopy
(TEM) Analysis

The morphology and size of nano-SiO2 were observed by FESEM S 4800 (Hitachi, Tokyo, Japan)
and TEM-JEM 2100 (JEOL, Tokyo, Japan). FE-SEM technique was also used to assess the aging of the
coatings under impact of accelerated weathering factors.

2.4.2. Infrared (IR) Analysis

The variations in chemical structures of the coating during the test were monitored by IR spectra on
FT-IR spectroscopy (NEXUS 670, Nicolet Instrument Corporation, Madison, WI, USA). The quantitative
analysis of the structural groups was calculated based on the changes in optical density of their
characteristic absorption by the method we reported previously [3,5,7].

2.4.3. Ultraviolet-Visible (UV-Vis) Analysis

The UV-Vis absorption spectra of the coatings were analyzed on UV-Vis spectrophotometer (GBC,
CINTRA 40, Austin, TX, USA) and performed on the samples which were examined by IR analysis.

115



J. Compos. Sci. 2020, 4, 23

2.4.4. Weight Loss Measurements

The remaining weight of the coatings was calculated as follows:

Remaining weight (%) = (mt/m0) × 100 (1)

where m0 and mt are weights of the coating (dried at 60 ◦C in vacuum oven until the constant weight)
before and after the aging test, respectively.

2.4.5. Gloss Loss Measurements

The gloss of the coatings was measured on the Erichsen Picogloss model 503 equipment at 60◦
angle. The remaining gloss of the coating was determined by the following expression:

Remaining gloss (%) = (Gt/G0) × 100 (2)

where G0 and Gt are gloss of the coating (dried at 60 ◦C in vacuum oven until the constant weight)
before and after the aging test, respectively.

2.4.6. Determination of Abrasion Resistance

The abrasion resistance of the coatings was determined by falling sand abrasion method according
to ASTM D968 standard [27]. The obtained data were the average values from three measurements of
each sample.

3. Results and Discussion

3.1. Morphology Study of Coating

Figure 2 presents the FESEM and TEM images of the as-received nano-SiO2. As can be seen in this
figure, the average size of these nanoparticles ranges from 15 to 20 nm. It was a challenge to disperse
homogenously these small nanoparticles in polymer matrix. In this study, a 25 KHz supersonic bath
was used to prepare the formulations of the nanocomposite coatings.

 

Figure 2. Field emission scanning electron microscopy (FESEM) (a) and transmission electron
microscopy (TEM) (b) images of used SiO2 nanoparticles.

Figure 3 presents the FESEM images of the neat coating (0% nano-SiO2), nanocomposite coating
without organic photostabilizers (2 wt % nano-SiO2), nanocomposite coating with the photostabilizers
(2 wt % nano-SiO2, 2 wt % T384, and 1 wt % T292), before and after 36 aging cycles.
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Figure 3. FESEM images of the coatings before (left) and 36 cycles of aging (right).

Before aging test, as shown in Figure 3, nanoparticles were dispersed evenly inside the coatings,
providing a tight structure. Thus, incorporation of nano-SiO2 in polymer matrix should enhance the
abrasion resistance of coating [27]. Besides, the light stabilizer, as viscous liquid—plasticizer [3]—might
cause the softening effect to the coating. Thus, the abrasion resistance of coating containing stabilizer
should decrease as compared to that of the one without stabilizer.

After 36 testing cycles (right side on Figure 3), the neat coating was destroyed seriously with the
presence of many pits and pores (ranging in size from 100 nm to μm) appearing on both surface and inside
the coating. Whereas, by the presence of 2 wt % nano-SiO2, only few pits (size of a few micrometers)
could be observed on the nanocomposite surface. The size of these pits was reduced (up to a few hundred
nanometers) when 2 wt % T 384 and 1 wt % T 292 were added into the coating formulation.

3.2. IR Spectra Study

The changes in chemical structures of coatings (under weathering test) can be evaluated by using
IR spectra measurement. Under impacts of the weathering factors, chemical bonds in the polymer chain
can be broken, leading to the loss of bonds or the formation of new bonds. Therefore, the investigation
of these chemical variations can clarify the degradation mechanism of organic coatings during the

117



J. Compos. Sci. 2020, 4, 23

aging process. In this study, the variations in chemical structures of the coatings were evaluated
by IR method. The IR spectra of the coatings before and after 36 testing cycles are presented in the
Figure 4. Figure 5 presents the changes of alkane CH groups and CNH groups in the coating samples,
which were deducted from the quantitative IR spectra analysis. Three coating samples were tested,
such as (i) neat coating (ACPU), (ii) nanocomposite coating with 2 wt % nano-SiO2 (ACPU/SiO2),
(iii) nanocomposite coating with 2 wt % SiO2, 2 wt % T384, and 1 wt % T292. In addition, as the
reference, we added the changes of alkane CH groups and CNH groups in the coating contained only
2 organic stabilizers (i.e., 2 wt % T384 and 1 wt % T292 -ACPU-T) [3], shown in Figure 5.

 

Figure 4. Infrared (IR) spectra of neat coating (ACPU), nanocomposite coating containing 2 wt %
nano-SiO2 (ACPU/SiO2), and nanocomposite coating containing 2 wt % nano-SiO2, 2 wt % T 384,
and 1 wt % T 292 (ACPU/SiO2-T), before and after 36 aging cycles.

 

Figure 5. Chemical changes of the alkane CH (left) and CNH (right) groups in the various coatings
under accelerated weathering condition.
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As can be seen in Figures 4 and 5, during the testing process, the peaks at 2950 and 1527 cm−1

characterizing the alkane CH groups and CNH groups in the coatings both decreased. Their intensity
reduced the most strongly in the neat coating, but least in the coating containing the nanoparticles and
organic light stabilizers. After 36 testing cycles, the remaining content of alkane CH groups were 51.6%,
68.6%, and 97.1%, in the neat coating (ACPU), the nanocomposite coating with 2 wt % nano-SiO2

(ACPU/SiO2), and the nanocomposite coating with 2 wt % nano-SiO2, 2 wt % T384, and 1 wt % T292
(ACPU/SiO2-T), respectively. In the case of CNH groups, their remaining content was 25.4%, 52.1%,
93.5% in ACPU, ACPU/SiO2, and ACPU/SiO2-T coatings, respectively.

For comparative study, the chemical changes in the ACPU/SiO2-T coating were lower than that in
the ACPU-T coating.

3.3. Weight Loss Study

The variations in weight of the ACPU, ACPU/SiO2, and ACPU/SiO2-T coatings during the aging
test are shown in Figure 6. Besides, as the reference, we added the weight changes of ACPU-T
coating [3] into Figure 6.

As shown in Figure 6, the weight loss of all coatings increased by testing time. It reached the
highest value for the neat coating and the coating containing light stabilizer had the smallest value
of weight loss. Quantitatively, after 36 cycles, the remaining weights of the ACPU, ACPU/SiO2,

and ACPU/SiO2-T coatings were 87.26%, 90.26%, and 97.8%, respectively. For comparative study,
the weight loss in ACPU/SiO2-T coating was lower than that in ACPU-T coating.

 

Figure 6. Changes in weight of the coatings under accelerated weathering aging condition.

3.4. Coating Gloss Loss Study

The weathering aging causes the degradation in properties of the coating. Hence, the degradation of
the coating under the weathering factors can be evaluated by monitoring the variations in their properties.
Figure 7 demonstrates the variations in gloss of the ACPU, ACPU/SiO2, and ACPU/SiO2-T coatings during
aging process. Besides, as the reference, we added the gloss changes of ACPU-T coating [3] into Figure 7.

From Figure 7, it can be seen that the gloss of the coatings decreased by aging time. The gloss
of the neat coating was lost significantly. The gloss of the nanocomposite coating containing light
stabilizer, by contrast, was lost slightly. After 36 aging cycles, the gloss value of the ACPU, ACPU/SiO2,

and ACPU/SiO2-T coatings, remained at 83.3%, 92.5%, and 98.5%, respectively. For comparative study,
the gloss change in ACPU/SiO2-T coating was lower than that in ACPU-T coating.

119



J. Compos. Sci. 2020, 4, 23

 

Figure 7. Changes in gloss of the coatings under accelerated weathering aging condition.

3.5. Coating Abrasion Study

Figure 8 presents the abrasion resistance of the ACPU, ACPU/SiO2, and ACPU/SiO2-T coatings,
before and after 36 aging cycles.

As seen in Figure 8, adding 2 wt % nano-SiO2 to the paint formulation increased significantly the
abrasion resistance of coating from 130 to 240 lite/mil. When added 2 wt % T 384 and 1 wt % T 292,
the abrasion resistance of coating slightly decreased from 240 to 235 lite/mil. After 36 aging cycles,
the abrasion resistance of the neat coating reduced strongly (down to 38.46%), from 130 to 80 lite/mil.
However, the abrasion resistance of coating containing 2 wt % nano-SiO2 reduced slightly from 240 to
220 lite/mil (8.33%). Whereas in the case of ACPU/SiO2-T coating, reduction was only 2.12% (235 to
230 lite/mil) after aging test.

 

Figure 8. Values of abrasion resistance for coatings, before and after 36 cycles of aging.

As can be seen in Figure 8, addition of nano-SiO2, UV absorber T384, and light stabilizer HALS T292
into coating matrix significantly improved the weathering durability of the coating. As a complement
data, Figure 9 presents the UV-Vis spectra of aqueous solution containing nano-SiO2 (0.5 wt % dispersion),
ACPU, ACPU/SiO2, and ACPU/SiO2-T coatings.
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Figure 9. Ultraviolet-visible (UV-Vis) spectra of the various coating samples and the aqueous solution
of nano-SiO2.

As shown in Figure 9, the absorption of UV radiation was much lower (less effective) for the ACPU
coating, as compared to the ACPU/SiO2-T coating. In particular, the UV absorption of ACPU/SiO2-T
coating was the strongest among these coating samples. As expected, due to the UV absorption of
nano-SiO2, the polymer coating was protected under UV irradiation. Thus, the nanocomposite coating
containing 2 wt % SiO2 exhibited a smaller value in chemical change, leading lower loss in weight,
higher gloss, and better abrasion resistance than that of the ACPU coating.

These findings are consistent with the data reported by Yari et al. [18] for the photo-protective
effect of nano-SiO2 on acrylic melamine coating. Moreover, nano-SiO2 could also react with isocyanate
groups [28] to form a tight organic-inorganic hybrid structure, which contributes to preventing the
invasion of external environmental factors [29], leading the coating to reduce its degradation effectively.
By the presence of 2 wt % T 384 and 1 wt % T 292, the polymer coating is double-protected by the
combination of T 384 (as UV absorber) and T 292 (as free radical cleaner). In our previous paper [3],
we discussed their photo-protection mechanism. Consequently, ACPU/SiO2-T coating exhibited an
excellent weathering resistance after 36 testing cycles.

The obtained data indicate that incorporation of nanoparticles into the acrylic polyurethane
coating (with the presence of photostabilizers) enhances its weathering resistance.

4. Conclusions

The synergistic effects of nano-SiO2 and organic light stabilizers on enhancing the weathering
resistance of acrylic polyurethane coating have been investigated and discussed.

The main findings of this study are:

• The obtained data indicated that incorporation of nano-SiO2 in the acrylic polyurethane matrix
not only improved its mechanical property but also enhanced its weathering resistance.

• After 36 testing cycles, the remaining content of alkane CH groups was 51.6%, 68.6%, and 97.1%,
in the ACPU, ACPU/SiO2, and ACPU/SiO2-T coatings, respectively. In case of CNH groups,
their remained content was 25.4%, 52.1%, 93.5% in the ACPU, ACPU/SiO2, and ACPU/SiO2-T
coatings, respectively.

• After 36 aging cycles, the gloss remaining values of ACPU, ACPU/SiO2, and ACPU/SiO2-T
coatings, were 83.3%, 92.5%, and 98.5 %, respectively.

• After 36 aging cycles, the abrasion resistance of the ACPU coating reduced strongly (down to
38.46%), from 130 to 80 lite/mil. However, for ACPU/SiO2 coating, it reduced slightly from 240 to
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220 lite/mil (8.33%). In the case of ACPU/SiO2-T coating its reduction was only 2.12% (from 235 to
230 lite/mil) after aging test.

These enhancements could be explained by two possible reasons: (i) UV absorption of nanofillers
(nano-SiO2), could photo-protect the polymer coating, and (ii) a tight organic-inorganic hybrid structure
was formed under curing reactions. Besides, addition of organic light stabilizer into paint formulation
has provided excellent weathering resistance for the nanocomposite coating. These findings indicated
the promising application of this nanocomposite coating as a multi-functional durable material.
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Abstract: In this paper, the influence of layer thickness (LT), infill percentage (IP), and extruder
temperature (ET) on the maximum failure load, thickness, and build time of bronze polylactic acid
(Br-PLA) composites 3D printed by the fused deposition modeling (FDM) was investigated via an
optimization method. PLA is a thermoplastic aliphatic polyester obtained from renewable sources,
such as fermented plant starch, especially made by corn starch. The design of experiment (DOE)
approach was used for optimization parameters, and 3D printings were optimized according to
the applied statistical analyses to reach the best features. The maximum value of failure load and
minimum value of the build time were considered as optimization criteria. Analysis of variance
results identified the layer thickness as the main controlled variable for all responses. Optimum
solutions were examined by experimental preparation to assess the efficiency of the optimization
method. There was a superb compromise among experimental outcomes and predictions of the
response surface method, confirming the reliability of predictive models. The optimum setting for
fulfilling the first criterion could result in a sample with more than 1021 N maximum failure load.
Finally, a comparison of maximum failure from PLA with Br-PLA was studied.

Keywords: 3D printing; FDM method; bronze polylactic acid composite; response surface method

1. Introduction

Always, time and accuracy are the most important factors for engineering appliances [1–4].
Recently, novel manufacturing methods are enabled to solve many long-term processes, such as
molding and casting [5]. Additive manufacturing (AM) has been introduced for tackling this problem
with many applications for creating samples with high accuracy [6]. One of the most significant
approaches of AM methods is fused deposition modeling (FDM), which can create samples by 3D
printing technology (Figure 1) [7]. In this technology, a layer is generated by melting the polymer
with the printer head at a specific temperature [8–10]. In nature, many materials are renewable,
and polylactic acid (PLA) is one of them, which is normally produced from corn starch. Also, PLA is
a thermoplastic aliphatic polyester and is obtained from the sources of energy that aren’t evacuated
by consuming [11–13]. By combining PLA with flexible metal, such as bronze, the mechanical
properties of the composite may be improved [14]. The FDM method has also been served by many
researchers [15–17].
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Figure 1. Schematic of 3D printing by the fused deposition modeling [18].

For instance, the influence of layer thickness on ABSP 400 samples was investigated by
Padhi et al. [19]. Improving the quality of the parts made by two different methods was carried
out by Gardan et al. [20]. The agents of the layer thickness, filling speed, extrusion speed, and line
width on the built time and dimensions were investigated by Peng et al. [21]. Three responses were
converted by a fuzzy inference system to a single output. The response surface methodology (RSM)
was used to determine the relationship between four input parameters and comprehensive output.
MATLAB software was also used to implement fitness function in the genetic algorithm. The results
indicated that the proposed approach could effectively improve accuracy and efficiency in the FDM
process. Sajan et al. carried out a study to improve the surface quality made with acrylonitrile butadiene
styrene (ABS) filaments [22]. In this experiment, five parameters of the 3D printer were considered
as input parameters, such as the printing speed, layer thickness, and infill percentage. Also, for the
optimization of this experiment, they used the Taguchi method to reach the high quality of the
surface. Results showed that the quality of the surface was improved in the XY and XZ planes.
Gautam et al. [23] studied the compressive effect of ABS Kagome truss unit cell manufactured by the
FDM. The properties of carbon-fiber-reinforced plastic (CFRP) manufactured composite parts were
studied by Ning et al. [24]. They used the FDM method for fabricating CFRP composites, and the
carbon fiber was added to composites filaments. In most traditional manufacturing methods, such as
plastic molding [25–27], the tensile strength is acceptable due to the cohesion of materials. However,
as one of the major disadvantages of additive manufacturing, they may result in weaker mechanical
properties (electrical and thermal conductivity, optical transparency, and strength of printed parts).
This paper attempted to improve the mechanical properties of FDM components by modifying the
input parameters as well as using the design of experiment (DOE) method.

