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Development of Functional Nanomaterials for Applications in
Chemical Engineering
Meiwen Cao

State Key Laboratory of Heavy Oil Processing, Department of Biological and Energy Chemical Engineering,
College of Chemistry and Chemical Engineering, China University of Petroleum (East China),
Qingdao 266580, China; mwcao@upc.edu.cn

Nanomaterials are materials with particle sizes of less than 100 nm in at least one of
their dimensions. The special structure of nanomaterials endows them unique character-
istics different from those of bulk materials and individual atoms, which are known as
surface effect, quantum size effect, and macroscopic quantum tunneling effect, etc. There-
fore, nanomaterials usually exhibit novel optical, acoustic, electrical, magnetic, thermal,
and catalytic properties, and have been widely applied in various fields. Nowadays, the
production and application of nanomaterials in the chemical industry are very common,
especially in the fields of new catalysts, selective adsorbents, corrosion prevention coatings,
environmental protection, and other biopharmaceuticals and medical instruments, playing
important roles in promoting the development of society and human beings.

This Special Issue, Nanomaterials for Chemical Engineering, focuses on the develop-
ment of functional nanomaterials in the chemical engineering field. It collects 14 original
research papers and 2 comprehensive review papers by the excellent scientists from relevant
fields, covering the topics of development of novel nanomaterials and synthesis methods,
experimental characterization, and computational modeling studies, as well as exploitation
in devices and practical applications.

The synthesis, characterization, and property investigation of new nanomaterials are
eternal prerequisites to meet the needs of nanotechnology development for chemical engi-
neering applications. Sazanova et al. [1] reported the synthesis and characterization of zinc
oxide (ZnO) nanoparticles by plasma-enhanced chemical vapor deposition, establishing
that the synthesizing parameters of zinc source temperature and reactor temperature can
effectively control the size and morphology of ZnO nanostructures. Gaur and coworkers [2]
synthesized SnS2 nanoparticles using a thermal decomposition approach and produced
novel morphologies (e.g., nanoparticles, nanoplates, and flower-like morphologies assem-
bled from flakes) by using different alkylamines as capping agents. Shao and coworkers [3]
synthesized the Ag@MXene hybrids and studied their nonlinear optical characteristics,
making great contributions to the development of ultrathin optoelectronic nanodevices
and optical limiters. Liu et al. [4] fabricated 2D R-P type (PEA)2(MA)2Pb3I10 perovskite
films on quartz substrates and studied their terahertz and ultrafast photoelectric response
characteristics, demonstrating their potential applications in solar cells and photoelectric
devices. Wang and coworkers [5] prepared methyl-modified ZrO2-SiO2 (ZrO2-MSiO2)
membranes via the sol–gel method and characterized their physical–chemical properties.
With excellent hydrothermal stability and regeneration capability, the ZrO2-MSiO2 mem-
branes have significant potential in steam-stable hydrogen permselective applications. By
incorporating Gyrotactic microbes to prevent the bioconvection of small particles and to
improve consistency, Ali et al. [6] discussed the relevance of Lorentz and Coriolis forces on
the kinetics of gyratory Maxwell nanofluids flowing against a continually stretched surface,
contributing to the areas of elastomers, mineral productivity, paper-making, biosensors,
and biofuels.
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Many nanomaterials are highly porous in structure and have high specific surface
area, which can be used for gas adsorption in the aims of purification and/or storage.
Two research works in this Special Issue studied the adsorption and storage of natural
gases on defined nanomaterials. [7,8] First, Shkolin et al. [7] synthesized an active carbon
nanomaterial from cheap peat raw materials and investigated its structural–energetic and
adsorption properties towards natural gas (ANG). The study provides insights into the
solution for improving the safety and storage capacity of low-pressure gas storage systems.
Second, Zhang et al. [8] reported the CH4 adsorption properties on extended line defect
(ELD) graphene according to the first principles of density functional theory (DFT). The
Mn modification of ELD graphene was found to significantly affect the CH4 adsorption.
The specific molecular configurations and adsorption behaviors were discussed in detail
in the paper. In another paper, Sodha et al. [9] presented a comprehensive review on
zeolite-based nanocomposites for the treatment of effluents from wastewater. The review
provides the basic knowledge about zeolites and highlights the types, synthesis, and
removal mechanisms of zeolite-based materials for wastewater treatment along with the
research gaps, being helpful for worldwide research on this topic.

Nanomaterials as applied as catalysts play important roles in many chemical engineer-
ing fields, being able to control reaction time, improve reaction speed and efficiency, save
resources and energy, and improve economic benefits. Therefore, the study on catalytic
nanomaterials attracts great research interests. The Special Issue presents two works fo-
cusing on fabrication of CeO2-composited catalysts for maleic anhydride hydrogenation
(MAH). Zhang et al. [10] prepared CeO2-supported Ni catalysts with different Ni loadings
and particle sizes by the impregnation method and investigated their hydrogenation per-
formance. The work provides a theoretical and experimental basis for the preparation of
high-activity catalysts for MAH. Liu et al. [11] synthesized CeO2 supports with various
shapes (e.g., nanocubes, nanorods, and nanoparticles) by using the hydrothermal tech-
nique, which were employed for supporting Ni species as catalysts for MAH. The study
demonstrated morphology-dependent performances of the Ni/CeO2 catalysts, which is
helpful for developing novel catalysts for MAH. In another work, Li and coworkers [12]
reported the synthesis of a series of Mg–Zr composite oxide catalysts by the hydrothermal
method, aiming to catalyze the transesterification of glycerol with dimethyl carbonate to
produce glycerol carbonate. The effects of the preparation method and Mg/Zr ratio on the
catalytic performance and the deactivation of the catalysts were systematically investigated
and discussed.

Nanomaterials have also found extensive applications in the fields of daily chemical
products, cosmetics, pesticides, biomedicine etc., where the nanomaterials can be used
as nanocarriers to load various active components for targeted delivery and controlled
release. Rocha et al. [13] performed a systematic study on polymeric particles based on
gelatin and poly-ε-caprolactone (PCL) containing essential oil from Lippia origanoides. The
developed biocides have high physical stability and particle surface microtexture as well
as pronounced bioactivity, which are efficient alternative controlling agents of Conotra-
chelus humeropictus and Moniliophtora perniciosa, the main pests of Theobroma grandiflorum.
Yang et al. [14] presented a comprehensive review on peptide-based nanocarriers for gene
delivery. The review puts forward discussion on the biological barriers for gene delivery,
the peptide molecular design and assembly with DNA, the targeted delivery and controlled
release of genome, the structure–function relationships of the delivery systems, and the
current challenges and future perspectives in related fields, providing guidance towards
the rational design and development of nonviral gene delivery systems.

Nanomaterials can also be engineered into the industrial production so as to improve
the production process, elevate production efficiency, and optimize product performance.
The work by Ali and coworkers [15] studied the effect of inlet flow strategies on the
dynamics of pulsed fluidized bed of nanopowder. They changed the conventional single-
drainage (SD) flow strategy to the modified double-drainage (MDD) flow strategy, which
improved the production process by purging the primary flow during the non-flow period
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of the pulse to eliminate pressure buildup in the inlet flow line while providing a second
drainage path to the residual gas. Sfameni et al. [16] reported the development of an
efficient and eco-friendly procedure to form highly hydrophobic surfaces on cotton fabrics.
By using a two-step treatment procedure, that is, first producing a hybrid silane film on
cotton fabrics and then modifying with low-surface-energy components, the cotton fabrics
were endowed with excellent water repellency. The work provides a new sustainable
approach for fabric finishing and treatment.

In short, this Special Issue is expected to be interesting and enriching for readers
by virtue of featuring all of the abovementioned high-quality original research works
and comprehensive review papers. We give our sincere thanks to the excellent scholars
that have made contributions. Currently, we are developing the second volume of the
Special Issue, that is, “Nanomaterials for Chemical Engineering II”. We welcome more
excellent scholars to submit their excellent works in the area of synthesis and application of
functional nanomaterials for chemical engineering.

Acknowledgments: This work was supported by the National Natural Science Foundation of China
(22172194, 21872173).

Conflicts of Interest: The authors declare no conflict of interests.
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Influence of Temperature Parameters on Morphological
Characteristics of Plasma Deposited Zinc Oxide Nanoparticles
Tatyana Sergeevna Sazanova 1,* , Leonid Alexandrovich Mochalov 2 , Alexander Alexandrovich Logunov 2 ,
Mikhail Alexandrovich Kudryashov 2, Diana Georgievna Fukina 2, Maksim Anatolevich Vshivtsev 2,
Igor Olegovich Prokhorov 2, Pavel Andreevich Yunin 3, Kirill Alexandrovich Smorodin 2,
Artem Anatolevich Atlaskin 4 and Andrey Vladimirovich Vorotyntsev 1,2

1 Laboratory of Membrane and Catalytic Processes, Nanotechnology and Biotechnology Department,
Nizhny Novgorod State Technical University n.a. R.E. Alekseev, Minin Str. 24,
603950 Nizhny Novgorod, Russia; an.vorotyntsev@gmail.com

2 Chemical Engineering Laboratory, Research Institute for Chemistry, Lobachevsky State University of
Nizhny Novgorod, Gagarin Ave. 23, 603022 Nizhny Novgorod, Russia; mochalovleo@gmail.com (L.A.M.);
alchemlog@gmail.com (A.A.L.); mikhail.kudryashov1986@yandex.ru (M.A.K.); dianafuk@yandex.ru (D.G.F.);
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3 Department for Technology of Nanostructures and Devices, Institute for Physics of Microstructures of the
Russian Academy of Science, Academic Str. 7, Afonino, 603087 Nizhny Novgorod, Russia; yunin@ipmras.ru
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* Correspondence: yarymova.tatyana@yandex.ru

Abstract: Zinc oxide nanoparticles were obtained by plasma-enhanced chemical vapor deposition
(PECVD) under optical emission spectrometry control from elemental high-purity zinc in a zinc–
oxygen–hydrogen plasma-forming gas mixture with varying deposition parameters: a zinc source
temperature, and a reactor temperature in a deposition zone. The size and morphological parameters
of the zinc oxide nanopowders, structural properties, and homogeneity were studied. The study
was carried out with use of methods such as scanning electron microscopy, X-ray structural analysis,
and Raman spectroscopy, as well as statistical methods for processing and analyzing experimental
data. It was established that to obtain zinc oxide nanoparticles with a given size and morphological
characteristics using PECVD, it is necessary (1) to increase the zinc source temperature to synthesize
more elongated structures in one direction (and vice versa), and (2) to decrease the reactor temperature
in the deposition zone to reduce the transverse size of the deposited structures (and vice versa),
taking into account that at relatively low temperatures instead of powder structures, films can form.

Keywords: zinc oxide; nanoparticles; PECVD; structure; morphology

1. Introduction

Currently, nanosized zinc oxide is one of the important materials in development
for various fields of medicine and industry. Zinc oxide is a unique material because of
its advantages such as cost efficiency and variable engineering properties, good biocom-
patibility and antibacterial properties, adjustable band-gap and particle size/shape, and
many other features [1], making it applicable in a wide range of fields. In particular, zinc
oxide nanoparticles can be used as: excellent antibacterial, antioxidant, antidiabetic and
tissue regenerating agents [2]; innovative anticancer agents [3]; material for photocatalytic
degradation of organic pollutant [4,5]; material for manufacture of electronic devices over
flexible substrates [6]; an electron transport layer for quantum dot light-emitting diodes [7];
nanocomposite electrode material for supercapacitor [8]; and material for the production of
gas sensors [9].

Nanosized zinc oxide is obtained in the form of rods (threads), ridges, honeycombs,
rings, ribbons, springs (spirals), cells, tetrapods, as well as thin films and coatings. For the
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synthesis of all these numerous modifications, numerous preparation methods were pro-
posed, of which two main groups can be distinguished: physical (sputtering, laser ablation,
electrospraying, ball milling, electron beam evaporation, etc.) and chemical (microemulsion
technique, sol–gel method, co-precipitation method, hydrothermal method, polyol method,
chemical vapor deposition, etc.). The main advantage of the chemical methods is the
possibility of obtaining particles with a given size, composition, and structure [10]. This is
important because the shape and size of nanoparticles directly affects their properties. For
example, Hammad T. and co-workers [11] reported changing a red shift from 3.62 to 3.33 eV
when the average particle size of ZnO nanoparticles was increased from 11 to 87 nm, re-
spectively. In another work, Mornani E. and co-workers [12] reported a change in the band
gap from 4.45 to 4.08 eV with an increase in the average size of ZnO nanoparticles from 46
to 66 nm, respectively. Similarly, controlling nanoparticle sizes to determine their optimal
range is significant for mechanical properties of nanoparticle assemblies [13], the rate of
gas photofixation using powder catalysts based on nanoparticles [14], and others [15–19].

One of the most promising methods for producing zinc oxide nanoparticles of a
given size and shape is plasma-enhanced chemical vapor deposition (PECVD). Plasma
initiation makes it possible to significantly reduce the temperature of reactor walls and
a deposition zone, as well as to eliminate the pollution possibility of the final product
with equipment materials and to control the deposition zone temperature over a wider
range, thereby setting the conditions for structure growth. Plasma initiation also makes
it possible to achieve 100% conversion of initial substances due to establishing kinetic
dependencies during plasma–chemical reactions. Thus, PECVD provides controllability,
one stage, cost-effectiveness, high purity of resulting materials, as well as versatility and
process scalability [20–22]. However, to widely use PECVD in the preparation of nanosized
zinc oxide with given morphology, it is necessary to fundamentally study the influence of
process parameters on the resulting product.

This work is devoted to studying zinc oxide nanoparticles obtained by the PECVD
method from elemental high-purity zinc in a zinc–oxygen–hydrogen plasma-forming gas
mixture with varying deposition parameters, namely a zinc source temperature and a
reactor temperature in a deposition zone.