In the current research, the composite samples were produced by FDM 3D printing bronze
polylactic acid (Br-PLA). Br-PLA tensile test sample was used to investigate the effects of the layer
thickness, infill percentage, extruder temperature, and their interactions on mechanical properties,
maximum failure load, thickness, build time of parts based on the DOE method. The main objective
of this study was to fine-tune controlled variables to produce tough Br-PLA specimens, reduce part
thickness, and shorten the build time of the printed parts. The build time data were recorded after
printing the specimens by a digital timer. The tensile strength test determined the maximum failure
load and elongation at break. Design-Expert V8 software was utilized for the statistical analysis of
experimental data via the response surface method (RSM). The research objective was achieved by RSM
and validated by experimental tests. Validation of the statistical model was confirmed by comparing
the similar results with experimental data. Finally, the comparison of maximum failure from PLA with
Br-PLA was investigated.

2. Experimental Design and Methodology

2.1. Response Surface Method

In the AM, the response surface methodology (RSM) is a superb opportunity for recognizing a
connection between the input and output parameters. In this study, based on three input parameters
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(layer thickness, infill percentage, extruder temperature) and three output parameters (maximum
failure load, thickness, and build time of parts), an experimental investigation was carried out to create
some 3D samples by using the RSM with least structure defects. Also, the statistical analysis was
carried out on experimental data using the Design-Expert V8 software. The statistical analysis was
designed based on the central composite design (CCD) full replication with three factors on five levels.
Table 1 illustrates the levels of controlled factors. The designed experiments and results of tests are
shown in Table 2.

Table 1. Levels of independent variables.

Variable Symbol Unit
Levels

−2 −1 0 1 2

Layer thickness (LT) LT mm 0.15 0.25 0.35 0.45 0.55
Infill percentage (IP) IP % 15 25 35 45 55

Extruder temperature (ET) ET C 190 205 220 235 250

Table 2. Design matrix and experiments results.

R
u

n

Input Variables Output Responses

Layer
Thickness

(mm)

Infill
Percentage

(%)

Extruder
Temperature

(◦C)

Maximum
Failure Load

(N)

Thickness
(μm)

Build Time
(min)

Elongation
at Break

(mm)

Type of
Fracture

1 0.25 45.00 235.00 1015 1249 36 2.24 Brittle
2 0.35 35.00 220.00 1025 1255 36 2.48 Tough
3 0.45 45.00 235.00 1022 1258 37 2.35 Brittle
4 0.35 15.00 220.00 1018 1252 36 2.26 Brittle
5 0.15 35.00 220.00 805.8 521 25 1.50 Brittle
6 0.35 35.00 220.00 1020 1256 35 2.25 Brittle
7 0.35 35.00 220.00 1018 1255 36 2.20 Brittle
8 0.45 25.00 235.00 1026 1258 36 2.64 Brittle
9 0.35 55.00 220.00 1017 1247 36 3.45 Tough
10 0.35 35.00 220.00 1019 1256 35 2.13 Brittle
11 0.25 45.00 205.00 875 860 29 1.65 Brittle
12 0.35 35.00 220.00 1014 1247 34 2.53 Tough
13 0.45 25.00 205.00 862 905 30 1.40 Brittle
14 0.45 45.00 205.00 882 910 31 1.52 Brittle
15 0.25 25.00 235.00 895 917 32 1.89 Brittle
16 0.35 35.00 220.00 1024 1257 36 2.75 Brittle
17 0.25 25.00 205.00 981 923 33 2.26 Brittle
18 0.35 35.00 250.00 1030 1270 39 2.55 Tough
19 0.35 35.00 190.00 1017 1254 36 2.40 Tough
20 0.55 35.00 220.00 1025 1272 38 2.25 Brittle

2.2. Experimental Work

The mixture of two proper materials in the production of many composites has widely been
used [28–35]. Mixed material has been detected to be effective in the 3D printing by a known approach,
such as FDM. PLA is made from natural content with renewable features and also has good mechanical
properties, which is noticed by many people who are environmental activists and persist in preventing
many plastic products.

Simplify3D software was used to adapt the build parameters of samples. Simplify3D consists of an
incredibly realistic pre-print simulation that allows checking the correct performance of the 3D printer
before starting the printing process. The simulation contains information relating to the exact speeds,
sequences, and settings, which are utilized for the printing. The tensile test sample was designed based
on international standard ISO 527-2 by Solidworks software and imported in Simplify3D. Table 3
indicates definitions of FDM build parameters and shows fixed parameters that were kept constant for
all experiments. The geometrical dimensions and internal pattern of the sample are represented in
Figure 2. The machine used to print the samples was Sizan 3 (made in Sizan Pardazesh Kavir Company,
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Isfahan, Iran). Br-PLA filament (Kexcelled made in Hatchbox, Pomona, LA, USA) was installed on a
specific part of the printer, and the filament was placed between two rollers and nozzle. By setting
three input parameters on the printer, two rollers conducted the filament, and heating elements melted
the materials. Then, the pressure was created by the rollers to push the half-melted material and
deposit the first layer. The platform moved down and allowed the nozzle to print the next layers freely
on the plane.

Table 3. FDM fixed parameters of the research.

No Build Parameters Definition Unit Value

1 Nozzle diameter The diameter of the extruder nozzle. mm 0.45

2 Extrusion width The desired single-outline width of the plastic extrusion. mm 0.45

3 Build orientation The angle between the central axis of the part and the
horizontal direction. Degree 45

4 Top solid layer Number of solid layers required at the top of the part. - 6

5 Bottom solid layers Required number of solid layers at the bottom of the part. - 6

6 Default printing
speed

Initial speed used for all printing movements
(modification may be added for cooling or

outline underspeed).
mm/min 3600

7 Retraction speed Extruder speed for the retraction movements typically
uses the highest speed the extruder can support. mm/min 1800

8 Outline overlap Percentage of extrusion width that will overlap with
outline perimeters (ensures infill bonds to outline). % 15

Figure 2. Cont.
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Figure 2. Geometrical dimensions and internal features of the sample. (a) 3D printing of bronze
polylactic acid (Br-PLA) samples, (b) 3D printed samples, (c) 3D printing of polylactic acid (PLA)
samples [18], (d) dimensions of the tensile test sample according to ISO 527-2.

The build time was measured by a digital timer after the printing of each sample; the maximum
failure load was determined by the tensile strength test. The tensile strength tests were carried out with
a universal testing machine based on ASTM D638 (ASTM International, Conshohocken. PA, USA).
The brittle fracture of the samples (PLA and Br-PLA) on the universal testing machine is represented in
Figure 3. Figure 4 also shows extension-force diagrams of samples #2 and #5. The results showed that
the behavior of samples under load could be classified as a brittle and tough fracture. Almost 80%
of the results in the design matrix had brittle fracture because PLA is relatively brittle under tensile
loading. The fracture of brittle samples occurred at the elastic limit, while tough specimens showed the
ability to undergo a low degree of plastic deformation before fracture. Therefore, samples with higher
maximum failure load and elongation at the break had a tough fracture. However, a sudden brittle
fracture is usually observed in samples at the elastic limit and in a lower failure load. Also, in the
previous study [18], extruder temperature (230 ◦C), infill percentage (16.86%), and layer thickness
(0.23 mm) were selected as controlled parameters by optimum settings for PLA printed parts, and,
in this study, the failure load was compared with Br-PLA.

Figure 3. (a) Brittle fracture of the specimen (sample #12 Br-PLA), (b) Brittle fracture of the optimum
PLA specimen, (c) fracture of #1 to #6 samples.
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Figure 4. Extension-force diagrams of (a) sample #2 and (b) sample #4.

3. Results and Discussion

For improving the quality of the experiments and reducing the tests, the DOE approach was
utilized. This method could be a link between input and output parameters with a logical and physical
condition resulting from the primary experiment. For each of 20 samples in the first level of the
experiment, the maximum failure load, thickness, and build time were measured. Design Expert
V08 software, based on the regression equations and ANOVA table, sorted parameters for each
output. In this stage of the experimental study, the results of the output parameters were analyzed.
This composite was more flexible than the 3D printed PLA materials, but the failure load in the Br-PLA
was less than PLA.

3.1. Maximum Failure Load

The ANOVA table showed that the layer thickness was the dominant controlled variable for
the maximum failure load. Extruder temperature and infill percentage were also significant. Table 4
demonstrates the ANOVA results of the maximum failure load.

Table 4. Analysis of variance (ANOVA).

Source Sum of Squares Degrees of Freedom (DF) Mean Square F Value p-Value

Model 4.22 × 1013 7 6.02 × 1012 5.972742 0.0155
LT 8.95 × 1011 1 8.95 × 1011 0.887652 0.3775
IP 1.16 × 1012 1 1.16 × 1012 1.150847 0.3190
ET 7.56 × 1011 1 7.56 × 1011 0.750007 0.4152

LT × IP 9.67 × 1012 1 9.67 × 1012 9.593505 0.0174
LT × ET 7.71 × 1012 1 7.71 × 1012 7.643659 0.0279

LT2 1.41 × 1013 1 1.41 × 1013 13.96848 0.0073
ET2 1.65 × 1013 1 1.65 × 1013 16.36513 0.0049

Residual 7.06 × 1012 7 1.01 × 1012

Cor Total 4.92 × 1013 14

Adj R-Squared = 0.7131 R-Squared = 0.8565

Equation (1) is a predictive model of maximum failure load in terms of coded factors. Also,
Equation (2) shows a predictive model of maximum failure load with respect to the actual values.

(Maximum Failure Load)2.32 = 9250115 + 473024.5 LT − 538606 IP + 434805.5 ET
+4398413 LT × IP + 3926069 LT × ET − 3412710 LT2 − 3693896 ET2 (1)

(Maximum Failure Load)2.32 = − 1.4 × 108 − 1.2 × 108 LT − 411791 IP + 1591377 ET
+ 1099603 LT × IP + 654344.9 LT × ET − 8.5 × 107 LT2 − 4104.33 ET2 (2)
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The developed equation was useful to determine the relative significance of factors by comparing
the factor coefficients. Also, Figure 5 shows the perturbation plot of the maximum failure load.
The perturbation plot helped to compare the effect of all factors in the central point in the design
space, as illustrated in Figure 5. The maximum failure load was plotted by changing only a factor
over its range, while other factors were kept constant. Lines A, B, and C showed the sensitivity of
maximum failure load to layer thickness, infill percentage, and extruder temperature, respectively.
The perturbation plot disclosed increasing layer thickness and extruder temperature parameters that
resulted in an increase in the mechanical strength of specimens. In addition, the plot showed that the
maximum failure load depended almost equally on the extruder temperature. Figure 6a demonstrates
the effects of the layer thickness and infill percentage on the maximum failure load. The IP had a very
specific role in flexibility and tensile strength because by increasing the IP, the structure of 3D parts
went to denser structure with lower porosity. Therefore, samples printed by high IP could resist the
great tensile load, even though these samples did not have good flexibility properties. A 3D surface
plot of maximum failure load with respect to the layer thickness and extruder temperature is shown
in Figure 6b. It is clear that thinner samples under dramatic forces could not resist much. Figure 7
indicates the normal probability plot of the residuals to check for normality of residuals. The normal
probability plot indicated whether residuals followed a normal distribution; in this case, the points
followed a straight line. Some moderate scattering was also expected even with normal data.

Figure 5. Perturbation plot of the maximum failure load.

Figure 6. Cont.
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Figure 6. 3D surface plot of the maximum failure load with (a) infill percentage and layer thickness;
(b) extruder temperature and layer thickness; (c) infill percentage and extruder temperature.

Figure 7. The normal plot of residuals of the maximum failure load.

3.2. Build Time

The ANOVA table revealed that Infill IP and IP2 of the printer were the most significant controlled
variables for the build time. Table 5 demonstrates the ANOVA analysis for the build time. Equations (3)
and (4) represent the final regression equation based on the coded values and actual values for the
build time:

(Build Time)−3 = 2.24976 × 10−5 − 1.20444 × 10−5 IP − 2.51081× 10−7 ET
+ 3.00044 × 10−5 IP2 − 1.27876 × 10−5 ET2 (3)

(Build Time)−3 = −0.000548983 − 5.85298 × 10−6 IP + 6.24335 × 10−6 ET
+ 7.50109 × 10−8 IP2 − 1.42085 × 10−8 ET2 (4)

Regression equations’ terms had superb advantages in this study because many reasons, such as
coded equation, could provide a suitable perception to physical parameters. Here, in the build time,
LT, LP, and ET had a significant effect on the 3D printed samples. Due to Table 5, it was clear that LT
was not very effective than either parameter and had a steady change. Results showed that when
the IP rose, the built time increased. Also, when the ET rose, the built time reduced (Figure 8c) too.
The probability plot in Figure 9 showed the residuals to illustrate the normality of residuals. In this
diagram, the trend of the normal distribution in some particular samples was applied in a direct line.
When the normal distribution became stable, the model was suitable for the build time, and it was
clear that the normal distribution was close to the direct line.
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Table 5. Analysis of variance (ANOVA).

Source Sum of Squares Df Mean Square F Value p-Value

Model 2.54 × 10−9 5 5.09 × 10−10 10.81049 0.0013
IP 5.8 × 10−10 1 5.8 × 10−10 12.33532 0.0066
ET 2.52 × 10−13 1 2.52 × 10−13 0.005361 0.9432
IP2 1.09 × 10−9 1 1.09 × 10−9 23.14339 0.0010
ET2 1.98 × 10−10 1 1.98 × 10−10 4.203745 0.0706

Residual 4.23 × 10−10 9 4.7 × 10−11

Cor Total 2.97 × 10−9 14

R-Squared = 0.7779 Adj R-Squared = 0.8572

Figure 8. 3D surface plot of the build time with (a) infill percentage and layer thickness; (b) extruder
temperature and layer thickness; (c) infill percentage and extruder temperature.
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Figure 9. The normal plot of residuals of the build time.

3.3. Thickness

Table 6 depicts the ANOVA output and input parameters outcome for one of the important and
significant features of samples. It could be found that LT and ET were the most effective variables.
Part thickness’ predictive model in terms of coded factors and actual amounts are represented in
Equations (5) and (6), respectively.

(Thickness)0.86 = 340.4628 + 97.46882 LT − 5.40253 IP − 58.3206 ET − 210.432 IP × ET (5)

(Thickness)0.86 = −3285.51 + 4990.265 LT + 64.80622 IP + 15.92595 ET − 0.35072 IP × ET (6)

Table 6. Analysis of variance (ANOVA).

Source Sum of Squares Df Mean Square F Value p-Value

Model 94,256.12 7 13,465.16 4.82262 0.0274
LT 38,000.68 1 38,000.68 13.61015 0.0078
IP 116.7494 1 116.7494 0.041814 0.8438
ET 13,605.18 1 13,605.18 4.872769 0.0630

IP × ET 22,140.75 1 22,140.75 7.929828 0.0259
Residual 19,544.59 7 2792.084
Cor Total 113,800.7 14

Adj R-Squared = 0.6565 R-Squared = 0.8282

The excellent R-squared and adjusted R-squared of the predictive model confirmed that the
model was immensely reliable. As shown in Figure 10a, by raising the infill percentage, the amount of
the thickness increased. Figure 10b revealed that with raising the layer thickness and the extruder
temperature, the thickness increased. The reason for this phenomenon was that when ET and LT grew
up, the material printed rose. That is because the LT always equated with more material injection.
Therefore, the amount of thickness increased. Figures 11 and 12 show the perturbation plot and normal
plot of residuals of the thickness, respectively.
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Figure 10. 3D surface plot of the maximum width with (a) infill percentage and layer thickness;
(b) extruder temperature and layer thickness; (c) infill percentage and extruder temperature.

Figure 11. Perturbation plot of the maximum width.
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Figure 12. The normal plot of residuals of thickness.

4. Numerical Optimization

In this study, for the sake of numerical optimization, three criteria were evaluated. Three criteria of
these experiments are shown in Table 7. Table 8 shows the predicted optimum results and experimental
validation for Br-PLA 3D printing samples. Some parameters of physical and mechanical properties
were considered as output parameters because it is essential for manufacturing samples with good
conditions, such as proper resist from tensile strengths and adequate thickness. The optimization
method provided an efficient condition to produce these samples. As a matter of fact, the suitable
portion of each material was very important in the composite structure. Br-PLA consisted of two
phases with a ratio of 35% to 65%, wherein the variation of the 3D printing input parameters played an
important role in producing samples without any defects. The strong samples with the least deformation
were the main goal of this article. Based on Table 8, the predicted optimum results and experimental
validation were very close together and showed slight errors between them. Overly diagram in
Figure 13 illustrates two parts of optimization in which substantial region in input parameters was
relevant by output parameters. It means that the variation of each parameter had a significant role
in output results. Also, in Figure 14, the results for the higher tensile strength in optimum samples
are shown. In a previous study [18], in the PLA 3D printing samples, the maximum failure load was
reported more than Br-PLA samples because the composite structure had the more particle’s space,
while, in Br-PLA, the metal component took up more space than PLA structure. Therefore, the PLA
parts had more resistance in the tensile strength test.

Table 7. Constraints and criteria of input parameters and responses.

Parameters/Responses Name Goal
Lower
Limit

Upper
Limit

Lower
Weight

Upper
Weight

Importance

Pa
ra

m
et

er
s Layer thickness is in rang 0.15 0.55 1 1 -

Infill percentage is in rang 15 55 1 1 -
Extruder temperature is in rang 190 250 1 1 -

R
es

po
ns

es C
ri

te
ri

a
1 Maximum failure load maximize 711.2 1066.8 1 1 5

Maximum width is in rang 429.5 1420.32 1 1 3
Build time minimize 25 52 1 1 5

C
ri

te
ri

a
2 Maximum failure load maximize 711.2 1066.8 1 1 3

Maximum width maximize 429.5 1420.32 1 1 3
Build time minimize 25 52 1 1 2

C
ri

te
ri

a
3 Maximum failure load maximize 711.2 1066.8 1 1 2

Maximum width maximize 429.5 1420.32 1 1 3
Build time minimize 25 52 1 1 5
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Table 8. Predicted optimum results and experimental validation.

Solution

Optimum Input Parameters
Desirability

Output Responses

LT IP ET
Maximum Failure Load

(N)
Thickness

(μm)
Build Time

(min)

1 0.23 15.15 222.73 0.97
Actual 1016 1247 36

Predicted 950 1110 34
Error% 6.49 10.98 5.55

2 0.2 15.15 219.13 0.85
Actual 1007 1234 34

Predicted 944 1099 33
Error% 6.25 10.94 2.94

3 0.25 15.20 222.82 0.78
Actual 1021 1257 36

Predicted 1013 1237 35
Error% 0.78 1.59 2.77

Figure 13. Overlay plot of 3D printing optimization with (a) infill percentage and extruder temperature;
(b) extruder temperature and layer thickness.
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Figure 14. Extension-force diagram of the specimen for solution 3.

5. Comparison of PLA and Br-PLA 3D Printed Samples

In this part, the comparison of PLA and Br-PLA 3D printed samples were investigated.
From Section 4, which is related to the extension-force result of the specimen for solution 3 of
Br-PLA composite and also PLA optimum sample in the previous study [18], respectively, it was clear
that the tensile strength of PLA was higher than the Br-PLA composite. This phenomenon happened
because of two reasons. Firstly, when the Br-PLA composite parts were printed, the infill percentage
was less than PLA printed parts in the constant situation and input parameters. The second reason was
that PLA is a single material and has the good connection between its particles, whereas, in the Br-PLA
sample, because two materials are used, the connection of particles are weaker than PLA sample,
but the flexibility of the Br-PLA part is higher than the PLA part [36].

6. Conclusions

FDM 3D printing method for producing the Br-PLA samples was improved by the DOE approach
and considering the significant input parameters (infill percentage, extruder temperature, and layer
thickness) for each output parameter (maximum failure load, build time, and sample thickness). In the
continuation of the article, some of the conclusions are mentioned:

(1) The results showed that the mechanical properties (maximum failure load) of the samples
improved as the layer thickness increased because the higher layer thickness could resist a more
tensile load.

(2) Results indicated that when the infill percentage increased, the mechanical properties of pieces
improved because of the increase in the adhesion of components.

(3) The optimized printed Br-PLA specimen with a layer thickness of 0.25 mm, 15.20 infill percentage,
and 222.82 ◦C extruder temperature could resist more than 1000 N.

(4) For producing a suitable sample with good mechanical and economical features, middle extruder
temperatures and low infill percentages must be considered. Because in the Br-PLA 3D samples,
the heavy and rough samples might not be used very much, and the heavier samples are costly.

(5) In the PLA 3D printing samples, the maximum failure load was reported more than Br-PLA
samples, and that is because the composite structure has the more particle’s space, and in Br-PLA,
the metal component takes up more space than PLA structure.
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Abstract: In this paper, a new four-variable refined shell theory is developed for free vibration analysis
of multi-layered functionally graded carbon nanotube-reinforced composite (FG-CNTRC) doubly
curved shallow shell panels. The theory has only four unknowns and satisfies zero stress conditions at
the free surfaces without correction factor. Five different types of carbon nanotube (CNTs) distribution
through the thickness of each FG-CNT layer are considered. Governing equations of simply supported
doubly curved FG-CNTRC panels are derived from Hamilton’s principle. The resultant eigenvalue
system is solved to obtain the frequencies and mode shapes of the anti-symmetric cross-ply laminated
panels by using the Navier solution. The numerical results in the comparison examples have
proved the accuracy and efficiency of the developed model. Detailed parametric studies have been
carried out to reveal the influences of CNTs volume fraction, CNTs distribution, CNTs orientation,
dimension ratios and curvature on the free vibration responses of the doubly curved laminated
FG-CNTRC panels.

Keywords: free vibration analysis; doubly-curved shell and panel; nano-composites; functionally
graded carbon nanotube-reinforced composite (FG-CNTRC); four-variable refined shell theory

1. Introduction

Functionally graded carbon nanotube-reinforced composites were first proposed by Shen [1]
and have been widely accepted as a new advanced material. In functionally graded carbon
nanotube-reinforced composite (FG-CNTRC) structures, the CNTs are assumed to be distributed
and functionally graded with certain rules along the desired direction to improve the mechanical
properties of the structures. Due to the curvature effect, doubly curved shell structures possess
increased structural stiffness as compared to flat ones. Therefore, doubly curved shells are often
employed to fabricate structural elements of modern constructions made of advanced materials in
various engineering disciplines such as aerospace, civil, marine and mechanical engineering. It is thus
significant and very meaningful to explore the mechanical response of doubly curved shells made of
laminated FG-CNTRC.

Due to its simplicity and effectiveness, the equivalent single-layer model is used for multi-layer
composite materials. Among the equivalent single layer models, the model based on the classical
theory (CPT) [2] only provides accurate results for the thin shell because it completely neglects the
effect of shear deformation. To overcome the limitations of CPT, the model based on the first-order
shear deformation theory (FSDT) [3] takes into account the shear deformation effects and provides
relatively accurate results for both thin and moderately thick shells, but it has to use shear correction
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factor. Therefore, the model based on the higher-order shear deformation theory (HSDT) [4–6] is often
desirable. However, it is not convenient to use HSDT because the equations of motions based on
HSDT are complicated and difficult to solve. Therefore, the development of simple HSDT is needed.
In addition to these, a four-variable deformation theory [7–11] has been developed and applied recently.
In this theory model, the transverse shear stresses are satisfied to be parabolic and to be zero on free
surfaces. Furthermore, it has only four unknowns, thus the governing equations can be reduced to four.

Based on the above-mentioned theories, various studies have been done to investigate the bending,
buckling and vibration responses of FG-CNTRC shells and panels. Using the third-order shear
deformation theory, Mehrabadi and Aragh [12] investigated static behavior of FG-CNTRC cylindrical
shells. Aragh et al. [13] and Yas et al. [14] studied free vibration of FG-CNTRC cylindrical panels.
Alibeigloo [15] analyzed the free vibration behavior of the FG-CNTRC cylindrical panel embedded in
piezoelectric layers based on the three-dimensional theory of elasticity and the state-space technique.
Lei et al. [16] presented the first-known dynamic stability of FG-CNTRC cylindrical panels under
static and periodic axial force. Rasool el al. [17] analyzed the stress wave propagation of FG-CNTRC
cylinders subjected to an impact load by using an element-free method. In [18], Shen and Zhang
investigated thermal post-buckling of FG-CNTRC cylindrical shells subjected to a uniform temperature
rise. Based on a HSDT with a von Kármán-type of kinematic nonlinearity, Shen [19] presented the
thermal post-buckling and torsional post-buckling of FG-CNTRC cylindrical shells. Furthermore, Shen
and Xiang also performed research on nonlinear vibration [20], and post-buckling [21] behavior of
FG-CNTRC cylindrical shells in the thermal environment. A post-buckling analysis of FG-CNTRC
cylindrical panels subjected to axial compression was also presented by Liew et al. [22]. In this study, Liew
et al. used a meshless approach and arc-length method combined with the modified Newton–Raphson
method to trace the post-buckling path. Using the element-free kp-Ritz method, Lei et al. [23]
investigated free vibration of FG-CNTRC rotating cylindrical panels. Based on the generalized
differential quadrature method (GDQM)and the finite element (FE) method, Tornabene et al. [24] and
Thomas et al. [25], respectively, investigated free vibration of FG-CNT-reinforced laminated composite
doubly curved shells.

The purpose of this paper is to develop a new four-variable refined shell theory for free vibration
analysis of multi-layered functionally graded carbon nanotube-reinforced composite doubly curved
panels. The present theory has only four unknowns but it satisfies the stress-free boundary conditions
on the top and bottom surface without using shear correction factors. The distribution of the carbon
nanotube (CNT) through the thickness of each layer may be functionally graded or uniformly
distributed. The resultant eigenvalue system is solved to obtain the frequencies and mode shapes of
the anti-symmetric, cross-ply laminated panels by Navier solution. The accuracy of the presented
formulation is investigated by comparing the obtained natural frequencies with existing results in the
literature. Also, a novelty parameter study of the laminated FG-CNTRC doubly-curved panels of
which the geometrical parameters, CNTs distributions, the volume fraction of CNTs, as well as the
number of layers are also reported in detail.

2. Theoretical Formulations

2.1. Description of the Model

As shown in Figure 1, a doubly curved FG-CNTRC shell panel in the orthogonal curvilinear
coordinate system (x, y, z) is considered as the modal analysis. The panel has curvilinear length a in
the x-direction, curvilinear width b in the y-direction, thickness h in the z-direction. In the middle
surface of the panel, the principal radii of curvature, denoted by Rx and Ry, are assumed as constants.
This results in unit Lamé parameters. Here, four special kinds of the doubly curved shell panels are
investigated such as plate (PLA, Rx = Ry =∞), cylindrical (CYL) panel (Rx = R and Ry =∞), spherical
(SPH) panel (Rx = Ry), and hyperbolic paraboloid (HPR) panel (Rx = −Ry).
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Figure 1. Schematic of the laminated functionally graded carbon nanotube-reinforced composite
(FG-CNTRC) doubly curved panel.

2.2. Material Properties of Functionally Graded Carbon Nanotube-Reinforced Composite

In the present study, the lamina is assumed to be perfectly bonded at layer interfaces. As shown
in Figure 2, five types of functionally graded distributions of CNTs in each layer are taken into
consideration, named as UD, FG-A, FG-V, FG-X and FG-O.

Figure 2. Configurations of the FG-CNTRC panels: (a) UD; (b) FG-A; (c) FG-V; (d) FG-X; (e) FG-O.

For these cases, the CNT volume fractions are given as [26]:

UD : VCNT(z) = V∗CNT;

FG−V : VCNT(z) = 2V∗CNT
z−zk

zk+1−zk
;

FG−A : VCNT(z) = 2V∗CNT
zk+1−z
zk+1−zk

;

FG−O : VCNT(z) = 2V∗CNT

(
1− |2z−zk−zk+1|

zk+1−zk

)
;

FG−X : VCNT(z) = 2V∗CNT

( |2z−zk−zk+1|
zk+1−zk

)

(1)

where zk and zk+1 are the coordinates of the k-th layer to the reference plane (z = 0). V∗CNT is the given
volume fraction of CNTs and can be calculated as:

V∗CNT =
wCNT

wCNT + (ρCNT/ρm) − (ρCNT/ρm)wCNT
(2)
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in which, wCNT is the mass fraction of the carbon nanotube, ρm and ρCNT are mass densities of the
matrix and the CNT, respectively. The effective material properties of FG-CNTRC of each layer can be
expressed by the extended rule of the mixture as follows [27]:

E11(z) = η1VCNT(z)ECNT
11 + Vm(z)Em

η2
E22(z)

=
VCNT(z)

ECNT
22

+
Vm(z)

Em ;

η3
G12(z)

=
VCNT(z)

GCNT
12

+
Vm(z)

Gm ;

ρ(z) = VCNT(z)ρCNT + Vm(z)ρm;

ν12 = V∗CNTν
CNT
12 + Vm(z)νm

(3)

where ECNT
11 , ECNT

22 , Em and GCNT
12 , Gm are the Young’s moduli and shear modulus of CNT and matrix;

η1, η2 and η3 are CNT/matrix efficiency parameters; VCNT(z) and Vm(z) are volume fractions of CNT
and matrix, and are related by VCNT(z) +Vm(z) = 1; vCNT

12 and vm are Poisson’s ratio of CNT and matrix.

2.3. Kinematic Relations

This work aims to establish a new shear deformation shell theory. The main idea of the present
theory comes from the four-variable refined theory [8,9,11,28,29]. According to assumptions of
various four-variable refined theories, the transverse displacement w is partitioned into the bending
component wb and shear component ws, the in-plane displacements u and v are also partitioned into
the extension component u0, v0, the bending component ub, vb, and shear component us, vs. Therefore,
the displacement field in the doubly curved shell space can be expressed as follows:

u(x, y, z, t) =
(
1 + z

Rx

)
u0(x, y, t) − z∂wb(x,y,t)

∂x − f (z) ∂ws(x,y,t)
∂x

v(x, y, z, t) =
(
1 + z

Ry

)
v0(x, y, t) − z∂wb(x,y,t)

∂y − f (z) ∂ws(x,y,t)
∂y

w(x, y, z, t) = wb(x, y, t) + ws(x, y, t)

(4)

where u0, v0 denote the displacements along x and y coordinate directions of the corresponding point on
the reference surface; wb and ws are the bending and shear components of the transverse displacement,
respectively; f (z) represents shape function determining the distribution of the transverse shear strains
and stresses along the thickness. By the same methodology, in the previous study [29], we proposed
a new shape function f (z) as follows:

f (z) = z
[
−1

8
+

3
2

( z
h

)2
]

(5)

Detail steps to construct this shape function for shell panels are listed in Appendix A.
The strains associated with the displacement field in Equation (4) are:

εxx = 1
1+z/Rx

[
ε0

x + zκb
x + f (z)κs

x

]
;

εyy = 1
1+z/Ry

[
ε0

y + zκb
y + f (z)κs

y

]
;

γxy = 1
1+z/Rx

[
γ0

xy + zκb
xy + f (z)κs

xy

]
+ 1

1+z/Ry

[
γ0

yx + zκb
yx + f (z)κs

yx

]
;

γxz =
1

1+z/Rx
g(z)γs

xz;
γyz =

1
1+z/Ry

g(z)γs
yz

(6)
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where:
ε0

x =
(
∂u0
∂x +

wb
Rx

+ ws
Rx

)
; γ0

xy = ∂v0
∂x ;

ε0
y =

(
∂v0
∂y +

wb
Ry

+ ws
Ry

)
; γ0

yx = ∂u0
∂y ;

kb
x =

(
1

Rx

∂u0
∂x −

∂w2
b

∂x2

)
; κb

y =
(

1
Ry

∂v0
∂y −

∂w2
b

∂y2

)
;

κb
xy =

(
1

Ry

∂v0
∂x −

∂w2
b

∂x∂y

)
; κb

yx =
(

1
Rx

∂u0
∂y −

∂w2
b

∂x∂y

)
;

ks
x = −∂2ws

∂x2 ; ks
y = −∂2ws

∂y2 ; κs
xy = ∂2ws

∂x∂y ; κs
yx = − ∂2ws

∂x∂y ;

γxz =
1

1+z/Rx
g(z) ∂ws

∂x ; g(z) = (1− f ′(z));

γyz =
1

1+z/Rx
g(z) ∂ws

∂y

(7)

The constitutive relation for an individual layer can be determined by the generalized Hooke’s
law, namely [30,31]: ⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

σk
xx
σk

yy
τk

yz
τk

xz
τk

xy

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭
=

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

Q
k
11 Q

k
11 0 0 Q

k
16

Q
k
12 Q

k
22 0 0 Q

k
26

0 0 Q
k
44 Q

k
45 0

0 0 Q
k
45 Q

k
55 0

Q
k
16 Q

k
26 0 0 Q

k
66

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

εxx
εyy
γyz
γxz
γxy

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭
(8)

where Q
k
ij are the transformed material constraints expressed in terms of material constants:

Q
k
11 = Q11 cos4 θk + 2(Q12 + 2Q66) sin2 θk cos2 θk + Q22 sin4 θk;

Q
k
12 = (Q11 + Q22 − 4Q66) sin2 θk cos2 θk + Q12

(
sin4 θk + cos4 θk

)
;

Q
k
22 = Q11 sin4 θk + 2(Q12 + 2Q66) sin2 θk cos2 θk + Q22 cos4 θk;

Q
k
16 = (Q11 −Q12 − 2Q66) sinθk cos3 θk + (Q12 −Q22 + 2Q66) sin3 θk cosθk;

Q
k
26 = (Q11 −Q12 − 2Q66) sin3 θk cosθk + (Q12 −Q22 + 2Q66) sinθk cos3 θk;

Q
k
66 = (Q11 + Q22 − 2Q12 − 2Q66) sin2 θk cos2 θk + Q66

(
sin4 θk + cos4 θk

)
;

Q
k
44 = Q44 cos2 θk + Q55 sin2 θk;

Q
k
45 = (Q55 −Q44) cosθk sinθk;

Q
k
55 = Q55 cos2 θk + Q44 sin2 θk.