2. Experimental Section
2.1. Materials

Zinc of 5N purity (Changsha Rich Nonferrous Metals Co Ltd., Changsha, Hunan,
China), high purity hydrogen (99.9999%) and oxygen 6.0 (99.9999%) (Horst Technologies
Ltd., Dzerzhinsk, Nizhny Novgorod region, Russia) were used as components of a plasma-
forming mixture. Hydrogen was used as a carrier gas, which also acted as a temperature
stabilizer and regulator of the nanostructure growth.

2.2. Plasma–Chemical Synthesis

The scheme of a plasma–chemical installation is shown in Figure 1. The installation
consisted of a gas supply system, a pumping system, a cuvette with initial zinc, and a
pear-shaped plasma–chemical reactor made of high-purity quartz glass with a total volume
of about 1200 cm3. An external inductor, an RF generator (with an operating frequency of
40.68 MHz and a maximum power of 500 W), and a universal matching device were used
to ignite an inductively coupled or mixed nonequilibrium plasma discharge.

A loading cuvette in the form of a boat with metal zinc was placed in a furnace with
an external resistive heater and an internal thermocouple. A tank for collecting zinc oxide
powder was placed into the reactor through a stainless-steel vacuum loading flange and
was installed perpendicular to the carrier gas flow on a special movable holder. The loading
cuvette, the powder tank, and the movable holder were made of high-purity quartz glass.
To cool the reactor in the deposition zone, a circulation thermostat was used.
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Figure 1. The scheme of a plasma–chemical installation with a pear-shaped reactor.

High-pure granulated Zn was loaded into the quartz furnace. High-pure H2 was
blown through the Zn source with the constant rate of 15 mL/min. The vapors of Zn
were delivered by the career gas via the quartz lines heated up to 550 ◦C with the internal
diameter of 6 mm directly into the plasma zone, where the formation of ZnO materials
took place. The temperature of the lines and external surface of the plasma chamber was
measured by a pyrometer. The temperature of the substrate holder was found by the
internal thermocouple. High-pure O2 was fed from below towards the main carrier gas
with zinc vapor directly in the plasma zone with the constant rate of 15 mL/min. The
total gas flow through the plasma–chemical reactor was set equal to 30 mL/min at a total
pressure in the system of 0.1 Pa. The duration of each individual experiment (with the
various deposition parameters) was one hour.

Before experiments, the installation was evacuated to a pressure of 1 × 10−3 Pa for
several hours to remove traces of nitrogen and water from the walls of the reactor. Then,
the powder tank was closed with a magnetic diaphragm of a special design.

The installation was also equipped with a high-resolution optical emission spectrome-
ter HR4000CJ-UV-NIR (Avantes, The Netherlands) operating in the range of 180–1100 nm
to control the excited intermediate species in the gas phase during the plasma–chemical
process. The upper part of the plasma chamber was equipped with two plane-parallel win-
dows made of special quartz glass of high transparency, maintained just after the inductor
where the intensity of the lines was maximal.

According to the optical emission spectroscopy (OES) data (Figure 2), the composition
of the plasma-forming mixture in all experiments included Zn (I), O (I), O (II), H (I), OH (I).
Zn (II) emission lines were not observed.
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Figure 2. The optical emission spectra of the zinc–hydrogen–oxygen plasma (Zn:H2:O2 = 2:1:1).

2.3. Scanning Electron Microscopy and Energy-Dispersive X-ray Spectroscopy

The size-morphological characteristics of the zinc oxide samples were studied by
scanning electron microscopy (SEM) using an electron microscope JSM-IT300LV (JEOL,
Peabody, MA, USA) with an electron probe diameter of about 5 nm and a probe current of
less than 0.5 nA (the operating voltage was 20 kV). SEM scanning was performed using low-
energy secondary electrons and backscattered electrons under a low vacuum to eliminate
the charge. As sample preparation for SEM, zinc oxide powders were applied onto carbon
double-sided conductive tapes.

The size of the structures observed on SEM images was measured as the maximal
diameter of their cross-section. For additional control of the measurement results, analysis
of the images (determination of the average size of equivalent disk (Davg) of structures’
cross-section) was carried out using the method of watershed segmentation by a software
SPMLab™ v5 (TopoMetrix, Santa Clara, CA, USA).

2.4. X-ray Structural Analysis

The structure of the zinc oxide samples was studied using X-ray diffraction (XRD)
analysis on an X-ray diffractometer D8 Discover (Bruker, Germany) equipped with a sealed
CuKα radiation source tube and a position-sensitive detector LynxEye. Diffraction patterns
were obtained by θ/2θ scanning in the 2θ range of 10–66◦ with a step of 0.1◦.

As sample preparation for the XRD analysis, a small amount of zinc oxide powders
was placed in the center of a quartz disk. Then, about 3 drops of distilled water were added
to the sample and it was spread to a thin layer with a glass rod. Next, the sample was
placed in a desiccator to dry before the XRD analysis.

The results obtained were compared with the database PDF-2 Release 2011, namely
PDF 01-071-6424 for ZnO and PDF 00-004-0831 for Zn.

2.5. Raman Spectroscopy

Raman spectra were studied on a spectroscopy complex NTEGRA Spectra Raman
(NT-MDT, Moscow, Russia) using a laser with a wavelength of 473 nm. The radiation was
focused by a 20× objective lens with an aperture of 0.45. The laser spot diameter was
5 µm. The power of the unfocused laser radiation was controlled by a silicon photodetector
11PD100-Si (Standa Ltd., Vilnius, Lithuania) and varied in the range from 1 mW to 1 µW.
The Raman spectra analysis of the samples was carried out according to the scheme for
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reflection in the frequency range 80–800 cm−1 with a resolution of 0.7 cm−1. As sample
preparation for the Raman spectra analysis, zinc oxide powders were applied onto carbon
double-sided conductive tapes. The measurements were carried out at room temperature.

2.6. Varying Temperature Parameters in Plasma–Chemical Deposition

To study the influence of a zinc source temperature on the morphology of ZnO
nanoparticles, the temperature was varied from 370 to 470 ◦C. At the same time, the reactor
temperature in the deposition zone was maintained at 250 ◦C. The plasma discharge power
was 50 W.

To study the influence of a reactor temperature on the morphology of ZnO nanopar-
ticles, the temperature was varied from 25 to 350 ◦C. At the same time, the zinc source
temperature was maintained at 420 ◦C. The plasma discharge power was 50 W.

3. Results and Discussion
3.1. Zinc Source Temperature and Morphology of ZnO Nanoparticles

As a result of the plasma–chemical synthesis, ZnO nanoparticles with different shapes
were obtained. According to the SEM images (Figure 3), the observed nanoparticles assumed
a sphere-like, columnar, and rod-like shape depending on the zinc source temperature.
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Figure 3. The SEM images of the ZnO nanopowders obtained by the PECVD method at the various
zinc source temperatures: (a) 370 ◦C, (b) 420 ◦C, (c) 470 ◦C.

According to statistical processing of the SEM data (the sample size was 100 measure-
ments), it was found that the average size (in the cross-section) of the deposited particles
changed with an increase in the zinc source temperature, along with a variation in their
shape (Figure 4).
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Figure 4. The transverse size distribution of the ZnO structures obtained by the PECVD method at
the various zinc source temperatures: (a) 370 ◦C, (b) 420 ◦C, (c) 470 ◦C.

The average size of the ZnO structures decreased from 120 to 100 nm with a simul-
taneous decrease in the coefficient of variation from 46 to 44% caused by an increase in
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temperature from 370 to 420 ◦C. Next, the average size of the structures approached 45 nm
with a coefficient of variation of 32% caused by a further increase in temperature to 470 ◦C.
Such a change in the transverse size of the nanoparticles can be associated with the change-
able mechanism of their growth and the corresponding redistribution of the Zn and O
atoms in the spherical and elongated crystal structures.

The XRD analysis results for the ZnO structures obtained by the PECVD method
at the various zinc source temperatures are shown in Figure 5. The diffraction peaks
corresponding to (002), (101), (102), (103), (112), (201), (004), (202) planes are characteristic
of a ZnO structure [16,23–29]. Such a diffraction pattern corresponds to a hexagonal
structure of the wurtzite type. [23,24,29]. No other peaks associated with impurities were
observed, indicating that high-purity ZnO nanoparticles were obtained. However, the
diffraction peaks corresponding to (101) and (102) planes, which match with that of pure
metallic Zn [30], were observed after increasing the zinc source temperature from 420 to
470 ◦C (Figure 5c). This means that there was an excess of Zn in this sample.
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Figure 5. The XRD analysis results for the ZnO structures obtained by the PECVD method at the
various zinc source temperatures: (a) 370 ◦C; (b) 420 ◦C; (c) 470 ◦C.

It should be noted that the XRD characterization revealed a strong preferred (002)
orientation for all the obtained ZnO structures, indicating that the c-axis of the unit cell was
aligned perpendicular to the horizontal plane of the deposition zone [28]. However, the
(201) orientation became pronounced for the sample obtained at the source temperature of
420 ◦C (Figure 5b) and was slightly reduced with the increase in temperature from 420 to
470 ◦C (Figure 5c). Such a reorientation was probably related to the transition of the ZnO
structures from spherical to elongated forms.

The Raman spectra for the ZnO structures obtained at the various zinc source temper-
atures are shown in Figure 6. The peak at about 435 cm−1 is typical for ZnO structures,
while the peaks at about 275 cm−1 and 580 cm−1 do not correspond to ZnO normal modes.
These peaks are additional vibrational modes and can be associated with defects and bond
breaking, respectively [31–33].

Nevertheless, one must take into account the fact that the shape of Raman spectra
depends on crystal orientation. In the case under consideration, based on the XRD data
(Figure 5), the preferred orientation of the nanoparticles for all samples was (002). Moreover,
for the sample obtained at the zinc source temperature of 420 ◦C (Figure 5b), the (201)
orientation became pronounced, and the peak intensities in the Raman spectra (Figure 6)
at about 275 cm−1 and 580 cm−1 had average values relative to other samples. The
maximum intensities of these peaks were reached in another sample obtained at the source
temperature of 470 ◦C, when the height of the (201) reflection on the XRD pattern (Figure 5c)
was already reduced. Thus, the changes in the form of the Raman spectra can really be
associated with defects and bond breaking in the case under consideration.

Analyzing the obtained Raman spectra, it can be concluded that the defectiveness of
the ZnO structures (the peak at about 275 cm−1) increases with the rise in the zinc source
temperature. The degree of bond breaking (the peak at about 580 cm−1) also has similar
temperature dependence. Such a trend can be associated with increasing the Zn excess in
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the obtained ZnO structures, which can be led by bond breaking, and thereby causes the
formation of defects similar to interstitial Zn.
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Figure 6. The Raman spectra of the ZnO structures obtained by the PECVD method at the various
zinc source temperatures: (1) 370 ◦C, (2) 420 ◦C, (3) 470 ◦C.

3.2. Reactor Temperature and Size Distribution of ZnO Nanoparticles

As a result of the ZnO plasma–chemical synthesis at the reactor temperature in the
deposition zone of 25 ◦C, a planar structure was formed instead of a nanoparticle one
(Figure 7). At higher temperatures of the reactor deposition zone (250 and 350 ◦C), ZnO
columnar structures were formed. Moreover, the average diameter (in cross-section) of the
observed structures increased with a rise in the temperature.
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Figure 7. SEM images of ZnO nanopowders obtained by the PECVD method at various temperatures
in the reactor deposition zone: (a) 25 ◦C, (b) 250 ◦C, (c) 350 ◦C.

According to statistical processing of the SEM data (the sample size was 100 mea-
surements), it was established that the transverse diameter (at the widest part) of the ZnO
columnar structures increased by three times with an increase in the reactor temperature in
the deposition zone from 250 to 350 ◦C (Figure 8), and the coefficient of variation for the
size range decreased from 44 to 27%.
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Figure 8. The transverse size distribution of the ZnO structures obtained by the PECVD method at
the various temperatures in the reactor deposition zone: (a) 250 ◦C; (b) 350 ◦C.

The XRD analysis results for the ZnO structures obtained by the PECVD method
at the various temperatures in the reactor deposition zone are shown in Figure 9. The
diffraction peaks corresponding to (002), (101), (103), (112), (201), (004), and (202) planes
are characteristic of a ZnO structure [16,23–29]. Such a diffraction pattern corresponds
to a hexagonal structure of the wurtzite type [23,24,29]. No other peaks associated with
impurities were observed, indicating that the high-purity ZnO nanoparticles were obtained.
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The XRD characterization revealed a strong preferred (002) orientation for all the
obtained ZnO structures, indicating that the c-axis of the unit cell was aligned perpendicular
to the horizontal plane of the deposition zone [28]. Notably, the diffraction pattern of the
sample obtained at the temperature in the reactor deposition zone of 25 ◦C included only
two pronounced peaks, namely (002) and (004). Such a pattern is characteristic of ZnO
films [26]. Moreover, the (201) orientation became pronounced for the sample obtained
at the temperature in the reactor deposition zone of 250 ◦C (Figure 9b) and was slightly
reduced with the increase in temperature from 250 to 350 ◦C (Figure 9c). As already shown
in Section 3.1, the presence of this peak is characteristic of the elongated ZnO structures.

The Raman spectra for the ZnO structures obtained at the various temperatures in the
reactor deposition zone are shown in Figure 10. Similar to the case described in Section 3.1,
three main regions can be distinguished: the typical ZnO peak at about 435 cm−1, as well
as the peaks at about 275 cm−1 and 580 cm−1.

With a decrease in the reactor temperature from 350 to 250 ◦C, the intensity of all the
observed peaks practically did not change; however, at a temperature of 25 ◦C, the intensity
of the peak at about 435 cm−1 noticeably increased, and the peaks at about 275 cm−1 and
580 cm−1 were significantly smoothed out.