(9)

in which, Qij are the plane stress-reduced stiffnesses defined in terms of the engineering constants in
the material axes of the layer. For each CNT layer:

Q11 =
E11(z)

1−ν12ν21
; Q12 =

ν12E22(z)
1−ν12ν21

; Q22 =
E22(z)

1−ν12ν21
;

Q44 = G23(z); Q55 = G13(z); Q66 = G12(z)
(10)

145



J. Compos. Sci. 2019, 3, 104

2.4. Governing Equations

Hamilton’s principle is used herein to derive the equations of motion. In the absence of external
forces, the principle can be stated in the analytical form as [32]:

∫ t2

t1

(δU − δK)dt = 0 (11)

where δU is the variation of the strain energy, δK is the variation of the kinetic energy, t1 and t2 are
arbitrary time variables. The strain energy of the plate can be calculated as:

U = 1
2

a∫
0

b∫
0

h/2∫
−h/2

(
σxxεxx + σyyεyy + τxyγxy + τxzγxz + τyzγyz

)(
1 + z

Rx

)(
1 + z

Ry

)
dzdydx

= 1
2

a∫
0

b∫
0

(
Nxxε0

xx + Nyyε0
yy + Nxyγ0

xy + Nyxγ0
yx + Mb

xxκ
b
xx + Mb

yyκ
b
yy + Mb

xyκ
b
xy + Mb

yxκ
b
yx+

Ms
xxκ

s
xx + Ms

yyκ
s
yy + Ms

xyκ
s
xy + Ms

yxκ
s
yx + Qysγs

yz + Qxsγs
xz

)
dxdy

(12)

where stress resultants (N, M and Q) are defined by:

⎧⎪⎪⎪⎨⎪⎪⎪⎩
Nxx

Nxy

Qxs

⎫⎪⎪⎪⎬⎪⎪⎪⎭ =
n∑

k=1

∫ zk+1
zk

(
1 + z

Ry

)⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
σk

xx
σk

xy
τk

xz

⎫⎪⎪⎪⎪⎬⎪⎪⎪⎪⎭dz;

⎧⎪⎪⎪⎨⎪⎪⎪⎩
Nyy

Nyx

Qys

⎫⎪⎪⎪⎬⎪⎪⎪⎭ =
n∑

k=1

∫ zk+1
zk

(
1 + z

Rx

)⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
σk

yy
σk

yx
τk

yz

⎫⎪⎪⎪⎪⎬⎪⎪⎪⎪⎭dz;

{
Mb

xx
Mb

xy

}
=

n∑
k=1

∫ zk+1
zk

(
1 + z

Ry

){ σk
xx
σk

xy

}
zdz;

{
Mb

yy
Mb

yx

}
=

n∑
k=1

∫ zk+1
zk

(
1 + z

Rx

){ σk
yy
σk

yx

}
zdz;{

Ms
xx

Ms
xy

}
=

n∑
k=1

∫ zk+1
zk

(
1 + z

Ry

){ σk
xx
σk

xy

}
f (z)dz;

{
Ms

yy
Ms

yx

}
=

n∑
k=1

∫ zk+1
zk

(
1 + z

Rx

){ σk
yy
σk

yx

}
f (z)dz.

(13)

Based on the constitutive relations (8), strain-displacement relation (6) and displacement field (4),
the force and moment resultants can be rewritten in terms of displacement components as:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Nxx

Nyy

Nxy

Nyx

Mb
xx

Mb
yy

Mb
xy

Mb
yx

Ms
xx

Ms
yy

Ms
xy

Ms
yx

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

=

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

A11 A12 A16 A16 B11 B12 B16 B16 B
s
11 Bs

12 B
s
16 Bs

16
A12 Â22 A26 Â26 B12 B̂22 B26 B̂26 Bs

12 B̂s
22 Bs

26 B̂s
26

A16 A26 A66 A66 B16 B26 B66 B66 B
s
16 Bs

26 B66 Bs
66

A16 Â26 A66 Â66 B16 B̂26 B66 B̂66 Bs
16 B̂s

26 Bs
66 B̂s

66
B11 B12 B16 B16 D11 D12 D16 D16 D

s
11 Ds

12 D
s
16 Ds

16
B12 B̂22 B26 B̂26 D12 D̂22 D26 D̂26 Ds

12 D̂s
22 Ds

26 D̂s
26

B16 B26 B66 B66 D16 D26 D66 D66 D
s
16 Ds

26 D
s
66 Ds

66
B16 B̂26 B66 B̂66 D16 D̂26 D66 D̂66 Ds

16 D̂s
26 Ds

66 D̂s
66

B
s
11 Bs

12 B
s
16 Bs

16 D
s
11 Ds

12 D
s
16 Ds

16 E
s
11 Es

12 E
s
16 Es

16
Bs

12 B̂s
22 Bs

26 B̂s
26 Ds

12 D̂s
22 Ds

26 D̂s
26 Es

12 Ês
22 Es

26 Ês
26

B
s
16 Bs

26 B66 Bs
66 D

s
16 Ds

26 D
s
66 Ds

66 E
s
16 Es

26 E
s
66 Es

26
Bs

16 B̂s
26 Bs

66 B̂s
66 Ds

16 D̂s
26 Ds

66 D̂s
66 Es

16 Ês
26 Es

26 Ês
66

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

ε0
xx
ε0

yy
γ0

xy
γ0

yx
κb

xx
κb

yy
κb

xy
κb

yx
κs

xx
κs

yy
κs

xy
κs

yx

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

(14)

{
Qys

Qxs

}
=

⎡⎢⎢⎢⎢⎣ Âs
44 As

45
As

45 A
s
55

⎤⎥⎥⎥⎥⎦
{
γs

yz
γs

xz

}
(15)
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in which: {
Aij, Bij, Dij, Bs

ij, Ds
ij, As

ij

}
=

N∑
1

∫ z+1
zk

Q
(k)
i j

{
1, z, z2, f (z), z f (z), g2(z)

}
dz;

{
Aij, Bij, Dij, B

s
ij, D

s
ij, A

s
ij

}
=

{
Aijx, Bijx, Dijx, Bs

ijx, Ds
ijx, As

ijx

}
+

{
Bijx,Dijx,Eijx,Ds

ijx,Es
ijx,AAs

ijx

}
Ry

;

{
Aijx, Bijx, Dijx, Eijx, Bs

ijx, Ds
ijx, Es

ijx, As
ijx, AAs

ijx

}
=

N∑
1

∫ z+1
zk

Q
(k)
i j
{1,z,z2,z3, f (z),z f (z),z2 f (z),g(z),zg(z)}

1+z/Rx
dz

{
Âi j, B̂i j, D̂ij, B̂s

i j, D̂s
i j, Âs

i j

}
=

{
Aijy, Bijy, Dijy, Bs

ijy, Ds
ijy, As

ijy

}
+

{
Bijy,Dijy,Eijy,Ds

ijy,Es
ijy,AAs

ijy

}
Rx

{
Aijy, Bijy, Dijy, Eijy, Bs

ijy, Ds
ijy, Es

ijy, As
ijy, AAs

ijy

}
=

N∑
1

∫ z+1
zk

Q
(k)
i j
{1,z,z2,z3, f (z),z f (z),z2 f (z),g(z),zg(z)}

1+z/Ry
dz

(16)

The variation of the kinetic energy of the panel can be written as:

K = 1
2

a∫
0

b∫
0

h/2∫
−h/2

ρ(z)
( .
u2

+
.
v2

+
.

w2)(1 + z
Rx

)(
1 + z

Ry

)
dzdydx

= 1
2

a∫
0

b∫
0

((
I0

.
u0 + I2

.
φ

2
xb + K1

.
φ

2
xs + 2I1

.
u0

.
φxb + 2J1

.
u0

.
φxs + 2J2

.
φxb

.
φxs + I0

.
v2

0 + I2
.
φ

2
yb

+K1
.
φ

2
ys + 2I1

.
v0

.
φyb + 2J1

.
v0

.
φys + 2J2

.
φyb

.
φys + I0

( .
w2

b +
.

ws
2 + 2

.
wb

.
ws

)
)dydx

(17)

where:

φxb =

(
u0

Rx
− ∂wb
∂x

)
; φxs = −∂ws

∂x
; φyb =

(
v0

Ry
− ∂wb
∂y

)
; φys = −∂ws

∂y
(18)

and ρ(z) is the mass density, and the mass moments of inertia Ii (i = 0, 1, 2) are defined as [30,33]:

Ii = Ii + Ii+1

(
1

Rx
+ 1

Ry

)
+

Ii+2
RxRy

;

{I0, I1, I2, I3} =
N∑

k=1

∫ z+1
zk
ρ(z)

{
1, z, z2, z3

}
dz;

Ji = f (z)Ii−1; K1 = f 2(z)I0

(19)

Substituting the expressions of U and K from Equation (12) and Equation (17) into Equation (11),
and by performing some mathematical manipulations, the equations of motion of the shell panel are
obtained as follows:

0 = −∫
A

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

[
∂Nxx
∂x +

∂Nyx
∂y +

Qxb
Rx
− I0

..
u0 − I1

( ..
u0
Rx
− ∂

..
wb
∂x

)
+ J1

∂
..
ws
∂x

]
δu0[

∂Nyy
∂y +

∂Nyx
∂x +

Qyb
Ry
− I0

..
v0 − I1

( ..
v0
Ry
− ∂

..
wb
∂y

)
+ J1

∂
..
ws
∂y

]
δv0[

−∂Nxx
Rx
− ∂Nyy

Ry
+
∂Qxb
∂x +

∂Qyb
∂y − I0

( ..
wb +

..
ws

)]
δwb[

−∂Nxx
Rx
− ∂Nyy

Ry
+ ∂Qxs

∂x +
∂Qys
∂y − I0

( ..
wb +

..
ws

)]
δws

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
dA

+
∫ b

0 [Γx]
a
0dy +

∫ a
0

[
Γy

]b

0
dx

(20)
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where:

Qxb =
∂Mb

xx
∂x +

∂Mb
yx
∂y −

(
I1 +

I2
Rx

)
..
u0 + I2

∂
..
wb
∂x

+ J2
∂

..
ws
∂x

Qyb =
∂Mb

yy
∂y +

∂Mb
xy
∂x −

(
I1 +

I2
Ry

)
..
v0 + I2

∂
..
wb
∂y

+ J2
∂

..
ws
∂y

Qxs =
∂Ms

xx
∂x +

∂Ms
yx
∂y + Qxs −

(
J1 +

J2
Rx

)
..
u0 + J2

∂
..
wb
∂x

+ K1
∂

..
ws
∂x

Qys =
∂Ms

yy
∂y +

∂Ms
xy
∂x + Qys −

(
J1 +

J2
Ry

)
..
v0 + J2

∂
..
wb
∂x

+ K1
∂

..
ws
∂y

(21)

and Γx, Γy are boundary expressions:

Γx = Nxxδu0 + Nxyδv0 + Qxbδwb + Qxsδws + Mb
xxδφ̃xb + Mb

xyδφ̃yb + Ms
xxδφxs + Ms

xyδφys

Γy = Nyyδv0 + Nyxδu0 + Qybδwb + Qysδws + Mb
yyδφ̃yb + Mb

yxδφ̃xb + Ms
yyδφys + Ms

yxδφxs

(22)

in which:

Nxx =
(
Nxx − Mb

xx
Rx

)
; Nxy =

(
Nxy − Mb

xy
Ry

)
; Nyy =

(
Nyy − Mb

yy
Ry

)
; Nyx =

(
Nyx − Mb

yx
Rx

)
;

φ̃xb = −∂wb
∂x ; φxs = −∂ws

∂x ; φ̃yb = −∂wb
∂y ; φys = −∂ws

∂y

(23)

By setting the coefficients of the virtual displacements δu0, δv0, δwb, δws to zeros, the governing
equations are obtained as follows:

δu0 : ∂Nxx
∂x +

∂Nyx
∂y +

Qxb
Rx

= I0
..
u0 + I1

( ..
u0
Rx
− ∂

..
wb
∂y

)
− J1

∂
..
ws
∂x

δv0 :
∂Nyy
∂y +

∂Nyx
∂x +

Qyb
Ry

= I0
..
v0 + I1

( ..
v0
Ry
− ∂

..
wb
∂y

)
− J1

∂
..
ws
∂y

δwb : ∂Nxx
Rx

+
∂Nyy

Ry
− ∂Qxb
∂x −

∂Qyb
∂y = −I0

( ..
wb +

..
ws

)

δws : ∂Nxx
Rx

+
∂Nyy

Ry
− ∂Qxs
∂x −

∂Qys
∂y = −I0

( ..
wb +

..
ws

)
(24)

2.5. Solution Procedure

The Navier method is employed to formulate the closed-form solution for vibration problems
of simply supported anti-symmetric cross-ply laminated FG-CNTRC panels. The simply supported
boundary conditions on all four edges can be considered as:

v0 = wb = ws = wb,y = ws,y = Nxx = Mb
xx = Ms

xx = 0 at x = 0 and x = a (25)

u0 = wb = ws = wb,x = ws,x = Nyy = Mb
yy = Ms

yy = 0 at y = 0 and y = b (26)
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These boundary conditions are exactly satisfied by the following double Fourier series forms:

u(x, y, t) =
∞∑

m=1

∞∑
n=1

Umneiωt cosαmx sin βny;

v(x, y, t) =
∞∑

m=1

∞∑
n=1

Vmneiωt sinαmx cos βny;

wb(x, y, t) =
∞∑

m=1

∞∑
n=1

Wbmneiωt sinαmx sin βny;

ws(x, y, t) =
∞∑

m=1

∞∑
n=1

Wsmneiωt sinαmx sin βny.

(27)

where (Umn, Vmn, Wbmn, Wsmn) are unknown coefficients to be determined, ω is the circular frequency
of vibration, and i =

√−1, αm = mπ/a, βn = nπ/b and m, n denote the number of haft-waves in the
x and y directions, respectively.

Substituting the admissible displacement functions of Equation (27) into the equation of motion,
Equation (20), one obtains the analytical solution in the following matrix form:

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
s11 s12 s13 s14

s12 s22 s23 s24

s13 s23 s33 s34

s14 s24 s34 s44

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦−ω
2

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
m11 m12 m13 m14

m12 m22 m23 m24

m13 m23 m33 m34

m14 m24 m34 m44

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩
Umn

Vmn

Wbmn
Wsmn

⎫⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎭
=

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩
0
0
0
0

⎫⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎭
(28)

where the matrix elements of Equation (28) are given in the Appendix B.