Comparing the Raman spectra for two experiments (Figures 6 and 10), it can be
concluded that the size of the nanoparticles does not affect their defectiveness and the
degree of bond breaking, in contrast with their shape.
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3.3. Controlling the Size and Morphological Characteristics of ZnO Nanoparticles

The parameter controlling the morphology (shape) of the obtained nanoparticles is the
zinc source temperature. Thus, the ZnO powders were formed with spherical, columnar,
and rod-like particle shapes at the temperatures of 370, 420, and 470 ◦C, respectively; this
was probably caused by a change in a mechanism of a plasma–chemical reaction. It was
also found that the Zn excess in the deposited powder increased with the rise in the zinc
source temperature. Based on the Raman spectra, it was shown that the Zn excess most
likely led to intensification for the occurrence of structural defects and bond breaking.

The parameter controlling the dimensional characteristics of the obtained nanoparticles
is the reactor temperature in the deposition zone. With a decrease in this parameter from
350 to 250 ◦C, the transverse size of the deposited ZnO particles was reduced by a factor
of three. This effect could be associated with an increase in the specific input energy of
the process due to the decrease in the temperature causing a fall in the concentration of
the plasma-forming particles. Moreover, it is well known that the lattice parameters are
temperature dependent; namely, increasing temperature can lead to lattice expansion with
a subsequent increase in the resulting structures [23]. However, active cooling of the reactor
in the deposition zone was not applicable in this case, since this parameter affected the
relaxation rate of the particles at the surface of the powder tank. The lower the temperature,
the more equilibrium the process would be, and therefore, the more perfect the structure to
be deposited. When producing nanopowders, “perfect” does not mean “best”, since such
an equilibrium process led to the formation of dense monocrystalline layers, which was
observed at the reactor temperature in the deposition region equal to 25 ◦C. It was also
found that the size of the nanoparticles did not affect their defectiveness and the degree of
bond breaking, in contrast with their shape.

It is also worth noting that an additional process parameter that controls the dimen-
sional characteristics of the obtained nanoparticles can be the plasma discharge power
as was shown in the previous work of the authors [34]. In that work, it was shown that
the transverse diameter of the ZnO rod-like structures decreased by 30 times (from 900 to
30 nm) with an increase in the plasma discharge power from 30 to 70 W.

4. Conclusions

The direct one-stage synthesis of the ZnO nanoparticles was carried out by the PECVD
method from elemental high-purity zinc in the zinc–oxygen–hydrogen plasma-forming
mixture with the variable deposition parameters.
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The dimensional and morphological parameters of the obtained ZnO powders were
studied, as well as their structural properties and homogeneity. The study was carried out
using methods such as SEM, XRD, and Raman spectroscopy, as well as statistical methods
for processing and analyzing experimental data.

In order to determine the optimal parameters for the PECVD synthesis of the ZnO
nanoparticles, a series of experiments were carried out. In each of them, one operating
parameter was changed while the rest were constant.

It was found that the zinc source temperature was a parameter controlling the morphol-
ogy (shape) of the obtained nanoparticles, and the reactor temperature in the deposition
zone was a parameter controlling their dimensional characteristics. An additional pa-
rameter controlling the dimensional characteristics of the nanoparticles was the plasma
discharge power.

Based on the analysis of the obtained experimental data, it can be concluded that, in
order to obtain ZnO nanoparticles with given size and morphological characteristics in the
PECVD process, it is necessary (1) to increase the zinc source temperature to obtain more
elongated structures in one direction (and vice versa), (2) to increase the plasma discharge
power for reducing the transverse size of the deposited structures (and vice versa), and
(3) to lower the reactor temperature in the deposition zone to reduce the transverse size of
the deposited structures (and vice versa). However, take into account that at relatively low
temperatures instead of powder ones, film structures can form.
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Abstract: The present study reported the synthesis of SnS2 nanoparticles by using a thermal decom-
position approach using tin chloride and thioacetamide in diphenyl ether at 200 ◦C over 60 min. SnS2

nanoparticles with novel morphologies were prepared by the use of different alkylamines (namely,
octylamine (OCA), dodecylamine (DDA), and oleylamine (OLA)), and their role during the synthesis
was explored in detail. The synthesized SnS2 nanostructures were characterized using an array of
analytical techniques. The XRD results confirmed the formation of hexagonal SnS2, and the crystallite
size varied from 6.1 nm to 19.0 nm and from 2.5 to 8.8 nm for (100) and (011) reflections, respectively.
The functional group and thermal analysis confirmed the presence of organics on the surface of
nanoparticles. The FE-SEM results revealed nanoparticles, nanoplates, and flakes assembled into
flower-like morphologies when dodecylamine, octylamine, and oleylamine were used as capping
agents, respectively. The analysis of optical properties showed the variation in the bandgap and the
concentration of surface defects on the SnS2 nanoparticles. The role of alkylamine as a capping agent
was explored and discussed in detail in this paper and the mechanism for the evolution of different
morphologies of SnS2 nanoparticles was also proposed.

Keywords: SnS2 nanoparticles; thermal decomposition; nanoflakes; nanoflowers; capping agent;
alkylamines

1. Introduction

The growing population around the world arouses energy concerns in all kinds of
fields. It took us a long time to realize that “the ultimate source of energy sun is the ultimate
source”. The latest estimates by scientists prove that the amount of solar energy the sun
gives to the earth in a single day is sufficient to meet the total energy needs of the world
for 27 years at the current rate of consumption [1]. We only have to harness a very little
fraction of it to meet all our energy needs for all time to come. Extensive research has
been made over the years on solar cells to improve their efficiency and augment their
commercialization. Hence, a continuous effort has been made in this area and is still being
made to achieve maximum efficiency by modulating the materials used as the photoanode.
Reports are available on the use of metal selenides as sensitizers and electron acceptors in
dye-sensitized solar cells with an enhanced power conversion efficiency of up to 9.49% [2,3].
Owing to the negative traits such as toxicity and instability of selenides, we need to look
for alternative inorganic materials as electron acceptors for future solar cells. The use of
layered metal sulfides such as MoS2, SnS2, and WS2 is considered a potential candidate
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for this purpose [4]. SnS2 is a moderate band gap semiconductor (2–2.5 eV) with a layered
structure. It has been reported to exhibit a CdI2-type structure, where hexagonally ordered
planes of Sn atoms are held between two hexagonally ordered planes of S atoms, and with
adjacent sulfur layers [5,6]. It possesses excellent optical and electrical properties and is
an important material for optoelectronic devices. Hence, SnS2 is considered a potential
candidate for various applications such as catalysis, solar cells, sensors, photodetectors,
lithium and sodium ion batteries, light-emitting diodes, etc. [4–8].

Looking at the synthetic aspects and environmental concerns, SnS2 is comparatively
easy to synthesize and has no toxic effects on the environment. Various methods have
been reported for the synthesis of SnS2 nanoparticles, such as hydrothermal, sol–gel, laser
ablation, chemical vapor deposition, etc. [4,9–11]. The reported synthetic approaches
involve harsh conditions, high temperatures, long reaction times, and a lack of control
over the shape and size of the materials. Alternate approaches such as solvent-assisted
thermal decomposition allow the easy and facile synthesis of shape- and size-controlled
nanomaterials.

Morphology-dependent studies on nanomaterials have revealed that the same material
with different morphologies exhibits significantly different properties [12,13]. Research
is being conducted in this direction to tune the morphology and surface characteristics
by chemical methods. Researchers have reported different morphologies of SnS2 such as
flakes, nanosheets, worm-like shapes, nanorods, flower-like shapes, nanobelts, etc. [14–19].

Alkylamines have been reported to be an important class of stabilizers during the syn-
thesis of colloidal semiconductor nanocrystals. A series of alkylamines have been reported
as stabilizer/capping agents for the preparation of group II–VI and IV–VI nanomateri-
als [20]. The addition of these alkylamines during the synthesis of semiconductor nanocrys-
tals aids nucleation and affects crystal growth [21]. The role of alkylamines in controlling
morphological characteristics has always been debatable. A few reports suggest that the
addition of alkylamine retards the kinetics by passivating the crystal surface, hence retard-
ing crystal growth [22,23]. On the other hand, a few reports suggest their role as promoters
by enhancing the nucleation kinetics and influencing crystal growth [24–26]. The above
reports point towards the chemical interaction of alkylamines with precursor molecules,
resulting in a pre-conditioned molecular precursor. Alkylamine-substituted precursors are
decomposed to form nanocrystals with defined morphologies and unique optical and struc-
tural properties. The preferential adsorption of alkylamines on the surface of nanocrystals
results in the accelerated growth of the other planes. The mechanistic insights into the role
of alkylamines have been discussed by García-Rodríguez et al. (2014) in their reports [20].
The interaction of alkylamines with the growing crystal is a temperature-dependent phe-
nomenon. The amine adsorption is minimum at low temperatures and is increased with an
increase in the reaction temperature. Li et al. (2004) and Pradhan et al. (2007) suggested
that alkylamines activate the precursors of ZnSe, ZnS, and CdSe nanocrystals at various
reaction temperatures [25,27]. Similarly, Sun et al. reported that dodecylamine increases the
rate of consumption of phosphine selenide precursor as well as the rate of CdSe nanocrystal
growth [26]. In contrast, Guo et al. suggested that alkylamines decrease their reactivity
instead [28]. Mourdikoudis et al. have reviewed oleyamine as a solvent, surfactant, and
reducing agent, for the controlled preparation of a wide range of nanomaterials including
metal oxides, metal sulfides, noble metals, and alloy nanocrystals [29]. These unique
effects of alkylamines significantly improve the aspect of controlled morphology with
desired properties.

From the above discussion, it is very clear that alkylamines play an important role
during the synthesis by controlling crystal growth. The present paper aimed at exploring
the role of alkylamines as a capping agent and their effect on the optical properties and
the morphology of SnS2 nanoparticles. In a continuation of previous work, the authors
attempted the synthesis in the presence of different alkylamines (oleylamine, octylamine,
and dodecylamine).
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2. Experimental Section
2.1. Reagents

Tin(IV) chloride pentahydrate, thioacetamide (Sigma Aldrich® 99%, Ahemdabad, Gu-
jarat, India), diphenyl ether (Sigma Aldrich® 99%, Ahemdabad, Gujarat, India), octylamine
(Sigma Aldrich® 99%, Ahemdabad, Gujarat, India), oleylamine (Sigma Aldrich® 99%,
Ahemdabad, Gujarat, India), dodecylamine (Sigma Aldrich® 99%, Ahemdabad, Gujarat,
India), and Millipore® water were acquired. All the chemicals were used as received.
Methanol used during the reaction was distilled before use.

2.2. Synthesis of SnS2 Nanoparticles

The SnS2 nanoparticles were synthesized using a simple thermal decomposition
approach. In a typical synthesis, 1 mmol of SnCl4·5H2O and 1 mmol of CH3CSNH2 were
added to 10 mL of diphenyl ether in a 50 mL round-bottom flask and were refluxed at
200 ◦C in the air for 1 h. After the completion of the reaction, a slurry was obtained and
cooled to room temperature. A total of 30 mL of methanol was added to the slurry and the
precipitate obtained was washed using an excess of methanol. The precipitate was dried
overnight at 65 ◦C under a vacuum. For the preparation of nanoparticles in the presence
of capping agents (1 mmol), oleylamine, octylamine, and dodecylamine were added to
different reaction setups along with the Sn and S precursors to diphenyl ether in the initial
step. The synthetic details and nomenclature of the SnS2 samples, prepared in the present
study, are given in Table 1.

Table 1. Synthetic details, nomenclature, and morphology of all SnS2 samples.

Sample ID
Capping

Agent
Color of the

Product
Morphology

Crystallite Size Sn:S Ratio
(EDX)

Overall %
Wt. Loss(100) (011)

S1 – Dark Green Flower-like 18.0 5.3 1:1.8 22.90

S2 Dodecylamine Brown-green Small
nanoparticles – – 1:2.1 25.74

S3 Octylamine Brown-green Rosette-like
morphology 31.5 8.8 1:2.2 21.6

S4 Oleylamine Olive green
Nanoplates
assembled
into stacks

17.6 4.2 1:2.1 26.85

To investigate the role of alkylamines in detail, the synthesis was carried out by varying the amount of capping
agent used. The results are discussed in Section 3.

2.3. Characterization

The as-prepared SnS2 samples were characterized using an array of sophisticated
characterization techniques. The SnS2 nanostructure was analyzed for structural, compo-
sitional, and morphological characterization. The phase analysis was carried out using
powder X-ray diffraction (Bruker AXS-D8 diffractometer, Cu-Kα radiation (λ = 1.5406 Å);
2θ range 5–90◦; scan speed of 1◦ min−1). The purity and stability of the as-prepared
SnS2 nanoparticles were analyzed by FT-IR spectroscopy (Perkin Elmer Spectrum 2, Mum-
bai, Maharashtra, India) and thermal gravimetric analysis (EXSTAR TG/DTA instrument
(Hyderabad, Telangana, India); heating rate 10◦/min, ambient air atmosphere). Optical
properties were investigated using a diffuse reflectance spectrophotometer (DRS) (Perkin
Elmer, (Ahemdabad, Gujarat, India)) and photoluminescence (PL) spectrophotometer
(Perkin Elmer Model, (Ahemdabad, Gujarat, India)) in the wavelength range of 200 nm
to 800 nm. The morphology of SnS2 samples was analyzed using a field emission scan-
ning electron microscope (Carl Zeiss, Bangalore, Karnataka, India) operating at 20 kV and
equipped with an energy-dispersive X-ray analysis (EDXA, Bangalore, Karnataka, India)
facility. For the FE-SEM analysis, the SnS2 powders were sprinkled on clean aluminum
stubs using conducting carbon tape and were gold coated for 30 s using a sputtering unit.
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3. Results and Discussion
3.1. Structure and Phase Analysis

The XRD results for the SnS2 nanoparticles prepared via the thermal decomposition
approach using different capping agents confirmed the formation of hexagonal SnS2 (JCPDS
File No. 83-1705; Berndtite-2T phase) in all the samples (Figure 1). The XRD peaks at the 2θ
values of 15.05◦, 28.30◦, 30.38◦, 32.20◦, 42.00◦, 50.11◦, and 52.63◦ were indexed to (001), (100),
(002), (011), (012), (110), and (111) reflections of SnS2, respectively. It was observed that
the XRD pattern for samples S1 and S3 exhibited sharp and well-defined peaks indicating
high crystallinity and morphology characteristics that are discussed later in Section 3.4.
The presence of two sets of peaks (sharp and broad) in the XRD patterns of S1 and S3
implied that the growth of certain facets was restrained, and that a special morphology
was formed [18].
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Figure 1. XRD plot of SnS2 nanoparticles synthesized in the absence and presence of capping agent
by thermal decomposition method.

On the other hand, the XRD patterns of samples S2 and S4 exhibited broad and poorly
defined peaks, indicating a low crystallinity of the nanoparticles. The crystallite size of
SnS2 was calculated using the Debye–Scherrer formula. The crystallite size varied from
6.1 nm to 19 nm, as calculated using the (100) reflection, and 2.6 nm to 6.6 nm as calculated
using the (011) reflection. The presence of the (001) peak in samples S1 and S3 indicated the
formation of layered structures. The formation of highly crystalline nanoflakes assembled
to form a flower-like structure for samples S1 and S2 was evident from the presence of
sharp peaks in the XRD plot. In addition, the low intensity and poorly defined peaks in the
XRD pattern pointed towards the formation of nanoparticles and nanoplates for samples
S2 and S4.

3.2. Purity and Phase Stability

The purity and phase stability of the as-prepared SnS2 samples were checked using
FT-IR spectroscopy and thermogravimetric analysis (TGA), respectively. Figure 2a shows
the FT-IR spectra of the SnS2 nanoparticles synthesized using different capping agents by
the thermal decomposition method. The IR spectra of the SnS2 nanoparticles showed the
presence of bands at around 3400 cm−1 and 1620 cm−1 attributed to stretching and bending
vibrations of the hydroxyl group, indicating the presence of physisorbed moisture on the

20



Nanomaterials 2022, 12, 3950

surface of the SnS2 nanoparticles [18]. The band at about 3200 cm−1 was attributed to N–H
stretching, and the IR bands at around 2920 cm−1, 2840 cm−1, and 1390 cm−1 were ascribed
to asymmetric and symmetric stretching and bending of the C–H group, respectively [30].
The bands at around 1260 cm−1, 870 cm−1, and 660 cm−1, were due to asymmetric and
symmetric stretching and bending of the C–S group, respectively [31].
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Figure 2. (a) IR and (b) TGA graph of SnS2 nanoparticles synthesized in the absence and presence of
capping agent by thermal decomposition method.

The IR spectra of all the SnS2 nanoparticles exhibited a band at around 680 cm−1 due
to Sn–S stretching. The IR band at around 1110 cm−1 was ascribed to C–N stretching [18].
The assignments of IR peaks for all the SnS2 samples and capping agents used are listed
in Table 2. The shift in the IR band positions confirmed the capping of nanoparticles
with the different capping agents used (DDA, OCA, and OLA) on the surface of the SnS2
nanoparticles.

Table 2. Assignments of IR peaks for the SnS2 samples and the alkylamines used as capping agents.

S1 S2 (DDA) S3 (OCA) S4 (OLA) Band
Assignments

3425 3424 3366 3443 3314 3443 3373 and
3300

υas(NH2) and
υs(NH2)

3211 – 3292 – 2954 – 3005 δ (=C–H)
2920 2914 2923 2923 2923 2920 2950 υasC–H
2847 2847 2855 2849 2852 2844 2852 υsC–H
1619 1632 1611 1619 1620 1632 1611 δ (NH2)

– – 1630 – 1638 1592 1620 δ (C–C)
– – 1461 1461 1477 – 1461

1392 1384 1378 1380 1388 1384 1376 δ (CH2)
1108 – 1303 – 1331 – 1307
1097 1097 1073 1019 – – 1070 δ (C–N)

– – 966 – – – 966 δ (C–H) out of
plane mode

– – 801 – – – 801
– – 720 720 720 – 720 δ (C–C)

671 671 – 671 – 671 – Sn–S

The TGA curves (Figure 2b) for all the SnS2 samples showed a small weight loss of
~1% at around 100 ◦C due to the loss of physisorbed moisture. The single-step weight
loss at around 390 ◦C was attributed to the phase transformation (oxidation) of SnS2 to
SnO2 (theoretical weight loss = 17.6%) [32]. The observed weight loss values for S1, S2,
S3, and S4 were 19.8%, 20.6%, 20.4% and 24.1%, respectively. The SnS2 samples (S2, S3,
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and S4) prepared using capping agents exhibited marginally higher weight loss compared
to those prepared in the absence of any capping agent (S1). This was attributed to the
presence of more adsorbed organics on the surface of the SnS2 nanoparticles (S2, S3, and
S4), indicating the presence of capping agents on the SnS2 nanoparticles. The TGA results
were in agreement with the literature reports [18,32].

3.3. Optical Studies

The effect of the use of alkylamines on the optical properties of the SnS2 nanoparticles
was investigated using DRS and PL spectroscopy. Figure 3 shows the DRS and PL spectra
for the SnS2 nanoparticles. The DRS spectra exhibited band gap absorption for the SnS2
nanoparticles in the range of 400 nm to 550 nm. The PL spectra exhibited an excitonic
emission at around 550 nm and a defect emission at around 645 nm. The excitonic emission
exhibited a blue shift for samples S1, S3, and S4 with respect to sample S2. The PL results
were in agreement with the DRS results. The band gap was estimated from the Tauc plots
shown in Figure 4. The band gap was found to vary from 2.31 eV to 3.50 eV. The variation
in band gap was attributed to the difference in crystallite size, with sample S1 with the
smallest crystallite size exhibiting a band gap of 3.50 eV.
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and presence of capping agent by thermal decomposition method.

Further investigation of the PL spectra indicated an increased concentration of sur-
face defects for samples S2, S3, and S4 when the capping agent was used during the
synthesis. The presence of excess surface defects imparted novel characteristics and mod-
ifications to the existing properties [33]. The Iexc/Idefects ratio was found to vary from
2 to 7.3 (Table 3). Sample S2 was observed to exhibit the highest amount of surface
defects (Iexc/Idefects = 7.3) and the smallest crystallite size. Alkylamines are reported to
play multiple roles as solvent surfactants and reducing agents during the synthesis of
nanocrystals [29]. The growth of crystals in the presence of alkylamines results in twinning
and stacking during crystal growth resulting in internal defects and influencing the final
properties of nanocrystals [34,35].

Table 3. PL peak positions, FWHM, intensity ratio (Iexcitonic/Idefects), band gap, and crystallite size of
SnS2 nanoparticles.

Sample ID
Peak Position (nm)

FWHM
(nm)

(Iexcitonic/Idefects) Band Gap
(eV)

Crystallite Size (nm)
Sn:S RatioExcitonic

Emission
Defect

Emission (100) (011)

S1 544 645 37.5 2 2.86 18.0 5.3 1:1.8
S2 551 645 36.9 7.3 3.50 6.9 2.6 1:2
S3 548 647 53.4 3.6 2.33 7.3 3.0 1:2
S4 551 645 40.7 2.4 2.42 10.3 2.9 1:2
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Figure 4. Tauc plot of SnS2 nanoparticles synthesized in the absence and presence of capping agent
by thermal decomposition method.

3.4. Morphological Analysis (FE-SEM and EDX Results)

The SnS2 nanoparticles synthesized using different capping agents by the thermal
decomposition approach were characterized using FE-SEM analysis. Figure 5 shows the
FE-SEM images of the SnS2 nanoparticles prepared in the absence and presence of capping
agents such as octylamine, oleylamine, and dodecylamine. The presence of a capping
agent played a vital role in influencing the morphology of the resulting nanoparticles.
The FE-SEM analysis revealed the formation of a flower-like morphology for the pristine
SnS2 nanoparticles (S1) prepared by the thermal decomposition approach in the absence
of a capping agent. A web-like microstructure of SnS2 with a diameter of 800 nm was
observed for Sample S1. The microstructures were formed by the assembly of flake-like
nano-building units. The thickness of the flakes ranged from 10 nm to 15 nm.

On the other hand, the SnS2 nanoparticles synthesized in the presence of capping
agents (octylamine, oleylamine, and dodecylamine) exhibited particle-like, twisted-flower-
like, and stacked-plate-like morphology, respectively. Sample S2, prepared in the presence
of octylamine showed the formation of irregular particles. Sample S3, prepared in the
presence of oleylamine, showed the formation of rosette-flower-like morphology. A closer
look at the FE-SEM images revealed that the flowers were formed by the twisting and
wrapping of linear structures, assembled to form rosette-like structures with a rosette-like
morphology with a diameter of 1.2 microns, and the thickness of the linear structure was
observed to be around 40 nm. Sample S4, prepared in the presence of dodecylamine,
showed the formation of a stack of plate-like structures, or nanoplates assembled into
stacks. The diameter of a typical nanoplate was around 250 nm and the thickness were
around 30–35 nm.

The composition of all the SnS2 samples (Sn:S) was analyzed using energy-dispersive
X-ray analysis. The weight and atomic percent of Sn and S present in the SnS2 samples
synthesized by the thermal decomposition method are given in Table 1. The EDXA results
indicated the presence of tin and sulfur in all the samples, and the Sn:S ratio varied from
1:1.8 to 1:2.2, which was close to the theoretical value (1:2).
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powder samples.

4. Mechanism for Morphology Evolution (Mechanism of Formation of SnS2
Nanoparticles with Different Morphologies)

Scheme 1 depicts the proposed mechanism for the formation of SnS2 nanoparticles
with different morphologies using the thermal decomposition approach. The precursors
(SnCl4·5H2O and CH3CSNH2 thioacetamide), when subjected to thermal decomposition,
led to the formation of spherical SnS2 seeds in the initial stage of the reaction. As the
reaction proceeded, the nuclei grew to form flakes and strands. The flakes/strands were the
primary building blocks for the hierarchical structures and the flakes/strands assembled
to form flower-like structures [18]. The presence of capping agents during the thermal
decomposition played a vital role in controlling the morphology of SnS2 resulting in the
formation of unique morphologies. Scheme 1 shows that the nuclei or basic building unit
of SnS2 are arranged differently in presence of the different capping agents. The physico-
chemical properties of the capping different agents used during the synthesis decided the
growth and assembly of the building blocks into nanostructures with a special morphology.
The interaction of the surfactant molecule with the crystal seed drastically reduced the
generation of nuclei. The reactant molecules then contributed to the characteristic growth
of the nanocrystal.

The chain length of alkylamines also plays an important role in controlling the mor-
phology of nanoparticles [21]. It is reported that higher activation energy and low reaction
rate of amine with a longer carbon chain leads to the formation of smaller-sized quantum
dots due to its higher capping capacity [36,37]. Hence, in this study, the growth was
restricted, and this resulted in the formation of irregular particles or anisotropic crystals.
Dodecylamine (C12) and oleylamine (C18), due to their longer alkyl(enyl) chains, resulted
in the formation of irregular particles and stacks of nanoplates, respectively. On the other
hand, octylamine (C8) resulted in the assembly of nuclei strands as a rosette-like mor-
phology. Oleylamine (C18) acted as a surfactant and was adsorbed and subsequently
passivated the surface, restricting further growth in planes, and resulting in the formation
of nanoplates. The nanoplates were stacked together due to the interaction between the
surfactant molecules adsorbed on the surface of the SnS2 nanoplates. Octylamine (C8)
on the other hand, due to its high polarity, led to the fusion of nanoplates in a helical
manner, resulting in a flower-like morphology. Long aliphatic chains of dodecylamine
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(C12) prevented the assembly and growth of nanoparticles and resulted in the formation of
irregular particles.
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Scheme 1. Proposed mechanism for the evolution of different morphologies of SnS2 prepared using
thermal decomposition approach in the presence and absence of alkylamines.

5. Conclusions

SnS2 nanoparticles with different morphologies were successfully synthesized by
the thermal decomposition of SnCl4·5H2O and thioacetamide in the presence of different
surfactants (dodecylamine, octylamine, and oleylamine). The use of alkylamine during
the synthesis affected the nucleation and crystal growth and had a great influence on
the morphology and optical properties of the SnS2 nanoparticles. The SnS2 nanoparti-
cles showed the assembly of flakes into flower-like nanostructures, nanoparticles, and
nanoplates stacked together. The formation of characteristic structures had an influence
not only on the structural features but also on the optical properties of the SnS2 nanopar-
ticles. This approach was found to be beneficial for the surfactant-assisted synthesis of
SnS2 nanoparticles with unique morphologies. Alkylamines, due to their multifunctional
characteristics, were an integral part of the nanocrystal synthesis. The use of alkylamines
during the synthesis not only tailored the morphology but also influenced the properties of
the nanomaterials. Thus, it is imperative to explore mechanistic insights into the role of
alkylamines in nanocrystal synthesis. The careful optimization of the reaction parameters
such as solvents, temperature, surfactants, etc., resulted in nanocrystals with a controlled
shape and size for applications in solar cells, catalysis, environmental remediation, etc.
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Abstract: The investigation of nonlinear optical characteristics resulting from the light–matter inter-
actions of two-dimensional (2D) nano materials has contributed to the extensive use of photonics. In
this study, we synthesize a 2D MXene (V2C) monolayer nanosheet by the selective etching of Al from
V2AlC at room temperature and use the nanosecond Z-scan technique with 532 nm to determine the
nonlinear optical characters of the Ag@V2C hybrid. The z-scan experiment reveals that Ag@V2C
hybrids usually exhibits saturable absorption owing to the bleaching of the ground state plasma,
and the switch from saturable absorption to reverse saturable absorption takes place. The findings
demonstrate that Ag@V2C has optical nonlinear characters. The quantitative data of the nonlinear
absorption of Ag@V2C varies with the wavelength and the reverse saturable absorption results
from the two-photon absorption, which proves that Ag@V2C hybrids have great potential for future
ultrathin optoelectronic devices.