3. Numerical Results and Discussions

In this section, several examples are presented and discussed to verify the accuracy and efficiency
of the proposed theory in free vibration analysis of simply supported FG-CNTRC doubly-curved
panels. Furthermore, the effects of volume fraction of CNTs, distribution type of CNTs, number of
layers, CNT fiber orientation and geometrical parameters on the natural frequencies of panels are also
investigated in detail. The material properties for the matrix and CNT are given in Table 1 [34,35].
Also, the CNT efficiency parameters η j (j = 1,2,3) associated with a given volume fraction V∗CNT are:
η1 = 0.149 and η2 = η3 = 0.934 for the case of V∗CNT = 0.11; η1 = 0.150 and η2 = η3 = 0.941 for the
case of V∗CNT = 0.14; η1 = 0.149 and η2 = η3 = 1.381 for the case of V∗CNT = 0.17.

Table 1. Material properties of carbon nanotube (CNT) and matrix materials.

CNT Matrix

ECNT
11 = 5.6466 TPa Em = 2.1 GPa

ECNT
22 = 7.0800 TPa vm = 0.34

GCNT
12 = 1.9445 TPa ρm = 1150 kg/m3

vCNT
12 = 0.175 -

ρCNT = 1400 kg/m3 -

3.1. Comparison Studies

To verify the reliability and accuracy of the present model, several comparison studies were
carried out with the results of the previous literature [34,35].

Example 1: Free Vibration of the Simply Supported Doubly Curved FG-CNTRC Panels

Free vibration of the simply supported doubly curved single-layered FG-CNTRC panels is further
analyzed for the comparison of the results obtained from the present formulation with the existing
results developed by Pouresmaeeli and Fazelzadeh [34] based on FSDT formulations. The geometrical
dimensions of the panels are taken as a/b = 1 and a/h = 20. Values of material parameters are listed
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in Table 1. From the results presented in Table 2, it is observed that the values of the fundamental
frequency for plates, spherical, cylindrical, and hyperbolic paraboloid panels have excellent agreement
with the available data.

Table 2. Comparison of the non-dimensional frequenciesω = ω
(
a2/h

)√
ρm/Em of the simply supported

doubly curved FG-CNTRC panels.

a/Rx b/Ry V∗CNT
UD FG-V FG-X FG-O

[34] Present [34] Present [34] Present [34] Present

0.5 0.5
0.11 20.238 20.087 18.543 17.917 22.432 22.752 17.140 16.653
0.14 21.655 21.700 19.779 19.184 23.997 24.642 18.267 17.790
0.17 25.051 24.691 22.951 21.848 27.883 28.023 21.212 20.419

0.5 –0.5
0.11 17.106 17.282 14.809 14.617 19.588 20.253 13.364 13.202
0.14 18.626 19.005 16.181 16.065 21.225 22.203 14.610 14.493
0.17 21.095 21.214 18.225 17.875 24.274 24.879 16.389 16.149

0.5 0
0.11 18.126 18.210 16.060 15.698 20.548 21.120 14.553 14.297
0.14 19.628 19.890 17.391 17.065 22.179 23.044 15.766 15.525
0.17 22.380 22.328 19.799 19.111 25.488 25.925 17.903 17.472

0 0
0.11 18.008 18.201 15.701 15.55 20.624 21.332 14.068 13.907
0.14 19.608 20.016 17.147 17.089 22.349 23.391 15.378 15.265
0.17 22.207 22.343 19.315 19.021 25.557 26.208 17.252 17.012

3.2. Parametric Studies

In this section, some new results for free vibration of the anti-symmetric cross-ply laminated
FG-CNTRC doubly curved shell panels are investigated with respect to FG-CNTRC parameters,
curvature, Rx/Ry ratio, aspect a/b ratio, and number of layers. The material properties for the matrix
and CNT are shown in Table 1.

3.2.1. Effect of FG-CNTRC Parameters

To understand the effect of FG-CNTRC parameters on the free vibration response of different
shell panels, non-dimensional frequencies ω of anti-symmetric cross-ply laminated FG-CNTRC doubly
curved shell panels with different CNT distribution, CNT volume fraction, and number of CNT layers
are examined.

It is observed from Table 3, that the FG-X panels have the highest value of frequency, whereas,
the FG-O panels have the lowest one. Therefore, it can be concluded that the type of CNT distribution
has a remarkable influence on the stiffness of the FG-CNTRC shell panels. In detail, the CNTs
distributed close to the top and bottom surfaces of each FG-CNTRC layer are more efficient than those
distributed near the mid-plane of each FG-CNTRC layer in increasing the stiffness of the laminated
FG-CNTRC shell panels. This is compatible with conclusions in previous studies in the literature.
According to the detailed results, the values of ω can be increased by more than 24% with only 6%
increasing CNT volume fraction V∗CNT for any other parameters. Thus, by adjusting a small amount of
CNT volume, the desired stiffness of the FG-CNTRC panels can be achieved. Table 3 also reveals that
the SHP panel has the highest value of ωwhile the HPR panel has the lowest one. This is because HPR
has both sagging and hogging curvature along the two directions, neutralizing the effect of each other,
while SHP does not. Table 3, once again confirms the accuracy of the present model by comparing the
non-dimensional frequencies of the FG-CNTRC plates with the results of Wang [35].
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Table 3. Non-dimensional frequencies ω of the simply supported FG-CNTRC doubly curved shell
panels (a/b = 1; R/a = 5, a/h = 50).

Shape CNT Distribution

(0/90) (0/90)2 (0/90)4

V*
CNT V*

CNT V*
CNT

0.11 0.14 0.17 0.11 0.14 0.17 0.11 0.14 0.17

CYL

UD 12.854 13.841 15.937 18.658 20.596 23.032 19.829 21.941 24.467
FG-A 11.383 12.181 14.177 18.367 20.295 22.700 19.739 21.856 24.378
FG-V 12.216 12.969 15.137 18.624 20.528 22.998 19.858 21.963 24.516
FG-X 14.442 15.713 17.937 19.084 21.089 23.582 20.062 22.212 24.776
FG-O 11.067 11.720 13.753 18.241 20.121 22.528 19.610 21.694 24.207

SPH

UD 16.540 17.442 20.579 21.334 23.132 26.419 22.364 24.335 27.677
FG-A 15.143 15.902 18.967 20.984 22.786 26.050 22.245 24.232 27.583
FG-V 16.366 17.080 20.371 21.426 23.193 26.560 22.453 24.423 27.823
FG-X 17.812 18.980 22.214 21.722 23.595 26.951 22.587 24.604 28.002
FG-O 15.214 15.845 18.990 20.977 22.723 26.008 22.175 24.123 27.472

HPR

UD 11.295 12.340 13.969 17.583 19.576 21.671 18.806 20.969 23.171
FG-A 10.085 10.900 12.474 17.407 19.374 21.459 18.768 20.928 23.133
FG-V 10.085 10.900 12.474 17.407 19.374 21.459 18.768 20.928 23.133
FG-X 13.057 14.384 16.174 18.023 20.080 22.229 19.042 21.240 23.474
FG-O 9.219 9.907 11.409 17.141 19.075 21.128 18.574 20.708 22.889

PLATE

Present UD 11.353 12.401 14.040 17.696 19.701 21.810 18.943 21.122 23.340
[35] 11.348 12.395 14.035 17.714 19.726 21.831 18.958 21.142 23.358

Present FG-V 10.138 10.956 12.541 17.519 19.498 21.597 18.906 21.081 23.302
[35] 10.056 10.876 12.435 17.495 19.484 21.565 18.883 21.065 23.271

Present FG-X 13.120 14.453 16.253 18.139 20.208 22.372 19.181 21.395 23.646
[35] 13.064 14.396 16.180 17.975 20.032 22.165 18.995 21.193 23.411

Present FG-O 9.270 9.960 11.472 17.251 19.197 21.264 18.710 20.859 23.057
[35] 9.182 9.874 11.367 17.378 19.354 21.421 18.856 21.036 23.238

3.2.2. Effect of Curvature

Two forms of doubly curved shell panels (SPH and HPR) with a/b = 1, a/h = 20,Rx = Ry = R,(0/90)5,
V∗CNT = 0.17 were considered, to study the effect of curvature on the non-dimensional frequencies ω.
The results are shown in the Figure 3a,b. These figures indicate that at the small value of R/a, the SHP
panels have a much higher non-dimensional frequency than HPR panels. The non-dimensional
frequencies of the SHP panels decrease, while those of HPR panels increase with the increase of R/a
ratio from one to a specific value. After this value, the non-dimensional frequencies of both SHP and
HPR panels have approximate values and seem to be unchanged.

Figure 3. Effect of R/a ratio on the frequency parameter ω of FG-CNTRC shell panels. (a/b = 1, a/h =
20,Rx = Ry = R, (0/90)5, V∗CNT = 0.17): (a) SPH panel; (b) HPR panel.
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3.2.3. Effect of Curvature Ratio

The effect of curvature ratio Rx/Ry on non-dimension frequency of the panels is investigated in
this subsection. The geometrical dimensions of the panels are taken as a/b = 1, a/h = 20, Rx/a = 5. It can
be seen from Figure 4a,b, that the non-dimension frequencies of panels decrease with the increase
of curvature ratio from −3 to −1, and increase with the value of curvature ratio bigger than −1 for
different numbers of layers and different CNT volume fractions. Moreover, the values of ω are at
minimum when Rx/Ry = −1 shows that the curvature effect can be suppressed if the shell panels have
both negative and positive curvature.

Figure 4. Effect of Rx/Ry of FG-CNTRC shell panels (a/b = 1, a/h = 20, Rx/a = 5, FG-X): (a) For different
number of layers, V∗CNT = 0.17; (b) for different CNT volume fractions.

3.2.4. Effect of Thickness Ratio

The SPH shell panel was chosen to study the effect of thickness on the free vibration response of
the FG-CNTRC doubly curved shell panel. For this purpose, another non-dimensional frequency is
defined as [34]:

ω̂ = ωa

√
ρm

Em (29)

PCF =

(
ω̂FG − ω̂UD

ω̂UD

)
× 100 (30)

The effect of thickness ratio, h/a, on the non-dimensional frequency of the FG-CNTRC panels is
shown in Figure 5. This figure indicates that with all types of CNT distribution, the panels become
stiffer with the increase of the thickness ratio, as a result, the non-dimensional frequency of the
FG-CNTRC panels increase. Besides, the influence of the thickness ratio, h/a, on the percentage change
of frequency (PCF) of the SHP panel is depicted in Figure 5b. It is observed that FG-X panels show
positive effectiveness while other FG-CNTRC panels show the negative effects concerning uniformly
distribution (UD) panels. The highest percentage change of frequency of an FG-X panel and FG-O
panel are about 14.5% and −15.2%, respectively.
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Figure 5. Effect of h/a ratio on free vibration of FG-CNTRC shell panels ((a/b = 1; Rx = Ry = R;

V∗CNT = 0.17; (0/90)): (a) For the frequency parameter ω̂ = ωa
√
ρm

Em ; (b) for the (PCF).

3.2.5. Effect of Aspect Ratio

Figure 6a,b show the effects of the aspect ratio (a/b) on the vibration of FG-CNTRC. Here, we take
a/b = 1; Rx = Ry = R; R/a = 5; V∗CNT = 0.17 and (0/90).

Figure 6. Effect of aspect ratio (a/b) on free vibration of FG-CNTRC shell panels (a/b = 1; Rx = Ry = R;

V∗CNT = 0.17; (0/90)): (a) For the frequency parameter ω̂ = ωa
√
ρm

Em ; (b) For the percentage change of
frequency (PCF).

Figure 6a reveals that the non-dimensional frequencies of all four types of doubly curved panels
decrease uniformly by increasing aspect ratio. In other words, the stiffness of doubly curved panels
will be reduced as the aspect ratio increases. Figure 6a states that the PCF of the FG-CNTRC panels
remains unchanged with the increase of aspect ratio.

3.2.6. Effect of Number of Layers

The influence of number of layers (n is a couple of layers (0/90)) on ω̂, and PCF are depicted in
Figure 7a,b, respectively. Here, the geometrical dimensions of the panels are taken as a/b = 1, a/h = 20,
Rx = Ry = R, and V∗CNT = 0.17, FG-X, (0/90)n. As the Figures show, with a fixed value of total thickness,
the non-dimensional frequencies and the percentage change of frequency of laminated FG-CNTRC
panels are strongly affected by the number of layers, changing from one layer to two layers. However,
these two dimensionless parameters vary very slightly for the number of layers greater than three.
This is compatible with the investigations of Reddy [31], for conventional fiber reinforced composites.
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Figure 7. Effect of number of layers (n) on free vibration of FG-CNTRC shell panels (a/b= 1, Rx = Ry = R;

V∗CNT = 0.17, (0/90)n: (a) For the frequency parameter ω̂ = ωa
√
ρm

Em ; (b) for the percentage change of
frequency PCF.

3.2.7. Effect of Different Wave Numbers

Table 4 listed non-dimensional frequencies for two-layered (0/90) FG-CNTRC doubly curved shell
panels (a/b = 1; R/a = 5, a/h = 50, FG-X,V∗CNT = 0.17) for different wave numbers. It can be seen that at the
small value of wave numbers (n, m) the SPH panels have highest non-dimensional frequencies while
the HPR panels have lowest ones. However, it also can be seen that the non-dimensional frequencies
of all three types of doubly curved panels will approximately have more wave numbers.

Table 4. Non-dimensional frequencies ω for two-layered (0/90) FG-CNTRC doubly curved shell panels
for different wave numbers (a/b = 1; R/a = 5, a/h = 50, , FG-X, V∗CNT = 0.17).

Shape n m = 1 m = 2 m = 3 m = 4 m = 5 m = 6

CYL

1 17.937 48.140 99.846 169.706 254.950 352.930
2 46.027 64.594 109.402 176.466 260.683 358.380
3 97.820 109.032 141.357 198.901 277.607 372.340
4 168.004 176.095 198.835 243.742 311.861 399.381
5 253.606 260.401 277.580 311.892 367.569 444.182
6 351.923 358.209 372.384 399.478 444.253 508.835

SPH

1 22.214 49.271 100.122 169.593 254.585 352.371
2 49.472 65.771 109.763 176.410 260.356 357.845
3 100.573 109.960 141.685 198.853 277.285 371.804
4 170.323 176.802 199.065 243.665 311.532 398.838
5 255.596 260.940 277.698 311.759 367.219 443.632
6 353.644 358.612 372.397 399.275 443.867 508.271

HPR

1 16.174 47.141 99.497 169.711 255.202 353.378
2 47.141 64.179 109.145 176.475 260.924 358.816
3 99.497 109.145 141.314 198.990 277.883 372.799
4 169.711 176.475 198.990 243.935 312.190 399.872
5 255.202 260.924 277.883 312.190 367.960 444.710
6 353.378 358.816 372.799 399.872 444.710 509.403

Figures 8–10 depict the first six mode shapes of the simply supported laminated FG-CNTRC CYL,
SPH and HPR shell panels, respectively. Geometric characteristics of the panels are a/b = 1, R/a = 5 and
a/h = 50. Type of CNT distribution is FG-X and volume faction of CNT is V∗CNT = 0.17. It can be noticed
from these Figures, that in CYL panels, mode (m = 2, n = 1) is higher than mode (m = 1, n = 2), while in
SPH and HPR panels, mode (m = 1, n = 2) and mode (m = 2, n =1) are the same order. This is because
the CYL panel only has the curvature in x direction while SPH and HPR panels have the curvature
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in both x and y directions. These mode shapes can help to understand vibration characteristics of
laminated FG-CNTRC doubly curved shell panels.

Figure 8. The first six mode shapes of simply supported laminated FG-CNTRC CYL panels.
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Figure 9. The first six mode shapes of simply supported laminated FG-CNTRC SPH panels.
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Figure 10. The first six mode shapes of simply supported laminated FG-CNTRC HPR panels.