Keywords: Ag@V2C MXene; hybrids; Z-scan; nonlinear optical properties

1. Introduction

MXenes [1], 2D transition metal carbides and nitrides, exhibit the outstanding advan-
tages of electrical conductivity, a beneficial elastic modulus and capacitance, an adaptable
band gap and optical transparency [2–6]. Nonlinear optical (NLO) properties of MXene have
drawn wide attention [7]. Among them, Ti3C2Tx is the first and most-studied MXene, and
the research has been progressing vigorously regarding the linear optical properties [8–13].

Ti3C2Tx thin films was studied by Mochalin and Podila et al., and the findings ex-
hibited a high modulation depth of 50% and high damage thresholds of 70 mJ cm−2 [11].
Ti3C2Tx was synthesized by Wen and Zhang et al. who revealed the Ti3C2Tx maximum
nonlinear absorption coefficient 10–21 m2/V2 had been increased tremendously compared
with other 2D materials [12].

Thus far, the linear optical properties have been explored experimentally and the-
oretically in an extensive way, while little attention has been drawn to V2CTX‘s optical
nonlinear features as well as its related applications. The Z-scan technique proposed
by Sheik-Bahae et al. is simple and accurate and is widely used to study the nonlinear
properties of materials (particularly non-fluorescent) [13].

To achieve the application-oriented demands for MXenes, a large variety of modified
techniques have been invented to obtain desired functionalities, such as the previous studies
on colloidal solutions of nanoparticles (NPs) hybridized by graphene, TMDs, etc. [14].

Moreover, great breakthroughs have taken place in NLO applications via hybridizing
NPs in the past few years in accordance with their defect states, surface control and excellent
plasmonic properties [15–17]. In various experiments on its broadband and strong NLO
response, V2CTX nanosheets, a new member of the MXene family, has drawn extensive
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attention due to its novel optical properties. Recent studies have shown that it has very
good performance in hybrid mode-locking and good optical nonlinear properties, which
indicates its good potential applications in acting as sensors and nonlinear components for
lasers [18,19].

2. Materials and Methods
2.1. Preparation of Ag@V2C Hybrids

First, 400 mesh V2AlC (1 g) powder (Suzhou Beike Nano Technology Co., Ltd., Suzhou,
China) is added slowly to 50% (v/v) HF solution, and it is stirred at room temperature for
90 h [16–18] to ensure the V-Al bonds are completely disconnected from V2AlC with the
V-C bonds intact. Second, to stratify the V2CTX, 30 mL tetraethylammonium hydroxide
(TMAOH 25% in H2O) is blended with 1 g multilayer V2CTX and sonicated for 30 min
at room temperature, and the precipitates are rinsed with deionized water to neutrality
(pH ≥ 6). Then, the excess TMAOH is discarded from the product by repeated cen-
trifugation at 3000 rpm. Finally, a 2D monolayer V2CTX MXene material is obtained
via freeze-drying.

The Ag@V2C hybrids are made ready by mingling the V2C hybrid dispersion and
AgNO3 solution. These are shown in Figure 1. First, 3 mL of original V2C colloidal solution
(1 mg/mL) in 30mL of AgNO3 solution (1 mg/mL) is re-dispersed, and the mixture is
sonicated for 30 min. Then, the obtained colloidal solution of hybrid nanocomposites
of Ag@V2C hybrids is centrifuged at 12,000 rpm for 20 min and re-dispersed in 30 mL
deionized water.
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Figure 1. (a) SEM and EDS mappings of Ag V C elements. (b) EDS of Ag@V2C. The inset is atomic
ratios for diverse elements. (c) Optical absorption spectra of Ag@V2C. (d) Estimation of the band gap
of Ag@V2C.
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2.2. Optical Experimental Setup

SEM on a ZEISS Sigma 300 (acceleration voltage: 15 kV, Dublin, CA, USA) was
employed to perform the morphological study with a spectrometer (Ocean Optics 4000,
CA, USA) to survey the UV–Vis–NIR spectra of monolayer V2CTX MXene. To evalu-
ate the NLO features of V2CTX MXene flakes nanoparticles, we performed an exper-
iment of a single beam open aperture (OA) Z-scan, with the help of a 6 ns 8 Hz Q-
switched Nd:YAG nanosecond pulse laser (Surelite II, Continuum, San Jose, CA, USA) and
an optical parametric oscillator (Continuum, APE OPO) to produce lasers beams of diverse
wavelengths. In this experiment, the linear transmittance of the V2CTx hybrids solution
was measured at 500 nm wavelength, and we found that it was 72%.

The laser beam with a waist diameter of 200 µm is focused through a lens with a focal
length of 20 cm and projected onto a 2 mm diameter quartz cuvette filled with aqueous
dispersion of V2CTX monolayer flake nanoparticles. The cuvette is installed on a computer-
operated translation motion stage where the transmitted data for every z point is recorded
by stored program. Their NLO properties are studied by Z-scan technology under 532 nm
nanosecond laser pulses. The findings indicate that the Ag@ V2CTX has a large nonlinear
absorption coefficient.

3. Results

Figure 1a illustrates the typically morphologic multilayer Ag@V2C with coarse surface
and the shape of accordion. The elements mapping data of SEM in combination with
EDS illustrates that the Ag, V and C elements are evenly dispersed in the monolayer V2C.
In Figure 1b, the fundamental analysis of Ag@V2C V2C, the result of C: V: Ag ≈ 2:3:3 is
obtained via the energy dispersive X-ray energy spectrum (EDS), while it is impracticable
to measure the content of other elements by EDS due to the inadequate content.

In Figure 1c, the linear absorbance spectra of Ag@V2C is investigated by using ul-
traviolet visible near infrared spectrophotometer to observe two absorption peaks—that
is, 315 and 427 nm. These findings justify that the surface of Ag@V2C is functionalized
with Ag nanoparticles, and the positions of the peaks were predicted by theoretical calcula-
tions. In Figure 1d, the estimated band gap value of Ag@V2C is 2.75~2.80 eV according to
Kubelka-Munk’s theory in previous data [19].

Hereinafter are the three different phases. In Figure 2a, the transmittance of Ag@V2C
hybrids remains flat before rising sharply when the Z position approaches zero, and a peak
is observed, which reflects the SA property. In Figure 2b, the conversion from SA to RSA
is observed. The transmittance goes up to the first peak to indicate SA property and then
falls back to a valley to indicate the reverse saturable absorbtion RSA property when the Z
position approaches zero. It then rises again to the second peak and falls back to the flat
linear transmittance. In Figure 2c, the laser pulse energy mounts to 681 when a deep valley
occurs, which indicates the RSA property. Figure 2a–c, in general, reveals a whole process
of NLO properties, including SA, conversion and RSA.

Nanomaterials 2022, 11, x FOR PEER REVIEW 4 of 10 
 

 

-150 -100 -50 0 50 100 150

1.0

1.1

1.2(a)

Z(mm)

N
or

m
al

iz
ed

 T
ra

ns
m

iss
io

n  532 nm(Fit)
       440 uJ

 

  
-150 -100 -50 0 50 100 150

1.0

1.1

1.2
 

Z(mm)

N
or

m
al

iz
ed

 T
ra

ns
m

iss
io

n

(b)
 532 nm(Fit)

       578 uJ

 

  
-150 -100 -50 0 50 100 150

1.0

1.1

1.2

Z(mm)

N
or

m
al

iz
ed

 T
ra

ns
m

iss
io

n

(c)
 532 nm(Fit)

       681 uJ

 

  
Figure 2. Open aperture Z-scan is conducted at the wavelength of 532 nm and the laser energies at 
(a) 440 μJ, (b) 578 μJ and (c) 681 μJ to obtain the normalized transmission of V2CTX hybrid colloid. 
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(a) 440 µJ, (b) 578 µJ and (c) 681 µJ to obtain the normalized transmission of V2CTX hybrid colloid.
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The physical mechanism of NLO properties can be expounded as follows in Figure 3.
The above findings are related in the main to the changing energy of incident laser pulse
and the nature property of MXene. It is generally believed that nonlinear susceptibility of
the material results from intraband transition, interband transition, hot electron excitation
and thermal effects. [20]. Specifically, when Ag@V2C monolayer flakes are at low pulse
energy, one photon absorption arises to indicate the SA property [21].
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Figure 3. The physical mechanism of the NLO properties of Ag@V2C monolayer flakes. (a) One photon
absorption. (b) Two photon absorption.

Under laser irradiance, as the sample approaches the focal point, the laser energy
increases abruptly, and the materials absorbs much incident light pulse when Ag@V2C
monolayer hybrids are pumped into an excited state, leaving a small amount at the ground
state. Thus, more light penetrates the sample to make the transmittance higher and SA can
be observed [22]. This phenomenon is termed ground-state bleaching of the plasmon band.

To remove the thermal effect’s influence on the possibility of nonlinearity, a laser pulse
was set with a short duration and low repetition rate (10 Hz and 6 ns). Moreover, as the
incident pulse energy goes up to 1080 µJ, the conversion appears; as it reaches 1380 µJ, RSA
occurs. The major causes of RSA may be due to the excited state absorption (ESA) and
two-photon absorption (TPA) [23].

The quantitative findings of the Z-scan experiment are as follows. The quantitative
relationship between laser energy intensity and optical path length can be expressed as
follows [24]:

dI = −αIdz (1)

In Equation (1), I signifies the laser intensity, z signifies the optical path length, and α
signifies the absorption coefficient. The absorption coefficient combining SA and RSA in
Ag@V2C monolayer hybrids is expressed in Equation (2) [25]:

α(I) =
α0

1 + (I/Is)
+ βI (2)

Here, α0 signifies the linear absorption coefficient of Ag@V2C monolayer hybrids, I
signifies the laser intensity, Is is the saturable intensity, and β is the positive nonlinear
absorption coefficient. I in Equation (3) can also be expressed as follows in Equation (3):

I =
I0

1 + z2/z2
0

(3)

Therefore, Equation (2) can be reconsidered as:

α(I0) =
α0

1 + I0
(1+z2/z2

0)Is

+
βI0

1 + z2/z2
0

(4)
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With the help of Equations (1)–(4), the data of normalized transmission in Figure 3 can
be fitted. In this way, related parameters are obtained as shown in Table 1.

Table 1. The nonlinear optical parameters of Ag@V2C monolayer flake hybrids.

λ (nm) I0 (W/m2) Is (W/m2) β (m/W)

532
1.1 × 1014 0.61 × 106

1.4 × 1014 0.82 × 106 -
7.4 × 1013 0.23 × 106 1.12 × 10−10

To inspect the ultrafast carrier dynamics of Ag@V2C hybrids, broadband transient
absorption was studied. In Figure 4a, TA spectra of Ag@V2C hybrids are illustrated by 2D
map of TA signals that have been achieved temporally and spectrally. A constant pump
fluence (6.4 × 103 mW/cm2) and probe beam ranging from 450 to 600 nm are employed
to measure broadband TA signals and obtain the 2D color coded maps, cut horizontally
through each map five times to obtain five differential absorption spectra at different delay
times (0, 3.2, 4.0, 6.6 and 11 ps).
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Figure 4. Carrier dynamics (at 400 nm pump) curves for Ag@V2C. (a) Two-dimensional (2D) mapping
of transient absorption spectra pumped at 400 nm with a fluence of 8.4 × 103 mW/cm2, (b) Time and
wavelength resolved transient absorption data of Ag@V2C.

In Figure 4b, a positive absorption proves the generation of excited state absorption
(ESA) in the spectral region as well as an ultrafast carrier relaxation process within the
scale of ps. When the delay time increases, the amplitude of TA spectrum is reduced. The
black curve, around the 0 ps delay time, signifies the unexcited Ag@V2C hybrids. The peak
value of Ag@V2C hybrids, 485 nm, forms when the photo-induced absorption is brought
about by the conversion of occupied–unoccupied states, which are found in the Z-scan
experiment as RSA [26–28].

Then, the TA signal decays at ~13 ps and falls back to zero in the full waveband. The
energy of the pump light markedly exceeds the energy bandgap of the Ag@V2C nanosheet,
the former 400 nm (~3.10 eV) laser, the latter being ~2.78 eV). Hence, with the incident laser
pulse working up, electrons are excited and jump back and forth to the conduction band,
while the holes remain in the valence band [29].

Soon afterwards is the conversion from electrons to hot electrons through photo-
exciting with Fermi–Dirac distribution. The hot carriers will chill down shortly in sync
with the decay process through e–e and e–ph diffusion on the conduction band, and with
the carrier-phonon dispersing over a few relaxation processes, the hot carriers relax from
the conduction band to the valence band and reunite with the holes.

In Figure 5a, the carrier dynamics are inspected at various wavelengths—that is, 480,
495, 515 and 540 nm, as shown in the figure. The optical transmission responses of Ag@V2C
hybrids are composed of two decay processes, a fast and a slow one. Coulomb-induced
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hot electrons are excited to be at the core state and be trapped by the surface state be-
fore releasing spare energy by dispersing the optical phonons (3.9 ps). The rest of the
chilled electrons will experience nonradiative transition to fall back to ground state within
30.1 ps [30,31]. The above-mentioned biexponential decay function is formulated in
Equation (3) [32].

∆T
T

= A1 exp(− t
τ1
) + A2 exp(− t

τ2
) (5)

where A1 and A2 signify the amplitudes of the fast, slow decay components, respectively;
and τ1 and τ2 are the decay lifetimes of each component, correspondingly. The experimental
data in Figure 5a justify the formulation of Equation (3) through which the fast and slow
decay components, τ1 and τ2, are determined along with the rise of probe wavelengths
owing to electrons at the lower energy states that are more apt to be detected and whose
number is less likely to decrease than those at higher energy states. Similar properties can
be seen in graphite [33].
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to more violent RSA properties [40]. Next, the electrons in the d band become excited 
functional groups to take in incident light before they move to a higher energy level and 
lead to an improved RSA effect. Then, the carriers that are excited and dressed with Ag 
nanoparticles will move from CB of Ti3C to the sp band of the metal until they reach VB 
of Ag@V2C hybrids. Compared with direct decay of pure Ti3C2 nanosheet, this takes a 
longer time scale (50 ps), and thus it enhances the RSA performance. Similar properties 
can be seen in other 2D materials [41]. 

Figure 6 exhibits the optical limiting response at 532 nm. With the increase of inci-
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tinues to increase, the transmittance does not change drastically, which indicates that 
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iting devices. 

Figure 5. (a) Carrier dynamics (at 400 nm pump) curves for Ag@V2C nanosheet at various probe
wavelengths of 480, 495, 525, 515 and 540 nm, respectively. The scatters are experimental data while
the solid lines are theoretical fit generated with pump fluence fixed at 6.4× 103 mW/cm2. (b) Carrier
dynamics curves (at 400 nm pump) at different pump fluences 5.2 × 103, 6.3 × 103 and 8.3 × 103 mW/cm2

with a probe wavelength fixed at 532 nm.

The pump fluence effect on carrier dynamics is inspected at the 500 nm probe wave-
length. In Figure 5b, the findings of various pump-fluences (5.1 × 103, 6.4 × 103 and
8.1 × 103 mW/cm2) accord with the results by applying Equation (3) and the correspond-
ing parameters. With the rise of pump fluence, τ1 goes up from 3.9 to 4.5 ps, and τ2 goes
from 11.1 to 13.2 ps, which is inseparable to the carrier density and its reliance on e–ph
coupling [34]).

In brief, the faster decay part of 2D materials follow the principle of e–ph scattering,
while the slower part that of ph–ph scattering [35], among which the necessary basis of the
electrons’ energy transfer is the electron–phonon interaction [36]. Ultimately, the improved
efficiency of electron–phonon interaction promotes the cooling process, or in other words,
it is high energy injection that speeds up electron decay. Similar properties can be seen in
either quantum dots or 2D films [37–39].

The data shown in Figure 5 can be verified upon checking Equation (3) and please see
in Table 2 regarding τ1 and τ2.
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Table 2. Carrier dynamics parameters of the Ag@V2C nanosheet.

λ (nm) τ1 (ps) τ2 (ps)

Ag@V2C 470 4.5 33.9
485 4.6 36.5
500 4.2 43.1
520 3.9 45.8

V2C nanosheet 470 3.8 18.0
485 3.2 27.4
500 4.6 22.5
520 4.6 19.9

Resulting from the high density of Ag, those aroused electrons in the CB of Ag@V2C
hybrids tend to move to the d band of Ag atoms until the bleaching effect of VB disappears,
which extends the aroused, composite electrons’ lifetime and, accordingly, leads to more
violent RSA properties [40]. Next, the electrons in the d band become excited functional
groups to take in incident light before they move to a higher energy level and lead to an
improved RSA effect. Then, the carriers that are excited and dressed with Ag nanoparticles
will move from CB of Ti3C to the sp band of the metal until they reach VB of Ag@V2C
hybrids. Compared with direct decay of pure Ti3C2 nanosheet, this takes a longer time
scale (50 ps), and thus it enhances the RSA performance. Similar properties can be seen in
other 2D materials [41].

Figure 6 exhibits the optical limiting response at 532 nm. With the increase of incident
energy, the transmittance increases rapidly at first. When the incident energy continues to
increase, the transmittance does not change drastically, which indicates that Ag@V2C has
superior optical limiting ability and can be used to manufacture optical limiting devices.
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4. Conclusions 
Ag@V2C ultrathin hybrids were synthesized via conventional etching, and remark-

able NLO properties of Ag@V2C hybrids were found through the OA z-scan technique at 
532 nm. SA and RSA properties resulted mainly from GSB and TPA. Moreover, femto-
second transient absorption spectroscopy was adopted to inspect the ultrafast dynamics 
of the specimen, and we found that its decay contained a fast decay component (~4.5 ps) 
resulting from electron–phonon interactions and a slow component (~40 ps) from pho-
non–phonon interactions. Additionally, the two decay times increased with the pump 
fluence. The experiments confirmed that Ag@V2C hybrids can be used in ultrafast optoe-
lectronics and optical limiters. 

Author Contributions: Data curation, C.C.; Funding acquisition, L.X., Z.X., X.C.; Investigation, 
Y.S.; Resources, Q.H.; Writing—review and editing, L.X. All authors have read and agreed to the 
published version of the manuscript. 

Funding: The article was supported by the following funds, Natural Science Foundation of Hei-
longjiang Province (Grant No. LH2021A019), East University of Heilongjiang Scientific Research 
Fund (Grant Nos. HDFHX210110, 210111, HDFKYTD202105) and Scientific research fund of 
Zhejiang Shuren University (Grant No. 2021R037). 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: Data sharing is not applicable to this article. 

Conflicts of Interest: The authors declare no conflict of interest. 

References 
1. Naguib, M.; Kurtoglu, M.; Presser, V.; Lu, J.; Niu, J.; Heon, M.; Hultman, L.; Gogotsi, Y.; Barsoum, M.W. Two-dimensional 

nanocrystals produced by exfoliation of Ti3AlC2. Adv. Mater. 2011, 23, 4248–4253. 
2. Keller, U. Recent developments in compact ultrafast lasers. Nature 2003, 424, 831–838. https://doi.org/10.1038/nature01938. 
3. Mashtalir, O.; Naguib, M.; Mochalin, V.N.; Dall’Agnese, Y.; Heon, M.; Barsoum, M.W.; Gogotsi, Y. Intercalation and delamination of 

layered carbides and carbonitrides. Nat. Commun. 2013, 4, 1716. 
4. Lukatskaya, M.R.; Mashtalir, O.; Ren, C.E.; Dall’Agnese, Y.; Rozier, P.; Taberna, P.L.; Naguib, M.; Simon, P.; Barsoum, M.W.; Gogotsi, 

Y. Cation intercalation and high volumetric capacitance of two-dimensional titanium carbide. Science 2013, 341, 1502–1505. 
5. Shahzad, F.; Alhabeb, M.; Hatter, C.B.; Anasori, B.; Hong, S.M.; Koo, C.M.; Gogotsi, Y. Electromagnetic interference shielding 

with 2D transition metal carbides (MXenes). Science 2016, 353, 1137–1140. 
6. Peng, Q.; Guo, J.; Zhang, Q.; Xiang, J.; Liu, B.; Zhou, A.; Liu, R.; Tian, Y. Unique lead adsorption behavior of activated hydroxyl 

group in two-dimensional titanium carbide. J. Am. Chem. Soc. 2014, 136, 4113–4116. 
7. Jhon, Y.I.; Koo, J.; Anasori, B.; Seo, M.; Lee, J.H.; Gogotsi, Y.; Jhon, Y.M. Metallic MXene Saturable Absorber for Femtosecond 

Mode-Locked Lasers. Adv. Mater. 2017, 29, 1702496–1702503. https://doi.org/10.1002/adma.201702496. 
8. Enyashin, A.; Ivanovskii, A. Two-dimensional titanium carbonitrides and their hydroxylated derivatives: Structural, electronic 

properties and stability of MXenes Ti3C2−xNx(OH)2 from DFTB calculations. J. Solid State Chem. 2013, 207, 42–48. 

Figure 6. The optical limiting response at 532 nm.

4. Conclusions

Ag@V2C ultrathin hybrids were synthesized via conventional etching, and remarkable
NLO properties of Ag@V2C hybrids were found through the OA z-scan technique at
532 nm. SA and RSA properties resulted mainly from GSB and TPA. Moreover, femtosecond
transient absorption spectroscopy was adopted to inspect the ultrafast dynamics of the
specimen, and we found that its decay contained a fast decay component (~4.5 ps) resulting
from electron–phonon interactions and a slow component (~40 ps) from phonon–phonon
interactions. Additionally, the two decay times increased with the pump fluence. The
experiments confirmed that Ag@V2C hybrids can be used in ultrafast optoelectronics and
optical limiters.
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Abstract: In recent years, two-dimensional (2D) halide perovskites have been widely used in solar
cells and photoelectric devices due to their excellent photoelectric properties and high environmental
stability. However, the terahertz (THz) and ultrafast responses of the 2D halide perovskites are
seldom studied, limiting the developments and applications of tunable terahertz devices based on
2D perovskites. Here, 2D R-P type (PEA)2(MA)2Pb3I10 perovskite films are fabricated on quartz
substrates by a one-step spin-coating process to study their THz and ultrafast characteristics. Based
on our homemade ultrafast optical pump–THz probe (OPTP) system, the 2D perovskite film shows
an intensity modulation depth of about 10% and an ultrafast relaxation time of about 3 ps at a pump
power of 100 mW due to the quantum confinement effect. To further analyze the recombination
mechanisms of the photogenerated carriers, a three-exponential function is used to fit the carrier
decay processes, obtaining three different decay channels, originating from free carrier recombination,
exciton recombination, and trap-assisted recombination, respectively. In addition, the photoconductor
changes (∆σ) at different pump–probe delay times are also investigated using the Drude-Smith model,
and a maximum difference of 600 S/m is obtained at τp = 0 ps for a pump power of 100 mW. Therefore,
these results show that the 2D (PEA)2(MA)2Pb3I10 film has potential applications in high-performance
tunable and ultrafast THz devices.

Keywords: 2D R-P type perovskite; OPTP; terahertz modulation; ultrafast characteristics;
Drude-Smith model

1. Introduction

In recent years, terahertz (THz) waves have received great attention from various
researchers because of their special properties and promising applications in many fields.
Currently, THz generators and detectors have been reported and consistently demonstrated,
while THz functional devices have faced great challenges due to a lack of the appropriate
nature materials [1–3]. THz modulators, as key components of THz communication fields,
can modulate the amplitude, phase, and polarization of THz waves by exciting active
materials to implement different functions [4–6]. Traditional semiconductors can achieve
a high modulation speed among these active materials with ultrafast optical pumping.
To achieve a high modulation depth, however, a high power is required to produce pho-
togenerated carriers, thus significantly restricting their application fields [7]. Recently,
three-dimensional (3D) organic–inorganic hybrid halide perovskites have achieved un-
precedented and rapid developments in the field of photoelectric devices due to their
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high absorption efficiency, adjustable energy band, high defect tolerance, and good carrier
transport performance [8,9]. However, these conventional 3D halide perovskites are sensi-
tive and unstable to water, light, and heat, meaning that there are high requirements for
their preparation and preservation environments, thereby limiting their wide commercial
applications [10,11]. For the previously studied CH3NH3PbI3 perovskite, for example,
the methylamino cation CH3NH3

+ (MA) is extremely soluble in water, and thus readily
produces PbI2 in the perovskite, causing irreversible chemical damages [11].

To solve the above issues, a commonly used method is to replace the organic cation in
3D perovskites with a hydrophobic long-chain organic cation to construct the 2D perovskites,
thus enhancing the resistance to water molecules and environmental factors (such as ultravi-
olet rays and heat), and as a result, greatly improving the stability of the organic–inorganic
hybrid perovskites [12–17]. Currently, 2D organic–inorganic halide perovskites have been
rapidly developed in the field of optoelectronics due to their high stability, tunable pho-
toelectric property, and high quantum efficiency [18–21]. For example, Karunadasa et al.
first prepared a 2D organic–inorganic hybrid perovskite solar cell with an active layer of
(PEA)2(MA)2Pb3I10, which can still maintain a high efficiency when placed in an environ-
ment with a relative humidity of 52% for 46 days [18]. After that, Sargent et al. designed
(PEA)2(MA)n−1PbnIn+1 (n > 40) perovskite systems, which can realize a short-circuit current
of up to 19.12 mA/cm−2 and conversion efficiency of 15.3% [19]. In 2016, Jinwoo et al. used
the (PEA)2(MA)n−1PbnBrn+1 (n = 1~4) perovskite as a light-emitting layer to prepare high-
efficiency quasi-2D light-emitting diodes (LEDs) with a current efficiency of 4.90 cd/A [20].
In 2021, Xu et al. fabricated highly efficient quasi-2D perovskite light-emitting diodes with
a maximum brightness of 35,000 cd/m2 and maximum external quantum efficiency (EQE)
of 12.4% [21]. Although 2D perovskites have been extensively studied in photoelectric
devices, the THz and ultrafast characteristics of the 2D perovskites are seldom reported,
limiting the developments and applications of the tunable and ultrafast THz devices based
on 2D perovskites [22].

In this paper, we investigated the THz and ultrafast responses of a 2D (PEA)2(MA)2Pb3I10
perovskite film to reveal the decay mechanisms of the photogenerated carriers. Firstly,
(PEA)2(MA)2Pb3I10 perovskite films with n = 3 (PEA content of 50%) were prepared on
the quartz substrates by a one-step spin-coating process. Then, the structural and pho-
toelectric properties of the prepared films were characterized by the scanning electron
microscope (SEM), X-ray diffraction (XRD), ultraviolet–visible (UV–vis) spectroscopy, and
photoluminescence (PL) technologies, respectively. Next, the THz and ultrafast responses
were measured using our homemade ultrafast optical pump–THz probe (OPTP) system,
obtaining an intensity modulation depth of about 10% and an ultrafast relaxation time of
about 3 ps for the pump power of 100 mW. To further discover the recombination mecha-
nisms of the photogenerated carriers, finally, the decay process of the carriers was fitted using
a three-exponential formula. Therefore, the prepared 2D (PEA)2(MA)2Pb3I10 perovskite
has broad application prospects in the design of high-performance tunable and ultrafast
THz devices.