4. Conclusions

In this paper, an analytical solution based on a new four-variable refined shell theory for free
vibration analysis of the laminated FG-CNTRC doubly curved shell panels was developed. The accuracy
and efficiency of the present model are validated through a review of comparison studies. The influences
of several parameters such as FG-CNTRC parameters, curvature, curvature ratio, thickness ratio, aspect
ratio and the number of layers on free vibration responses of the panels are explored. The results
revealed that the shell panels become stiffer with increasing curvature, conversely, the stiffness of the
panels is reduced as the aspect ratio increases. FG-X CNTRC panels have the highest frequency, while
FG-O CNTRC panels have the smallest frequency regarding all inlet studied parameters.
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The present theory is accurate and efficient in solving free vibration behaviours of doubly
curved laminated FG-CNT reinforced composite panels and may be useful in the study of similar
composite structures.
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Appendix A

Detailed steps to construct the new shape function:
The transverse strains associated with the displacement field in Equation (1) are:

γxz = 1
1+z/Rx

[
∂w
∂x + ∂u

∂z − u0
Rx

]
= 1

1+z/Rx

[
∂wb
∂x + ∂ws

∂x + u0
Rx
− ∂wb
∂x − f ′ (z) ∂ws

∂x − u0
Rx

]
= 1

1+z/Rx

[
(1− f ′ (z)) ∂ws

∂x

]
γyz = 1

1+z/Ry

[
∂w
∂y + ∂v

∂z − v0
Ry

]
= 1

1+z/Ry

[
∂wb
∂y + ∂ws

∂y + v0
Ry
− ∂wb
∂y − f ′ (z) ∂ws

∂y − v0
Ry

]
= 1

1+z/Ry

[
(1− f ′ (z)) ∂ws

∂y

] (A1)

For shells under bending, the transverse shear stresses σxz, σyz must be vanished at the top and
bottom surfaces. These conditions lead to the requirement that the corresponding transverse strains on
these surfaces have to be zero. From γxz

(
x, y,± h

2

)
= γyz

(
x, y,± h

2

)
= 0, we obtain:

γxz =
1

1 + z/Rx

[
(1− f ′ (z))

∂ws

∂x

]
= 0 at z = ±h

2
(A2)

γyz =
1

1 + z/Ry

[
(1− f ′ (z))

∂ws

∂y

]
= 0 at z = ±h

2
(A3)

From Equations (A2) and (A3), we have:

f ′(z)= 1 at z = ±h
2

(A4)

Function f (z) satisfies the condition (5) can be selected as a polynomial, trigonometric,
and exponential, . . . function. In our study, we chose f (z) as a cubic polynomial: f (z) = az + b

h2 z3, thus:

f ′ (z) = a +
3b
h2 z2 = 1 (A5)

Some authors have chosen the value of the pair a, b to satisfy Equation (A5). In this study, we
chose: a = −1/8, b = 3/2. Thus:

f (z) = −1
8

z +
3
2

z3

h2 , f ′(z) =
(
−1

8
+

3.3
2

z2

h2

)∣∣∣∣z=± h
2
= 1 (A6)

Appendix B

Matrix elements of Equation (25):
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Abstract: In this study, a N-doped Cu2O/ZnO nanocomposite was prepared by a co-precipitation and
thermal decomposition technique from CuCl2, 2H2O, ZnSO4, 7H2O and CO(NH2)2 as precursors. The
as-synthesized nanocomposites were characterized using X-ray diffraction (XRD), scanning electron
microscopy (SEM), Fourier transform infrared analysis (FT–IR) and an ultraviolet–visible (UV–Vis)
reflectance spectrometer. From the XRD diffractogram of N-doped Cu2O/ZnO nanocomposite, cubic
and hexagonal wurtzite crystal structures of Cu2O, and ZnO, respectively were identified. The UV-vis
reflectance spectra illustrated that the absorption edge of N-doped Cu2O/ZnO nanocomposite is
more extended to the longer wavelength than ZnO, Cu2O and Cu2O/ZnO nanomaterials. FT–IR
bands confirmed the presence of ZnO, Cu2O, and nitrogen in the N-doped Cu2O/ZnO nanocomposite.
Photocatalytic activity of the as-synthesized nanocomposite was tested for methyl red degradation
using sunlight as an energy source by optimizing the concentration of the dye and amount of the
catalyst loaded. The degradation efficiency was greater in N-doped Cu2O/ZnO nanocomposite
as compared to ZnO, Cu2O and Cu2O/ZnO nanomaterials. This is due to the coupling of the
semiconductors which increases the absorption and exploitation capability of solar light and increases
the charge separation as well. Besides that, nitrogen doping can extend absorption of light to the
visible region by decreasing the energy gap. Therefore, N-doped Cu2O/ZnO nanocomposite is a solar
light-active photocatalyst which can be used in the degradation of organic pollutants.

Keywords: photocatalyst; nanocomposite; dye degradation; co-precipitation

1. Introduction

Population growth and rapid urbanization/industrialization are among the greatest causes of
environmental pollution and consumption of a large amount of energy [1]. Synthetic organic dyes
that are used in various industries such as pharmaceuticals, textiles, cosmetics, paper, and plastic
factories have led to severe environmental pollution as a result of their discharging contaminated
and colored wastewater into the water stream [2]. They adversely affect the quality of water, prevent
light penetration and diminish photosynthetic reactions. Moreover, some dyes are both poisonous
and cancer-causing [3]. To address the above issues, several treatment methods have been commonly
used. The treatment techniques including adsorption, chemical precipitation and coagulation show
reduced efficiency and generate other pollutants like toxic gases and slurry that require additional
purification [4,5]. Therefore, advanced technology-based treatments have been suggested for the
removal of these pollutants.
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Advanced oxidation processes (AOPs) have attracted much attention as a substitute for traditional
treatment routes for the removal of toxic organic pollutants into harmless products. AOPs have benefits
such as degradation of organic pollutants to green products and capability of operating at normal
temperature and pressure [6]. Among AOPs, heterogeneous photocatalysis is an emerging technique,
which is valuable for environmental and energy applications. It is a photochemical reaction which
takes place on the surface of the solid catalyst and encompasses oxidation from photogenerated holes
and reduction from photogenerated electrons at the same time [7]. TiO2, ZnO, CdS, ZnS and Fe2O3

are some of the outstanding semiconductors used as photocatalysts [8]. Among these, TiO2 and ZnO
are the top applicable as photocatalysts [9,10]. The energy levels of these semiconductors are nearly
comparable. However, ZnO is easily obtainable; it absorbs a large portion of solar light and has great
photocatalytic performance than TiO2 [11,12].

Zinc oxide-based materials are used in the area of multifunctional electrode for both energy
conversion and storage applications, like lithium-ion batteries and Dye-sensitized Solar Cells [13],
gas sensors, monitoring air quality and optical devices due to its exceptional properties, for example,
being inexpensive, photoconductive response, pyroelectricity and surface functionalization [14], high
binding energy and electron mobility [15]. This metal oxide based semiconductor also has great
application in the field of optoelectronic devices such as light-emitting diodes, flat panel displays,
transparent semiconductors and conductive oxides, due to its good optical properties [16]. Different
research investigated sensing and photovoltaic applications of ZnO-based materials such as ammonia
gas sensing using Ag/ZnO flower and Cu-doped ZnO nanostructures [15,17], tin-doped ZnO thin films
as a NO2 gas sensor [18], ZnO@In2O3 coreshell nanofibers for ethanol vapor sensing [19], ZnO-based
quaternary transparent conductive oxide materials for solar cells [16], and CdO-ZnO nanocones for
efficient electrode materials [18]. The application of lithium ion batteries has been a major success
in small electronic devices. However, the shortage of lithium resources challenges its application in
large-scale electrical energy storage systems [20]. The Layered Sodium Transition-Metal Oxides are
promising materials that can minimize the challenges of lithium batteries due to excellent cyclic stability
and rate performance which significantly contribute to the development of large-scale electrical energy
storage systems [21].

However, ZnO absorbs only in the ultraviolet section of electromagnetic radiation for the reason
that its bandgap energy is large. As a result, its photocatalytic activity is low under solar radiation as the
ultraviolet (UV) constituent of solar energy that touches the Earth is only 3–5% [22,23]. Nowadays, the
existing photocatalysts such as ZnO are modified by doping or co-doping with metals and non-metals
to enrich their photocatalytic activity [24,25]. Moreover, compositing of dissimilar nanostructured
semiconductors develops their photocatalytic performance by sharing of their charge carriers to each
other [26].

Cuprous oxide (Cu2O) is a narrow bandgap semiconductor which has been thought of as a
possible visible light photocatalyst. Electrons of Cu2O can undergo a transition from the valence band
to the conduction band using visible light as a source of energy. However, the photo-induced electrons
and holes recombine within microseconds after their generation, which can influence its photocatalytic
action negatively. Up to the present time, graphene and selected metals were coupled with Cu2O to
delay the recombination of the photoinduced electrons and holes. Cu2O joined with large bandgap
metal oxides such as ZnO is expected as an operational means to control the problem of recombining
the charge carriers [27]. In this work, we synthesized a N-doped Cu2O/ZnO nanocomposite via
co-precipitation and thermal decomposition methods and tested its photocatalytic activity in the
degradation of methyl red (Scheme 1), which is considered as model dye pollutant.
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Scheme 1. Structure of methyl red.

2. Experimental

2.1. Chemicals

The chemicals used were: cupric chloride dihydrate, zinc sulfate heptahydrate, sodium hydroxide,
ascorbic acid, urea, C2H6O, methyl red, and distilled water. The chemicals were analytical grade and
used throughout without further purification. Distilled water was used in all the experiments.

2.2. Synthesis of Photocatalysts

The undoped Cu2O nanoparticles were prepared from CuCl2·2H2O as a precursor via precipitation
and reduction techniques. 0.01 moles of CuCl2·2H2O was dissolved in 100 mL deionized water.
The solution was adjusted in its pH level by adding 30 mL of 2 M NaOH drop by drop with continuous
stirring until 12.2. During the addition of the NaOH aqueous solution, a deep blue precipitate was
formed quickly. After being stirred for 30 min, 2.2 g of C6H8O6 was added into the above solution to
reduce Cu2+ into Cu+ and stirred for an extra 30 min. The color of the precipitate then changed to brick
red indicating the formation of Cu2O. The brick-red precipitate was filtered and washed four times
using deionized water and dried at 100 ◦C in an oven [27]. To show high crystallinity and remove
organic impurities, the powders were calcined at 500 ◦C in a furnace for 2 h.

ZnO nanoparticles were prepared using ZnSO4·7H2O as a precursor through a precipitation
method [27]. To prepare ZnO nanoparticles, 0.01 moles of ZnSO4·7H2O dissolved in 100 mL deionized
water. While stirring, 30 mL of 2 M NaOH was dropped carefully into the aqueous solution of zinc
sulfate until the pH of the solution reached 12.4. Upon addition of NaOH aqueous solution, a white
precipitate was formed and stirred for 30 min. The white product was separated by filtration and
washed using deionized water repeatedly to remove impurities and dried at 100 ◦C in an oven. Finally,
the powders were calcined at 500 ◦C in a furnace for 2 h.

The Cu2O/ZnO nanocomposite was synthesized from CuCl2·2H2O and ZnSO4·7H2O via the
co-precipitation method followed by reduction using ascorbic acid; 0.01 moles of CuCl2·2H2O and
0.01 moles of ZnSO4·7H2O were dissolved in 100 mL deionized water and stirred using a magnetic
stirrer; 30 mL of 2 M NaOH dropped slowly into the mixture of cupric chloride and zinc sulfate aqueous
solutions with continuous stirring and the pH of the solution became 11.8. A light blue precipitate was
formed and stirred for 30 min. Once the solution has been stirred for half an hour, the copper reduced
from +2 to +1 oxidation states after 2.2 g of C6H8O6 added while stirring for an additional 30 min. The
color of the precipitate changed from light blue into yellow as soon as the ascorbic acid was added as a
reducing agent. Lastly, the yellow precipitate was filtered, washed, repeatedly, using deionized water
and ethanol, and dried at 100 ◦C in the oven [27]. The nanocomposite was then calcined at 500 ◦C in a
furnace for 2 h.

To prepare the N-Cu2O/ZnO nanocomposite, 2.681 g of CO (NH2)2 dissolved in ethanol and 25 g
of uncalcined Cu2O/ZnO nanocomposites was added to the solution. The mixture was stirred up to
mix well and then dried. Finally, the powder was calcined at 500 ◦C for 2 h and the nitrogen-doped
Cu2O/ZnO nanocomposite was obtained [25].
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2.3. Characterization Techniques

The following were used as characterization techniques: X-ray diffraction (XRD) analysis was
conducted using X-ray diffractometer (Shimadzu XRD-7000, Shimadzu Corp., Kyoto, Japan) with a
Cu-Kα radiation (λ = 0.15406 nm), step scan mode with step time and degree (2θ) of 0.4 s and 0.02◦,
respectively, for the range of 10◦ to 80◦), to know crystal structures and average crystallite size of the
samples. The surface morphology of the materials was examined using a scanning electron microscope
(SEM), a JEOL JSM-5610 (JEOL, Ltd., Akishima, Tokyo) equipped with an Everhart-Thornley detector.
The chemical compositions of the prepared samples were characterized using Spectrum 65 Fourier
transform infrared (FT–IR) (PerkinElmer, Waltham, MA, USA) in the range 4000–400 cm−1 using
KBr pellets. The optical property of the nanocomposites was recorded using a PerkinElmer Lamda
35 spectrometer which is operated at a wavelength range of 200–800 nm and the absorption spectra
have been obtained from reflectance data using the Kubelka–Munk algorithm [28].

2.4. Photocatalytic Activities

The photocatalytic activities of the as-synthesized nanomaterials were tested on the degradation
of methyl red dye (Scheme 1) as a model pollutant under sunlight as an energy source at ambient
temperature. The degradation experiments were performed as follows: 500 L glass vessels containing
60 mg/L solution of methyl red and appropriate amount of nanomaterials (18 mg/L) were stirred under
a dark for 1 h to attain absorption–desorption equilibrium before irradiating. All experiments were
carried out under direct solar irradiation explicitly sunny days in between 10 AM and 2 PM when
the solar intensity variations were insignificant [29]. Thereafter, the mixed solution was exposed to
sunlight and 8 mL of the heterogeneous mixture was withdrawn within 20 min intervals of irradiating
to sunlight, centrifuged at 3000 rpm for 6 min and filtered using filter paper to separate the catalyst
before conducting the absorption measurement. The pure supernatant liquid was evaluated for methyl
red dye concentration after measuring the absorbance at 410 nm using an ultraviolet–visible (UV–Vis)
spectrophotometer and the percentage degradation of methyl red solution was calculated according to
the following equation:

% degradation =
A0–At

A0
× 100% (1)

where A0 is initial absorbance of methyl red dye and At is absorbance of methyl red at each time
interval “t”.

3. Results and Discussion

3.1. X-ray Diffraction (XRD) Patterns of the Nanomaterials

The diffraction patterns of Cu2O, ZnO, Cu2O/ZnO, and N-doped Cu2O/ZnO nanoparticles
are shown in Figure 1. In the XRD patterns of ZnO, Cu2O/ZnO and N-Cu2O/ZnO nanomaterials,
diffraction peaks appeared at 2θ = 31.76◦, 34.40◦, 36.24◦, 47.53◦, 56.59◦, 62.85◦, 66.37◦, 67.90◦, 69.07◦
which correspond to (100), (002), (101), (102), (110), (103), (200), (112), and (201) planes of the hexagonal
wurtzite structure of zinc oxide. Similar results were reported in [30]. The diffraction peaks in the
XRD patterns of Cu2O, Cu2O/ZnO and N-Cu2O/ZnO at 2θ value of 29.57◦, 36.40◦, 42.32◦, 61.43◦, 73.55◦
and 77.40◦ correspond to the reflection from (110), (111), (200), (220), (311) and (222) crystal planes
of the cubic structure of cuprous oxide which is in agreement with [31]. There is no other diffraction
peak displayed from impurities such as CuO, Cu(OH)2 and Zn(OH)2, indicating the purity of the
nanostructured materials. As shown in Figure 1d, no additional peak was displayed due to nitrogen
doping which might be nitrogen introduced into the ZnO [32] and Cu2O lattices without changing
their crystal structures. The insignificant shift in the diffraction peaks of N-Cu2O/ZnO nanocomposite
corresponds to the possibility of substituting oxygen by nitrogen. This can be mainly attributed to the
highest resemblance among nitrogen and oxygen atoms in terms of electronegativity and atomic radius.
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θ

Figure 1. X-ray diffractogram of (a) Cu2O, (b) ZnO, (c) Cu2O/ZnO and (d) N-doped
Cu2O/ZnO nanomaterials.