2. Structure of 2D Perovskites

Generally, 2D organic–inorganic hybrid perovskites are expressed as (RNH3)2An−1MnX3n+1
(n = 1, 2, 3, 4 . . . . . . ), where R is the organic group, and n is the number of the stacked di-
agonal octahedral layers, namely the number of organic layers. When n is equal to 1 or a
finite integer, the (RNH3)2An−1MnX3n+1 can be considered as a pure-2D or quasi-2D structure,
while becoming a 3D structure as n = ∞, as shown in Figure 1. Thus, 2D organic–inorganic
perovskites can be constructed by replacing the A in 3D structures with the hydrophobic organic
macromolecules [20]. Figure 1a shows the structural schematics of the (PEA)2(MA)n−1PbnI3n+1
perovskites with different PEA percentages, in which the organic and inorganic layers are in-
terbedded with each other, resulting in the formation of a natural multi-quantum well structure,
as shown in Figure 1b. Therefore, the 2D organic–inorganic perovskites not only have excel-
lent environmental stability due to the existence of hydrophobic molecules resisting moisture,
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light, and heat, but they also have a large exciton binding energy and excellent photoelectric
properties due to the presence of the quantum well structure [18,23].
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3. Fabrications and Characterization of 2D Perovskite Films

To obtain high-quality 2D perovskite films, it is very important to follow the fabrication
procedures to ensure the growth of high-quality grains. Here, a one-step spin-coating
process is applied to fabricate 2D perovskite films. Figure 2 shows the fabrication process
of the 2D (PEA)2(MA)2Pb3I10 perovskite film. The detailed fabrication steps are as follows:
firstly, the MAI and PEAI powders are dissolved in a DMF solution at a ratio of 1:1 to
form a precursor solution. Then, the precursor solution is deposited on the surface of a
1 cm × 1 cm quartz substrate by the one-step spin-coating process with two consecutive
stages (the first stage at 1000 r/min for 10 s, and the second with 3000 r/m for 50 s).
Moreover, in the 30 s of the second spin-coating stage, the antisolvent (chlorobenzene) is
continuously dripped onto the substrate to quickly form a uniform film. After spin-coating,
the fabricated samples are transferred to a hot plate and annealed at 100 ◦C for 10 min to
remove the residual solvents and transit the intermediate solvate phase into the perovskite,
finally forming homogeneous 2D (PEA)2(MA)2Pb3I10 perovskite films. All of the fabrication
steps are implemented inside a nitrogen-filled glove box at room temperature.
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To examine the structural morphologies and optical properties of the as-fabricated
perovskite films, next, we caried out different measurements and characterizations using
SEM, XRD, UV–vis, and PL technologies, as shown in Figure 3. Figure 3a shows an
optical microscope image of the 2D (PEA)2(MA)2Pb3I10 perovskite film, which indicates
that the perovskite film is very flat and dense owing to the uniform distributions of the
precursor solution on the substrate. Figure 3b displays a top-view SEM micrograph of the
2D (PEA)2(MA)2Pb3I10 perovskite film, in which the perovskite appears to have nanorod-
like crystalline features at the length scale of hundreds of nanometers and a few pinholes
due to tight contact between the grain boundaries. Figure 3c shows an XRD pattern of
the perovskite film. In the XRD pattern, there are two diffraction peaks at 14.2◦ and
28.72◦, corresponding to the (111) and (222) crystal planes, respectively, which is consistent
with the previously reported crystal plane positions [24]. Moreover, no characteristic
peaks associated with PbI2 or other redundant phases are observed, suggesting that the

41



Nanomaterials 2022, 12, 3559

fabricated films were fully generated with a high crystallinity. Figure 3d presents the
UV–vis absorption and PL emission spectra of the as−grown perovskite film. The PL
emission spectrum shows only a PL peak with a full width at half maximum (FWHM) of
47 nm centered near 710 nm, while the absorption spectrum shows that the perovskite film
has a broad absorption spectrum with three absorption peaks between 600 and 750 nm,
indicating a bandgap of ~1.96 eV, as shown in Figure 3e. Moreover, these exciton absorption
peaks mainly arise from the low n−member perovskite compounds, demonstrating the
presence of 2D perovskites as well as multiphase [25]. In addition, non-zero values of
absorbance below the absorption onset are also observed, which is consistent with the fact
that the rougher film morphology of perovskites results in a large amount of scattering.
Therefore, the above measurement results demonstrate that the as-grown perovskite is a
2D layer structure.

Nanomaterials 2022, 12, x FOR PEER REVIEW 4 of 11 
 

 

perovskite film. In the XRD pattern, there are two diffraction peaks at 14.2° and 28.72°, 
corresponding to the (111) and (222) crystal planes, respectively, which is consistent with 
the previously reported crystal plane positions [24]. Moreover, no characteristic peaks as-
sociated with PbI2 or other redundant phases are observed, suggesting that the fabricated 
films were fully generated with a high crystallinity. Figure 3d presents the UV–vis absorp-
tion and PL emission spectra of the as−grown perovskite film. The PL emission spectrum 
shows only a PL peak with a full width at half maximum (FWHM) of 47 nm centered near 
710 nm, while the absorption spectrum shows that the perovskite film has a broad absorp-
tion spectrum with three absorption peaks between 600 and 750 nm, indicating a bandgap 
of ~1.96 eV, as shown in Figure 3e. Moreover, these exciton absorption peaks mainly arise 
from the low n−member perovskite compounds, demonstrating the presence of 2D per-
ovskites as well as multiphase [25]. In addition, non-zero values of absorbance below the 
absorption onset are also observed, which is consistent with the fact that the rougher film 
morphology of perovskites results in a large amount of scattering. Therefore, the above 
measurement results demonstrate that the as-grown perovskite is a 2D layer structure.  

 
Figure 3. Structural morphologies and optical properties of (PEA)2(MA)2Pb3I10 perovskite: (a) optical 
microscope image, (b) SEM image, (c) XRD patterm, (d) absorption profile and PL spectrum, and 
(e) bandgap extraction. 

4. Terahertz and Ultrafast Responses of 2D Perovskite Films 
As is well-known, THz waves are very sensitive to changes in external circumstances. 

When the semiconductor films are pumped by external light, for example, the THz waves 
passing through them would be modulated due to the existence of photogenerated carri-
ers. Moreover, the more photogenerated carriers, the greater the modulation depth of the 
device [26]. Thus, the application prospects of the materials can be further developed ac-
cording to their modulation depths and speeds. A 2D (PEA)2(MA)2Pb3I10 perovskite is a 
direct bandgap semiconductor and can absorb the photons with energy larger than its 
bandgap width when pumped by the external light, producing great photogenerated car-
riers due to the transition of the electrons as a result. To evaluate the THz modulation 
depth and ultrafast characteristics of the fabricated 2D perovskite films, we set up an 
OPTP system mainly consisting of the ZnTe crystal-based THz generation and detection 
beams and an optical pump beam photoexciting the samples, as shown in Figure 4.  

Figure 3. Structural morphologies and optical properties of (PEA)2(MA)2Pb3I10 perovskite: (a) optical
microscope image, (b) SEM image, (c) XRD patterm, (d) absorption profile and PL spectrum, and
(e) bandgap extraction.

4. Terahertz and Ultrafast Responses of 2D Perovskite Films

As is well-known, THz waves are very sensitive to changes in external circumstances.
When the semiconductor films are pumped by external light, for example, the THz waves
passing through them would be modulated due to the existence of photogenerated carriers.
Moreover, the more photogenerated carriers, the greater the modulation depth of the
device [26]. Thus, the application prospects of the materials can be further developed
according to their modulation depths and speeds. A 2D (PEA)2(MA)2Pb3I10 perovskite
is a direct bandgap semiconductor and can absorb the photons with energy larger than
its bandgap width when pumped by the external light, producing great photogenerated
carriers due to the transition of the electrons as a result. To evaluate the THz modulation
depth and ultrafast characteristics of the fabricated 2D perovskite films, we set up an OPTP
system mainly consisting of the ZnTe crystal-based THz generation and detection beams
and an optical pump beam photoexciting the samples, as shown in Figure 4.
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In this homemade system, an amplified Ti–sapphire laser with a pulse duration of
90 ps, wavelength of 800 nm, spectral width of 28 nm, and repetition rate of 75 MHz
is used as the optical source for the generation and detection of the THz signal and the
photoexcitation of the samples [27]. The laser output beam is split into three beams, where
one beam is employed to excite the ZnTe crystal to generate a THz pulse, the second beam
is used to detect the THz pulse via free-space electro–optic sampling in a ZnTe crystal,
and the third part is used to generate a frequency-doubled 400 nm pump pulse using
a barium borate (BBO) crystal to excite the 2D perovskite sample. Moreover, the 400 nm
pump beam has an energy of 3.1 eV higher than the bandgap of 2D perovskites (1.96 eV),
which can photoinduced free carriers and excitons. In addition, the diameter of the pump
beam is 5 mm, which is larger than the diameter (2 mm) of the focused THz beam to
ensure uniform photoexcitation. Thus, the ultrafast response measurements in the OPTP
system are carried out by varying the delay time (τp) between pump and detection beams
using a translational delay stage, while terahertz time-domain spectrum measurements are
performed by fixing the pump pulse at the desired position and sampling the THz pulse
using another translational delay stage. As a result, the frequency-dependent terahertz
spectroscopy can be obtained after the Fourier transform [28].

To examine the THz modulation ability of the fabricated perovskite films, next, the
THz time–domain spectra across the sample, fabricated onto a quartz substrate with a
thickness of 2 mm, are measured using our OPTP system at different pump powers. The
measurement results are shown in Figure 5a, where the gray dotted line is the reference
value of the quartz substrate without the perovskite film. There is a significant time
delay between the reference and the sample, demonstrating that the perovskite film were
fabricated on the substrate. Figure 5b shows the normalized THz transmission spectra of
the fabricated sample for different laser excitations, clearly observing a gradual reduction
in the THz transmission with the increase in pump power. The change in the transmission
spectra can be attributed to the generation of free carriers in the perovskites. For example,
in the absence of a pump beam, the carriers in the perovskite are in the thermal balance
state, and there is no observed split in the energy level of the perovskite. In this case, the
perovskite has a few carriers that can freely move, and thus obtains a transmission intensity
of about 90% at 1 THz. Once the perovskite film is pumped with different pump powers.
However, the carriers are generated in the perovskite, breaking the thermal equilibrium
state of the perovskite. By further increasing the pump power, the numbers of electrons and
holes in the conductivity and valence bands of the perovskite can be gradually increased,
leading to a reduction in terahertz transmission intensity, achieving a THz intensity change
of nearly 5% at 1THz for a pump power of 100 mW.
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Figure 5. Terahertz performances of the fabricated (PEA)2(MA)2Pb3I10 perovskite films at differ-
ent irradiation powers of 25 mW, 50 mW, and 100 mW: (a) terahertz time−domain transmission
spectra, in which the inset shows the magnification values at the peak, and the dashed line repre-
sents the time-domain transmission spectrum of the reference substrate without perovskite film;
(b) terahertz frequency-domain transmission spectra; (c) modulation depth over the broadband range
of 0.5–1.75 THz; and (d) modulation depth of different pump powers at 1.5 THz.

To further assess the modulation performance of the (PEA)2(MA)2Pb3I10 perovskite
film, a modulation depth (MD) was introduced to quantify the modulation ability of the
perovskite film at different irradiation powers, which can be expressed as

MD =

∫
Plaser−o f f (ω)dω −

∫
Plaser−on(ω)dω

Plaser−o f f (ω)
(1)

where Plaser-on(ω) and Plaser-off (ω) represent the THz amplitudes as the laser pump beam
is turned on and off, respectively [29]. As shown in Figure 5c,d, the intensity modulation
depth of the fabricated 2D (PEA)2(MA)2Pb3I10 perovskite films is gradually enhanced
with the increase in pump power, showing a linear increase for different pump powers.
The maximum intensity MD is found to be about 10% at 1.5 THz for the pump power of
100 mW. Moreover, the lower MD can be further improved by increasing the pump power.
Therefore, the (PEA)2(MA)2Pb3I10 perovskite is demonstrated as a promising material that
can implement a highly efficient THz modulation.

Next, to explore the ultrafast relaxation response of the photogenerated carriers, the
homemade OPTP system is used to monitor the dynamic decay process of the photogen-
erated carriers by varying the relative delay time (τp) between the pump and detection
beams. In this experiment, the sample is excited by a femtosecond laser beam with a 400 nm
wavelength at the normal incidence, and the probing THz electric field vector is parallel
to the plane of the surface of the sample [30]. Following photoexcitation, generally, the
relative change in the THz electric field is proportional to the photoinduced conductivity of
the pumped material due to the presence of free charges. Thus, the dynamics of charge
carriers are manifested as the photoinduced THz transmission changes (−∆T/T0) in the
samples at the peak of the THz pulse as a function of pump–probe delay. Figure 6 shows
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the transient THz transmission dynamics following the photoexcitation of the prepared
2D (PEA)2(MA)2Pb3I10 perovskite film for a range of pump powers. In these experimental
results, it is noted that the nonequilibrium carriers relax at ultrafast speeds, fully recov-
ering the equilibrium state within a dozen picosecond time scale for the pump power of
25 mW. Moreover, the fast relaxation becomes increasingly significant with the increase
in the pump power, indicating that the 2D (PEA)2(MA)2Pb3I10 perovskite has potential
application prospects in ultrafast THz devices. This ultrafast phenomenon can be attributed
to the inherent multi-quantum well structure in the 2D perovskites.
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To further understand the ultrafast relaxation dynamics of the 2D (PEA)2(MA)2Pb3I10
perovskite, a triexponential decay function is used to fit the measured THz transient
dynamics at different pump powers, extracting the carry lifetimes of the ultrafast processes
to discover the recombination channels of the photoexcited free carriers and excitons. Thus,
the triexponential decay function is given by the following express [31]

f (t) = A1e−
t

τ1 + A2e−
t

τ2 + A3e−
t

τ3 (2)

where τ1, τ2, and τ3 are the lifetimes of different relaxation processes, respectively. A1, A2,
and A3 are the corresponding coefficients of each lifetime component, which determine the
weights of the decaying and nondecaying components separately. By fitting the measured
THz transient changes obtained using our OPTP system, the lifetimes are extracted for
different pump powers, as summarized in Table 1. As observed in Table 1, the lifetimes
of the three components are τ1 ~ 10 ps, τ2 ~ 33 ps, and τ3 ~ 2 ns for a pump power of
25 mW, respectively. With the increase in the pump power, the initial fast relaxation process
becomes faster, while the slow process becomes slower, obtaining τ1 ~ 3 ps, τ2 ~ 18 ps,
and τ3 ~ 6 ns for the pump power of 100 mW as a result. These results indicate that
such a decay process usually involves three recombination pathways: monomolecular
recombination, bimolecular recombination, and Auger recombination [32]. At a lower
pump power, the photogenerated carrier relaxations are dominated by the monomolecular
decay (τ3), corresponding to the slow process, whereas at a higher pump power, the
recombination channels are dominated by the bimolecular decay (τ2) and Auger decay (τ1),
corresponding to the fast process. Thus, the monomolecular decay component observed at
a lower pump power arises most likely from trap-assisted recombinations, depending on
the trap cross-section, energetic depth, density, and distribution. For higher pump power,
the bimolecular decay originates from the overlaps of electron and hole wavefunctions,
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while the Auger process results from the exciton–exciton scatterings, where the excitons are
localized inside the QW structures, providing an additional channel for the fast relaxation
of free carriers [30].