The average crystallite sizes of the nanomaterials were calculated from the intensive peak using
the Scherer equation:

D =
0.9λ

β cos θ
(2)

where D is the crystallite size, λ is the wavelength, θ is the Bragg angle and β is the full width at half
maximum in radian. The average crystallite sizes of ZnO, Cu2O, Cu2O/ZnO and N-Cu2O/ZnO were
found at 33.72 nm, 32.33 nm, 14.15 nm, and 13.57 nm, respectively. Based on these results, the size of
the crystallites is decreased in N-doped Cu2O/ZnO nanocomposite compared to the Cu2O and ZnO.
The effect of decreasing the crystallite size may be ascribed to the insertion of nitrogen (incorporation of
dopant) in Cu2O and ZnO lattices [32,33] and this was also confirmed in the photocatalytic degradation
experiment. This insertion of nitrogen into the Cu2O and ZnO lattices can disturb the growth process
of the particles, which might be the reason for the reduction of crystallite size in N-Cu2O/ZnO
nanocomposite compared to Cu2O and ZnO nano-level particles.

3.2. Scanning Electron Microscopy (SEM) Analysis

Surface morphology of ZnO, Cu2O, Cu2O/ZnO and N-Cu2O/ZnO nanomaterials was determined
by SEM as shown in Figure 2a–d, respectively. From SEM micrographs, it was evident that the
morphology of ZnO showed some agglomerated nanoparticles with irregular morphology, which is
in line with [30]. However, SEM micrographs of Cu2O, Cu2O/ZnO and N-Cu2O/ZnO samples were
relatively ordered and showed that the agglomerations of particles were much less (Figure 2b,d) than
in ZnO NPs with the nanocrystals, which had a truncated octahedron shape; this might be due to the
presence of Cu2O [34,35].
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Figure 2. Scanning electron microscopy (SEM) morphology of (a) ZnO, (b) Cu2O, (c) Cu2O/ZnO and
(d) N-doped Cu2O/ZnO nanomaterials.

3.3. Fourier Transform Infrared (FT–IR) Analysis

The FT–IR bands of ZnO, Cu2O, Cu2O/ZnO and N-doped Cu2O/ZnO nanomaterials are given
in Figure 3. The peaks appeared in the range of 490–505 cm−1 in all the samples except in Cu2O
and correspond to the stretching vibration of ZnO, which agreed with the findings of previous
studies [36,37]. In the FT–IR spectra of Cu2O, Cu2O/ZnO and N-doped Cu2O/ZnO nanoparticles, there
were peaks in the range of 610–630 cm−1, which corresponds to the stretching vibration of Cu2O; a
similar result was reported by [34]. The peak that appeared at 3169 cm−1 in the FT–IR spectrum of the
N-doped Cu2O/ZnO nanocomposite might be due to N-H stretching vibration mode. The band located
at 1441 cm−1 might be due to N-H bending vibration mode [38]. Besides the above absorption bands,
there was an additional peak located at 431 cm−1 in the FT–IR spectrum of the N-doped Cu2O/ZnO
nanocomposite, which might be attributed to the metal–nitrogen (M–N) stretching vibration similar
results have been reported [32]. Therefore, the bands indicated the presence of ZnO, Cu2O and nitrogen
in the N-doped Cu2O/ZnO nanocomposite.
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Figure 3. Fourier transform infrared (FT–IR) spectrums of (a) ZnO, (b) Cu2O, (c) Cu2O/ZnO and
(d) N-Cu2O/ZnO nanomaterials.

3.4. Optical Property Analysis

The region of absorption of electromagnetic radiation of the prepared nanomaterials was studied
using UV–Vis diffuse reflectance spectroscopy. The spectra for the absorption of light by ZnO, Cu2O,
Cu2O/ZnO and N-Cu2O/ZnO are given in Figure 4. ZnO, Cu2O, Cu2O/ZnO and N-Cu2O/ZnO absorbed
at 360, 440, 470 and 500 nm, respectively. For ZnO, the absorption edge was in the ultraviolet region.
The Cu2O/ZnO composite nanoparticles absorbed light in the visible region because of the presence of
Cu2O [27]. The absorption edges were extended into 470 nm by coupling ZnO with Cu2O and then
further to 500 nm by doping with nitrogen.

  
(a) (b) 

Figure 4. (a) Spectra for the optical property of ZnO, Cu2O, Cu2O/ZnO and N-Cu2O/ZnO
nanomaterials. (b) Kubelka–Munk function versus energy plots of ZnO, Cu2O, ZnO/Cu2O,
and N-ZnO/Cu2O nanoparticles.

The bandgap energy of the nanocomposites can be inferred by extrapolation of the linear portion
of the graph between the modified Kubelka–Munk function [F(R)hν]2 versus photon energy(hν) [39];
as shown in Figure 4b. The bandgap energy of ZnO and Cu2O is 3.4 eV and 2.81 eV, respectively;
however, there is decrement for ZnO/Cu2O (2.64 eV) and N-ZnO/Cu2O (2.48 eV). The greatly extended
absorption of light by N-Cu2O/ZnO to the visible region may be ascribed to the creation of a new
energy level above the valence band of Cu2O and ZnO as a result of nitrogen doping, leading to
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narrowing of the bandgap to the visible region for harvesting more photons in the sunlight, which is in
agreement with previous findings [40].

3.5. Photocatalytic Activity

3.5.1. Optimization of N-Cu2O/ZnO Loading

To know the optimal value of catalyst dosage, a series of photocatalytic degradation experiments
were conducted by varying the amount of the N-Cu2O/ZnO nanocomposite from 120 to 240 mg/L as
optimized by [27]. The photocatalytic degradation of methyl red under sunlight irradiation using a
different amount of N-doped Cu2O/ZnO nanocomposite is shown in Figure 5. The figure shows that,
as the amount of catalyst loading increases from 120 mg/L to 180 mg/L, the degradation efficiency also
increased. The reason is that increasing the catalyst loading increases the surface area and quantity
of reaction sites on the surface of the photocatalyst. Consequently, the amount of hydroxyl radical
formation increases too, which enables the photocatalytic degradation of the dye. However, the
degradation efficiency was decreased when the amount of the catalyst dosage was beyond 180 mg/L.
This might be due to light-scattering and screening effects [41,42]. Besides, agglomeration also occurs
when the concentration of catalyst is high; which results in the decreasing of catalyst surface area and
causes diminishing of degradation efficiency [42,43]. Therefore, the degradation efficiency was greatest
when the amount of the catalyst used was 180 mg/L and was the optimal value in the experiment.

 
Figure 5. Optimization of N-Cu2O/ZnO nanocomposite loading for the degradation of methyl red
under sunlight.

3.5.2. Optimization of Methyl Red Concentration

Once the amount of the catalyst was optimized at 180 mg/L, a series of photocatalytic degradation
experiments were conducted by varying the concentration of methyl red from 40 to 100 mg/L as
adjusted by [27] to know the proper amount of the dye. As shown in Figure 6, as the concentration
of the dye was enlarged from 40 mg/L to 60 mg/L, the degradation efficiency was likewise enhanced.
However, as the concentration of the dye goes above 60 mg/L, the degradation efficiency sharply
decreased. The reason for the decreasing of photocatalytic degradation efficiency with increasing
concentration of the dye is that the higher dye concentration could affect the transmission of light
which leads to a decrease in hydroxyl radical formation. The total amount of active sites on the surface
of the catalyst was limited by the amount of catalyst loaded. Therefore, in the solution having fixed
catalyst dosage, an inadequate amount of hydroxyl radicals that can attack the methyl red can form,
hence leading to the diminishing of degradation capability [43].
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Figure 6. Optimization of the initial concentration of methyl red on the photocatalytic degradation
using N-Cu2O/ZnO nanocomposite under sunlight.

3.5.3. Evaluation of the Photocatalytic Activities of Cu2O, ZnO, Cu2O/ZnO and N-Cu2O/ZnO under
the Optimized Catalyst Amount and Dye Concentration

The photocatalytic performance of Cu2O, ZnO, Cu2O/ZnO, and N-Cu2O/ZnO nanomaterials
were evaluated in the degradation of methyl red dye, as shown in Figure 7. The photocatalytic
degradation efficiency of methyl red reached 45.5%, 54%, 84.5% and 93.5% using Cu2O, ZnO,
Cu2O/ZnO, and N-doped Cu2O/ZnO, respectively, within 180 min irradiation time. Among these
nanomaterials, the N-doped Cu2O/ZnO nanocomposite displayed better photocatalytic activity than
the others under the optimized conditions. The activity of N-doped Cu2O/ZnO nanocomposite is
enhanced because of the formation of a heterojunction [35]. The p-Cu2O/n-ZnO heterojunction might
significantly increase the absorption and exploitation capability of solar light; the electrons transfer
from the one semiconductor to the other encourages the charge separation and construct significant
synergistic effect in the degradation of the dye [35]. In addition to the effect of the coupling of the
two semiconductors, the improved photocatalytic efficiency of N-Cu2O/ZnO nanocomposite is due to
doping with nitrogen. Incorporating non-metals, for example nitrogen, can diminish the energy gap
and extend absorption of light to the visible region of electromagnetic radiation [44]. In other words,
nitrogen can modify the energy levels of both Cu2O and ZnO nanoparticles. Besides the above reasons,
the enhanced photocatalytic activity of N-doped Cu2O/ZnO composite nanoparticles may be due to
the reduction in particle size and creation of defect sites.

 

Figure 7. Evaluation of photocatalytic properties of ZnO, Cu2O, Cu2O/ZnO and N-doped Cu2O/ZnO
on the degradation of methyl red under solar light.
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3.5.4. Proposed Mechanism

Scheme 2 demonstrates the photocatalytic degradation mechanism of methyl red by N-doped
Cu2O/ZnO composite nanoparticles under sunlight irradiation. When the semiconductors are exposed
to sunlight, a transition of electrons from the valence band to the conduction band and formation of
holes in the valence band (Equations (3) and (4)) can take place. The conduction band of cuprous
oxide is at higher position compared to zinc oxide (Jiang et al., 2013), the photo-induced electrons in
the Cu2O conduction band can simply transfer to the ZnO conduction band Equation (5), which can
successfully prevent the recombination of charge carriers. The electrons at the conduction band of
Cu2O and ZnO undergo a reaction with adsorbed oxygen to give a peroxide radical anion Equation (6).
It is impossible to oxidize the OH− by holes of Cu2O because the valence band edge of Cu2O is higher
in a position [45]. However, the holes of ZnO oxidize the hydroxyl ion to yield a hydroxyl radical
Equation (8), a strong oxidizing agent that can break down the organic dye. Besides, the peroxide
radical anion undergoes a reaction with the hydrogen ion to produce HO2 and H2O2 Equation (9). The
hydrogen peroxide is then reacted with the peroxide radical anion to create the powerful hydroxyl
radicals Equation (11). Eventually, the hydroxyl radical oxidizes the dye into photocatalytic degradation
products Equation (12) [35,43]. The reaction steps are described below.

Cu2O + hυ → Cu2O
(
h+

)
+ Cu2O (e−) (3)

ZnO + hυ → ZnO
(
h+

)
+ ZnO (e−) (4)

Cu2O (e−) + ZnO → Cu2O + ZnO (e−) (5)

Cu2O (e−)/ZnO (e−) + O2- (6)

H2O → H+ + OH− (7)

ZnO
(
h+

)
+ OH− → OH (8)

O2- + H+ → HO2 (9)

HO2 + HO2 → O2 + H2O2 (10)

H2O2 + O2- → OH− + OH + O2 (11)

OH + Dye → H2o + CO2 (12)

The schematic illustration for the photocatalytic degradation mechanism of methyl red under
sunlight is summarized below.
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Scheme 2. Schematic illustration of the photocatalytic degradation of methyl red using N-Cu2O/ZnO
nanocomposite under sunlight illumination.

3.6. Kinetic Study of the Photocatalytic Decolorization

The kinetics of the photocatalytic degradation of methyl red over ZnO, Cu2O, Cu2O/ZnO and
N-doped Cu2O/ZnO is shown in Figure 8. The plots of ln(C0/Ct) versus irradiation time indicated
linear curves. The linearity of the kinetic curve shows that the photocatalytic degradation of methyl red
follows pseudo-first-order kinetics. A fairly good correlation coefficient value to the pseudo-first-order
kinetics of R2 > 0.96 was obtained, which is in agreement with other reports [46]. The rate constants
(reaction rate) were predicted from the slope of the graph. The rate constants are found to be 0.00338,
0.00423, 0.01005 and 0.01088 min−1 for Cu2O, ZnO, Cu2O/ZnO, and N-Cu2O/ZnO nanomaterials,
respectively. The rate constants of the photocatalytic degradation of methyl red using N-Cu2O/ZnO
and Cu2O/ZnO nanocomposites are larger than pure Cu2O and ZnO nanoparticles. Therefore, the
photocatalytic activities of N-Cu2O/ZnO and Cu2O/ZnO nanocomposites based on the rate constants
are found to be greater than Cu2O and ZnO nanoparticles [5,47].

 

Figure 8. Reaction kinetics curve.
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4. Conclusions

N-doped Cu2O/ZnO nanocomposite was synthesized by co-precipitation and thermal
decomposition methods. The absorption edge of the nanocomposite was more extended to the
visible region of electromagnetic radiation compared to ZnO, Cu2O and Cu2O/ZnO nanomaterials.
The photocatalytic activity of N-doped Cu2O/ZnO nanocomposite has enhanced efficiency than ZnO,
Cu2O and Cu2O/ZnO nanomaterials. The enhancement is due to the coupling of Cu2O and ZnO
semiconductors, which can drop the recombination rate of the charge carriers, and improve the
absorption and utilization ability to sunlight. In addition to that, doping the nanocomposite with
nitrogen can outspread the photoabsorption to longer wavelengths. Based on the findings, N-doped
Cu2O/ZnO nanocomposite is an effective solar light active photocatalyst that can be used for the
removal of organic dyes from wastewater.
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Abstract: CuO/ZnO composites are synthesized using a simple mechanochemical combustion method.
X-ray diffraction (XRD), scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy
(EDX), and Fourier transform infrared (FTIR) are used to characterize the prepared oxides. X-ray
diffraction reveals that the prepared CuO/ZnO exhibit a wurtzite ZnO crystal structure and the
composites are composed of CuO and ZnO. The strong peaks of the Cu, Zn, and O elements are
exhibited in the EDX spectrum. The FTIR spectra appear at around 3385 cm−1 and 1637 cm−1, caused
by O–H stretching, and 400 cm−1 to 590 cm−1, ascribable to Zn–O stretching. The photocatalytic
performances of CuO/ZnO nanocomposites are investigated for the degradation of methylene blue
(MB) aqueous solution in direct solar irradiation. The degradation value of MB with 5 wt % CuO/ZnO
is measured to be 98%, after 2 h of solar irradiation. The reactive •O2

− and •OH radicals play
important roles in the photodegradation of MB. Mineralization of MB is around 91% under sunlight
irradiation within 7 h. The photodegradation treatment for the textile wastewater using sunlight is an
easy technique—simply handled, and economical. Therefore, the solar photodegradation technique
may be a very effective method for the treatment of wastewater instead of photodegradation with the
artificial and expensive Hg-Xe lamp.

Keywords: CuO/ZnO; photodegradation; nanocomposite; methylene blue; sunlight

1. Introduction

It is evident that water pollution is a global environmental problem now due to the presence of
different types of hazardous pollutants in it [1]. Textile wastewater, which contains huge amounts
of pollutants that are very harmful to the environment, is of special research interest. The release
of textile wastewater to the environment causes aesthetic problems due to the changed color of
the water bodies [2]. Nanocomposites, containing oxides of metal, are of great research interest
at the moment due to their high photocatalytic degradation efficiency, sustainable development
characteristics, and lack of secondary pollution for water pollution treatment [3,4]. Recently, different
types of metal oxide nanocomposites have been synthesized, such as ZnO–Mg [5], CuO/ZnO [6],
ZnO–NiO [7], Co3O4–ZnO [8], and CeO2–ZnO [9]. Saravanan et al. prepared CuO/ZnO, V2O5/ZnO,
and ZnO/γ-Mn2O3 nanocomposites using the thermal decomposition method [10–12]. They also
studied the photocatalytic degradation of rhodamine B under sunlight irradiation using CuO/ZnO
nanocomposite. Li et al. [13] synthesized CuO/ZnO nanocomposites using the thermal decomposition
method and investigated the visible light-driven photocatalytic degradation of methylene blue and
methyl orange. Kuriakose et al. [14] prepared CuO/ZnO nanocomposites using the carbothermal
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evaporation method and evaluated the photocatalytic degradation of methylene blue and methyl
orange dyes under sunlight irradiation. Wang el al. [15] prepared MnO@MnOx microspheres through
the solvothermal process and reported the degradation of levofloxacin under simulated sunlight
irradiation. Nanocomposite photocatalytic technology can be considered a green technology and
provides the advantages of abundance, including postpone electron-hole recombination, higher
photocatalytic activity, and the ability to convert solar energy to chemical energy, which eventually
realizes the solution of energy and environmental issues [16–21].

ZnO is an n-type semiconductor, having a conductivity of about 10−7–10−3 S/cm. It has a relatively
large binding energy of 60 meV. However, the main disadvantages of ZnO are its fast electron-hole
recombination rate and inefficient utilization of sunlight that lead to a reduction in photodegradation
efficiency. The photodegradation performance of ZnO can be increased by modifying ZnO with
transition metals [22]. Among the various transition metals, Cu-doped ZnO nanomaterials are of
special interest due to the photocatalytic efficiency enhancement that creates defects in the lattice
and reduces the recombination of photogenerated charge carriers [23]. Cu also provides plenty of
advantages, such as low cost, more electronegativity than zinc, and a similar atomic size to that
of zinc, and leads to better doping efficiency [24]. CuO is a natural p-type semiconductor with a
narrow band gap, having a conductivity of 10−4 S/cm, and it can be applied in photodegradation
reactions [25]. Among the various metal oxide nanocomposites, researchers are paying more attention
to CuO/ZnO because of its non-toxicity, economical benefits, and availability. It possesses high energy
density and good electrical and piezoelectric properties [26,27]. CuO/ZnO nanocomposites improve
physicochemical properties, compared to pure ZnO and CuO nanostructures [14]. The formation of a
CuO/ZnO heterojunction also enhances the optical and electronic properties, which are considered to
be promising applications in photocatalysis [10].

Herein, the various proportions of CuO/ZnO nanocomposites are prepared using the
mechanochemical combustion method. The synthesized composites are characterized by X-ray
diffraction (XRD), scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDX),
and Fourier transform infrared (FTIR). Methylene blue (MB) is a non-biodegradable and hazardous
organic compound intensively used in textile industries and, so, it is selected as the degradation target
to evaluate the photocatalytic performances of the composites using sunlight. The results show that
CuO/ZnO exhibit increased photocatalytic activities, compared with ZnO. The degradation mechanism
and mineralization of the improved photocatalytic performance are also discussed.

2. Materials and Methods

2.1. Chemicals

The samples were synthesized using zinc acetate dihydrate (Zn(CH3COO)2·2H2O), oxalic acid
dihydrate (COOH)2·2H2O), and copper acetate (Cu(CH3COO)2). Methylene blue (C16H18ClN3S)
was employed in the photodegradation experiment. Three scavengers were selected: Ascorbic acid
(C6H8O6), 2−propanol (CH3)2CHOH), and di−ammonium oxalate monohydrate (NH4)2C2O4·H2O).
All of the analytical grade chemicals were used without any purification.

2.2. Fabrication of CuO/ZnO

The mechanochemical combustion method was used to prepare CuO/ZnO. In agitate mortar,
2.195 g of zinc oxalate dihydrate and 2.521 g of acetic acid were taken. Then, the mixture was ground for
10 min to produce Zn(CH3COO)2·2H2O and (COOH)2·2H2O paste. In the above paste, Cu(CH3COO)2

was added as a source of Cu, and then the grinding process was continued for the next 10 min to
produce a precursor of zinc oxalate−copper oxalate. The precursor powders were calcined at 500 ◦C
for 3 h in the presence of air atmosphere to obtain the CuO/ZnO composite [28]. For comparison,
un-doped ZnO was prepared from the zinc oxalate and acetic acid paste.
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2.3. Characterization

The X−ray diffractometer (XRD, Ultima IV, Rigaku Corporation, Akishima, Japan) was selected to
collect the diffraction patterns of materials using Cu Kα radiation (λ = 0.15406 nm, 40 KV, 1.64 mA) in
the ranges of 10◦ to 80◦ of 2-theta angle. The morphologies of oxides were recorded with a scanning
electron microscope (SEM, JSM-6010 PLUS/LA, JEOL Ltd., Tokyo, Japan). Elemental analysis of
CuO/ZnO was examined using a JSM-7900F SEM attached with EDX. The chemical structures of
CuO/ZnO were studied with a Fourier transform infrared (FTIR) spectrophotometer (IR Prestige-21,
SHIMADZU, Kyoto, Japan).

2.4. Evaluation of Photocatalytic Activity

The photocatalytic experimental conditions are presented in Table 1. Briefly, the photocatalytic
performance of CuO/ZnO composites was investigated in aqueous MB solution using sunlight.
Experiments were conducted under similar conditions on a sunny day between 11:00 and 14:00.
In photodegradation, 20 mg of photocatalyst was added into 30 mL aqueous MB of 10 mg/L in
the beakers. To equilibrate the suspension, a magnetic stirrer was used in the dark for 30 min.
Then, the suspensions in the beakers were kept in sunlight for different time intervals. About 3 mL
MB solution was withdrawn and separated with an Advantec membrane filter 0.45 μm. The MB
concentration was calculated using a UV–visible spectrometry (UV-1700 Pharma Spec, SHIMADZU,
Kyoto, Japan). The relative MB concentration (C/C0) was determined at the relative absorbance (A/A0)
of λ = 662 nm, according to the Beer–Lambert law, where A0 and A were the absorbance of aqueous
MB at a starting time (t0) of photodegradation and at any time t, respectively.

The total organic carbon (TOC) was studied using Shimadzu TOC analyzer (TOC–VCPH, Kyoto,
Japan). The oxidation and titration with potassium permanganate method was applied for the
measurement of chemical oxygen demand (COD).

Table 1. Experimental conditions.

Methylene blue 30 mL, 5–20 mg/L
Photocatalyst 20 mg
Temperature ~30 ◦C

pH Natural
Light source Sunlight

Irradiation time 0–150 min

2.5. Detection of Active Species

To scrutinize the reactive species that was responsible for photocatalytic degradation of MB, three
scavenger tests were done in the same procedure as discussed in the photodegradation experiment.
In the scavenger tests, di–ammonium oxalate monohydrate, 2–propanol, and ascorbic acid were
stipulated as h+, •OH, and •O2

− reactive species, respectively [29,30].

3. Results and Discussion

3.1. XRD Patterns Study

The crystal structure of the nanomaterials was confirmed by X−ray diffraction. Figure 1 displays
the XRD patterns of the ZnO and with different copper contents CuO/ZnO nanocomposites. Major
peaks were observed at around 31.82◦ (100), 34.50◦ (002), and 36.32◦(101) of the undoped ZnO (JCPDS
no.36–1451) [31]. CuO/ZnO nanocomposites displayed a very minor peak at 38.8◦, which was indexed
to the (111) of CuO [24]. With the addition of Cu in ZnO, the diffraction intensities and angles changed
remarkably. The diffraction peak of CuO (111) was found with 5 and 7 wt % of copper content.
In addition, with increased amounts of copper, no other peaks or appreciable shifts were observed and
no solid solution was formed in between ZnO and CuO. The Scherrer equation was used to obtain the
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grain size of the ZnO and CuO/ZnO nanocomposites. The estimated grains were found as ~32.16 and
~32.13 nm for ZnO and 5 wt % CuO/ZnO, respectively.

Figure 1. X-ray diffraction (XRD) patterns of ZnO and CuO/ZnO.

3.2. SEM and EDX Study

Crystal morphologies of the ZnO and CuO/ZnO were evaluated through SEM. Figure 2a shows
that the synthesized ZnO was heterogeneous with rod-shaped branches of building blocks. On the
other hand, Figure 2b shows that the shape of the CuO/ZnO composite changed from rod-like to
spheroid. The particle sizes of synthesized composites were in the nanometer range, which was
similar to the data of XRD. Figure 2c shows the EDX line-scanning values of CuO/ZnO heterojunction.
The presences of copper, zinc, and oxygen atoms were exhibited by the EDX spectra analysis. Sharp
peaks of Zn, Cu, and O were obtained; no other peak related to any other element was detected in the
spectrum within the detection limit, which confirmed that synthesized materials were composed of Zn,
Cu, and O only. The spectrum confirmed that Cu exists in the heterostructure, representing that the
copper nanoparticles were successfully deposited on zinc oxide.

180



J. Compos. Sci. 2019, 3, 91

 

 

Figure 2. Scanning electron microscopy (SEM) images of (a) ZnO and (b) CuO/ZnO, and (c) energy-
dispersive X-ray spectroscopy (EDX) pattern of CuO/ZnO.

3.3. FTIR Spectral Study

The FTIR spectra of ZnO and CuO/ZnO nanocomposites are depicted in Figure 3. Generally,
the absorption bands of metal oxides were below 1000 cm−1, due to inter-atomic vibrations. From
Figure 3, it is seen that the absorption band of zinc oxide (stretching of Zn−O) was between 400 cm−1

and 590 cm−1, which confirmed the wurtzite structure of ZnO [32]. The vibration around 3385 cm−1

and 1637 cm−1 was attributed to asymmetric and symmetric stretching H−O−H vibration, which was
due to chemisorbed water. The very weak peak at 2320 cm−1 corresponded to the symmetric C−H
bond vibrations, which may have been present due to the environmental conditions. Stretching modes
of C–O appeared at 1110 cm−1, because of the acetate group improper decomposition [33]. The bands
of 3000–3650 cm−1 were attributed to reversible dissociative absorption of hydrogen on Zn and O [34].
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Zn O stretching

O H group due 
to moisture

C H bond
C O bond

Figure 3. Fourier transform infrared (FTIR) spectra of ZnO and CuO/ZnO.

3.4. UV-VIS Spectral Changes

The absorption spectra of MB solution with CuO/ZnO under sunlight irradiation are shown in
Figure 4. During photolysis, pure MB was exposed 150 min under sunlight and it was seen that
the change of the absorption spectrum was negligible. The absorption spectrum at 662 nm slightly
decreased under dark after 150 min with CuO/ZnO, indicating the MB dye adsorption on the composite.
The well-defined absorption band disappeared after 150 min, which confirmed the MB degradation
with CuO/ZnO in the presence of sunlight.

Figure 4. UV-visible spectral changes of methylene blue (MB) in water for before irradiation, photolysis,
under dark, and sunlight irradiation.
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3.5. Photocatalytic Dye Degradation

ZnO and CuO/ZnO were used in the presence of sunlight for the photodegradation of MB
to evaluate the photocatalytic performance. The effect of the doping amounts of copper in the
photodegradation of MB is depicted in Figure 5. The degradation rate increased with increasing copper
amounts up to 5 wt % of the composite. More than 5 wt % of copper decreased the photocatalytic
activity. This was because the ZnO surface was covered by the higher percentage of copper and
reduced the sunlight absorption [35]. Due to efficient charge separation and higher electron transfer,
5 wt % CuO/ZnO composite showed better photocatalytic activity for MB degradation.

Figure 5. Photodegradation of MB by ZnO and CuO/ZnO using sunlight.

3.6. Effect of Initial Dye Concentration

The photocatalytic degradation of dye depended on its initial concentration, and it was necessary to
investigate the effect of dye concentrations in view of their practical application. The solar photocatalytic
degradation with different initial MB dye concentrations in the presence of CuO/ZnO was studied,
as shown in Figure 6. It was observed that as initial MB dye concentrations increased from 5 mg/L to
20 mg/L, the dye degradation efficiency gradually decreased [36,37]. In this study, methylene blue of
10 mg/L solution was selected to evaluate the photodegradation of dye under sunlight, because of the
high concentration of real wastewater.
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Figure 6. Effect of initial dye concentration on the photodegradation of MB with CuO/ZnO.

3.7. Role of Reactive Species

The scavengers of di–ammonium oxalate monohydrate (AO), 2–propanol, and ascorbic acid (AA)
were used to identify the reactive species for MB photodegradation. The three scavengers’ effect on
the MB photodegradation with CuO/ZnO is displayed in Figure 7. From the results (Figure 7), it was
observed that with the addition of 2–propanol, AO, and AA as a scavenger, photocatalytic degradation
dropped from 66% (without scavenger) to 23% (•O2

−), 13% (•OH), and 53% (h+) for 1h, while the
photocatalytic activity significantly decreased from 88% (without scavenger) to 29% (•O2

−), 37% (•OH),
and 79% (h+) for 2 h irradiation, respectively. It can be surmised that the important roles played for the
photodegradation of MB were by •O2

− and •OH radicals, while a minor role was played by the h+

radical in the degradation process under sunlight [38].

Figure 7. Effects of scavengers on the photodegradation of MB with CuO/ZnO using sunlight.
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3.8. Degradation Mechanism

The schematic diagram (Figure 8) shows the photodegradation mechanism of MB with
CuO/ZnO nanocomposite. CuO and ZnO formed a heterojunction, which assisted the separation
of photogenerated carriers [39]. The conduction band (CB) potentials were −0.43 eV for CuO and
−0.15 eV for ZnO vs Normal Hydrogen Electrode (NHE) [40]. The band gaps of CuO and ZnO were 1.4
and 3.23 eV, respectively [41,42]. During sunlight irradiation, CuO and ZnO were excited to generate
electrons and holes at the CB and the valence band (VB), respectively, as displayed in Figure 8, since
the band positions of ZnO were below the CB and VB of CuO. The photoexcited electrons transferred
from CuO to ZnO, whereas the holes migrated from ZnO to CuO. [43]. Then, oxygen molecules in
dye solution reacted with electrons to generate superoxide radical (•O2

−) and the holes combined
with H2O to produce hydroxyl radical (•OH). Moreover, MB was directly oxidized by the holes at the
VB of CuO [44,45]. The strong oxidant radicals of •OH and •O2

− readily oxidized the MB molecule.
We proposed the following possible degradation mechanism of MB with CuO/ZnO in the presence
of sunlight.

ZnO + hν→ ZnO (eCB
− + hVB

+) (1)

e−(CB) + O2 → •O2
− (2)

h+(VB) + OH− → •OH (3)

•O2
− +MB→ degraded products (4)

•OH +MB→ degraded products (5)

h+(VB) +MB→ degraded products (6)

Figure 8. The possible degradation mechanism of CuO/ZnO photocatalyst using sunlight.

3.9. Mineralization of Dye

The evaluation of mineralization of MB was investigated by measuring the total organic carbon
(TOC). The TOC removal is presented in Figure 9a, showing the degradation of MB under sunlight
irradiation. The TOC rapidly decreased with increased solar irradiation time up to 2 h. After 7 h
irradiation using CuO/ZnO, the mineralization of MB was observed at about 91% of TOC reduction.
The chemical oxygen demand (COD) was an effective method, widely used for the measurement of
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photodegradation of organic dye [46]. The test was used to measure the total amount of oxygen needed
for the oxidation of dye to produce carbon dioxide and water [47]. The COD value of MB of aqueous
solution using CuO/ZnO is described in Figure 9b. With increased solar irradiation time, COD values
sharply decreased up to 3 h, and COD reduction was about 84% after 7 h. The reduction of COD and
TOC values after the solar irradiation of MB indicated that methylene blue molecule was mineralized.

Figure 9. Mineralization of MB during the photodegradation with CuO/ZnO using sunlight. (a) total
organic carbon (TOC) and (b) chemical oxygen demand (COD).

4. Conclusions

The low-cost mechanochemical combustion method was used to synthesize CuO/ZnO
nanocomposites with various Cu contents. The best photodegradation efficiency was obtained
with 5 wt % CuO/ZnO. The values of MB degrading with un-doped ZnO and CuO/ZnO were measured
to be 81% and 98% respectively, after 2 h of solar irradiation. MB photodegradation with CuO/ZnO
under sunlight occurred mainly with •O2

− and •OH radicals, while the h+ radical showed a minor role
in the process. The decrease of TOC values of MB indicated the mineralization in the photocatalytic
process. Therefore, sunlight photodegradation technology may be a more effective technique for textile
wastewater treatment than photodegradation with artificial and expensive Hg-Xe lamp.
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