Table 1. Extracted lifetimes of different pump powers by the triexponential fitting.

Lifetime
Power 25 mW 50 mW 100 mW

τ1 (ps) 10 ± 0.2 6 ± 0.2 3 ± 0.1
τ2 (ps) 32 ± 0.8 30 ± 0.9 18 ± 1.2
τ3 (ps) 1830 ± 30 3341 ± 50 5854 ± 50

To gain further insights into the ultrafast relaxation behaviors with three exponential
decay components (τ1, τ2, and τ3), the spectral dispersions of the THz photoinduced con-
ductivity (∆σ) at different pump–probe delay times (τp) were derived from the measured
THz transmission transient dynamics using the following expression [33]:

∆σ
(
ω, τp

)
≈ −n + 1

Z0

∆T
(
ω, τp

)

T
(
ω, τp

) /d [S/m] (3)

where n is the refractive index of the quartz substrate, whose value is 1.95 at the terahertz
range; Z0 = 377 Ω is the impedance of free space; and d is the thickness of the perovskite film.

Figure 7a shows a typical trace of THz transmission for the pump power of 100 mW,
which reveals the transient dynamics of free carriers and excitons in the 2D perovskite
film, as discussed above. Figure 7b displays the THz electric field changes at different
pump–probe delay times, as shown in Figure 7a (blue, red, and black solid curves corre-
spond to τp of 0, 5, and 113 ps, respectively, in which the ∆E is enlarged by over ten times
for clarity), while Figure 7c displays the changes in the THz photoconductivity extracted
using the corresponding THz electric field changes, which is shown by scattered points. It
is noted that the variations of the THz intensity and photoconductivity are increasingly
weakened with the increase in the pump–probe delay time. For example, at τp = 0 ps, the
photogenerated carriers start to decay and relax quickly, and THz intensity and conduc-
tivity exhibit maximal changes due to the existence of abundant photogenerated carriers.
As τp is increased from 0 to 5.0 ps, the change in THz intensity and conductivity is grad-
ually decreased due to the recombination of the photogenerated carriers. At τp = 113 ps,
however, the system is almost restored to the initial balanced state, and the photogenerated
carriers have been fully recombined, leading to the minimal change of the THz intensity
and conductivity. Such a change trend can be attributed to the change in the photoinduced
free carry density [34]. In addition, the Drude−Smith model is used to further fit the ex-
tracted photoinduced THz conductivities (solid curves of Figure 7c), and the corresponding
deviations are shown in Figure 7d. It is noticed that in the early process, the extracted
photoinduced THz conductivities show a considerable disparity from the Drude−Smith
model due to the complicated THz responses, as shown in the top row of Figure 7d. Such a
remarked deviation can result from the contributions of both the charge carrier transport
and exciton–phonon scattering [35]. For the slow decay process (τp = 113 ps), however,
the extracted values agree well with the fitting values (see the bottom row of Figure 7d),
indicating a primary contribution from the defect trapping process [36].
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UV–vis, and PL measurements demonstrate that the as-grown (PEA)2(MA)2Pb3I10 perov-
skite films are a 2D layer structure. The OPTP measurements show that the 2D 
(PEA)2(MA)2Pb3I10 perovskite film can achieve an MD of up to 10% at 1.5 THz and an 
ultrafast relaxation time of about 3ps at an illumination power of 100 mW. Moreover, the 
fitting results obtained by a three-exponential function reveal that the decay mechanism 
involves the monomolecular, bimolecular, and Auger recombination processes, corre-
sponding to the free carrier relaxation, exciton recombination, and trap-assisted recombi-
nation, respectively. In addition, the changes in the photogenerated conductivity at dif-
ferent pump–probe delay times were extracted and fitted using the measured THz tran-
sient dynamics and the Drude-Smith model, respectively, obtaining a maximum change 
of 600 S/m at τp = 0 ps. Therefore, these results show that the 2D (PEA)2(MA)2Pb3I10 film 
has potential applications in high-performance tunable and ultrafast THz devices. 

Author Contributions: Conceptualization, X.H., J.R. and H.L.; methodology, H.L. and J.R.; valida-
tion, H.L. and G.L.; resources, X.H. and G.L.; data curation, J.J. and Y.Y.; writing—original draft 
preparation, H.L., J.R., and G.L.; writing—review and editing, J.R., X.H. and G.L.; visualization, Y.Y.; 
supervision, X.H.; project administration, J.J.; funding acquisition, X.H. and G.L. All authors have 
read and agreed to the published version of the manuscript. 

Funding: The work is supported by the National Natural Science Foundation of China (Nos. 
62075052), the Science Foundation of the National Key Laboratory of Science and Technology on 
Advanced Composites in Special Environments (JCKYS2020603C009 and 6142905212711), and the 
Natural Science Foundation of Heilongjiang Province (LH2019F022). 

Figure 7. Changes in the THz transmission field, and photoinduced conductivity of the
(PEA)2(MA)2Pb3I10 film at a pump power of 100 mW: (a) THz transmission change at different
pump−probe delay times, (b) THz field change at τp = 0, 5 and 113.3 ps, (c) THz photoinduced
conductivity changes at τp = 0, 5 and 113.3 ps, and (d) deviations between the extracted and fitted
photoinduced conductivities.

5. Conclusions

In summary, we prepared the (PEA)2(MA)2Pb3I10 perovskite films by a one-step
spin-coating process and characterized them by different measuring methods. The SEM,
XRD, UV–vis, and PL measurements demonstrate that the as-grown (PEA)2(MA)2Pb3I10
perovskite films are a 2D layer structure. The OPTP measurements show that the 2D
(PEA)2(MA)2Pb3I10 perovskite film can achieve an MD of up to 10% at 1.5 THz and an
ultrafast relaxation time of about 3ps at an illumination power of 100 mW. Moreover, the
fitting results obtained by a three-exponential function reveal that the decay mechanism
involves the monomolecular, bimolecular, and Auger recombination processes, correspond-
ing to the free carrier relaxation, exciton recombination, and trap-assisted recombination,
respectively. In addition, the changes in the photogenerated conductivity at different pump–
probe delay times were extracted and fitted using the measured THz transient dynamics
and the Drude-Smith model, respectively, obtaining a maximum change of 600 S/m at
τp = 0 ps. Therefore, these results show that the 2D (PEA)2(MA)2Pb3I10 film has potential
applications in high-performance tunable and ultrafast THz devices.
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Abstract: In order to obtain a steam-stable hydrogen permselectivity membrane, with tetraethy-
lorthosilicate (TEOS) as the silicon source, zirconium nitrate pentahydrate (Zr(NO3)4·5H2O) as
the zirconium source, and methyltriethoxysilane (MTES) as the hydrophobic modifier, the methyl-
modified ZrO2-SiO2 (ZrO2-MSiO2) membranes were prepared via the sol-gel method. The mi-
crostructure and gas permeance of the ZrO2-MSiO2 membranes were studied. The physical-chemical
properties of the membranes were characterized by Fourier transform infrared spectroscopy (FTIR),
X-ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD), transmission electron microscopy
(TEM), scanning electron microscope (SEM), and N2 adsorption–desorption analysis. The hydrogen
permselectivity of ZrO2-MSiO2 membranes was evaluated with Zr content, temperature, pressure
difference, drying control chemical additive (glycerol) content, and hydrothermal stability as the
inferred factors. XRD and pore structure analysis revealed that, as nZr increased, the MSiO2 peak
gradually shifted to a higher 2θ value, and the intensity gradually decreased. The study found
that the permeation mechanism of H2 and other gases is mainly based on the activation–diffusion
mechanism. The separation of H2 is facilitated by an increase in temperature. The ZrO2-MSiO2

membrane with nZr = 0.15 has a better pore structure and a suitable ratio of micropores to mesopores,
which improved the gas permselectivities. At 200 ◦C, the H2 permeance of MSiO2 and ZrO2-MSiO2

membranes was 3.66 × 10−6 and 6.46 × 10−6 mol·m−2·s−1·Pa−1, respectively. Compared with
the MSiO2 membrane, the H2/CO2 and H2/N2 permselectivities of the ZrO2-MSiO2 membrane
were improved by 79.18% and 26.75%, respectively. The added amount of glycerol as the drying
control chemical additive increased from 20% to 30%, the permeance of H2 decreased by 11.55%,
and the permselectivities of H2/CO2 and H2/N2 rose by 2.14% and 0.28%, respectively. The final
results demonstrate that the ZrO2-MSiO2 membrane possesses excellent hydrothermal stability and
regeneration capability.

Keywords: microporous membrane; H2 permselectivity; zirconia-doped SiO2 membrane; hydrother-
mal stability; regeneration

1. Introduction

It is well-known that hydrogen is a clean energy source [1]. At present, there are
many ways to obtain H2, but the biggest problem preventing its commercialization is the
purification and separation of H2. The purification of H2 can be achieved in three main
ways: pressure swing adsorption, cryogenic distillation, and membrane separation [2,3].
Although pressure swing adsorption and cryogenic distillation can be operated commer-
cially, the economic benefits are low. The main commercial application of membranes in gas
separation is the separation of hydrogen from nitrogen, methane, and argon in an ammonia
sweep gas stream. In the past few years, hundreds of new polymer materials have been
reported, and only eight or nine polymer materials have been used to make gas separation
membrane bases. Surprisingly few of them were used to make industrial membranes [4].
Membrane separation technology is also one of the most promising hydrogen purification
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methods. At high temperatures, the H2 separation membrane has attracted much attention
in the application of membrane reactors, for example, in the steam reforming of natural gas.
The characteristics of lower energy consumption and investment cost, as well as simple
operation, have made the membrane separation method widely concerned. Compared to
other techniques of hydrogen purification, the membrane separation method offers more
energy efficiency and environmental friendliness. The quality of the separation membrane
directly affects the separation performance. Therefore, it is very necessary to choose suitable
materials to prepare efficient and stable membrane materials [5].

In recent years, research on hydrogen separation membranes has mainly focused on
molecular sieves, alloys, and microporous silica [6–9]. Prominently, silica membranes have
received extensive attention for H2 separation due to their advantages such as high perms-
electivity and considerable thermal stability [10]. Amorphous silica membranes derived
from sol-gel and chemical vapor deposition (CVD) methods received an enormous amount
of attention [11,12]. They have a stable chemical structure and molecular sieve mecha-
nism, which can separate hydrogen across a broad temperature range [13]. However, silica
membranes have demonstrated poor steam and thermal stability. Due to the hydrophilic
nature of silica membranes, if they are frequently exposed to humid, low-temperature
atmospheres, the flux and permselectivity of H2 will largely be reduced [14,15]. The study
found that the addition of hydrophobic groups can reduce the affinity of silica for water
and improve gas permselectivity [15]. At this stage, methyl, vinyl, perfluorodecalin, etc.,
are often used in the hydrophobic modification of gas permeation separation in silica mem-
brane, and the effect of increasing the hydrothermal stability is obvious [16]. Wei et al. [17]
prepared perfluorodecyl hydrophobically modified silica membranes. The results demon-
strated that the addition of perfluorodecyl made the modified silica membrane change from
hydrophilic to hydrophobic. The membrane exhibited excellent hydrothermal stability at
250 ◦C and a water vapor molar ratio of 5%. Debarati et al. [18] hydrophobically modified
the surface of ceramic membranes with polydimethylsiloxane to achieve a contact angle of
141◦. It shows that the surface of the ceramic membrane with the methyl group is highly
hydrophobic. Somayeh et al. [19] also demonstrated that vinyl-modified silica particles can
improve the hydrophobic properties of the membrane.

It is well-known that the addition of metal oxides (such as TiO2 [20,21], Al2O3 [22,23],
Fe2O3 [24], CoO [25], and ZrO2 [26,27]) can not only enhance the hydrothermal stability
of the membrane, but also further improve the antifouling ability and performance of the
membrane. This indicates that the incorporation of metal oxides can form mixed oxide
network structures that are more stable than amorphous silica materials [28,29]. In partic-
ular, ZrO2 is an excellent transition metal oxide, which is often utilized in studies of gas
membrane separation. Li et al. [30] prepared a zirconia membrane via the polymeric sol-gel
method, which possessed H2 permeance of about 5 × 10−8 mol·m−2·s−1·Pa−1, H2/CO2
permselectivity of 14, and outstanding hydrothermal stability under a steam pressure of
100 KPa. Gu et al. [31] used the sol-gel method to prepared the microporous zirconia
membrane. After being treated with 0.50 mol·L−1 of H2SO4, the hydrogen permeance
was (2.8 to 3.0) × 10−6 mol·Pa−1·m−2·s−1. The H2 permselectivities of the equimolar
binary system were 6 and 9, respectively. Doping ZrO2 in the SiO2 matrix can improved
the hydrophobicity and hydrothermal stability of the membrane matrix, and further en-
hance the gas permeability. Numerous studies have been carried out on ZrO2-doped
silica materials/membranes. According to mesoporous stabilized zirconia intermediate
layers, Gestel et al. [32] revealed a much better membrane setup. For various CO2/N2
combinations, the as-prepared membrane demonstrated permselectivities of 20–30 and CO2
permeances of 1.5 to 4 m3/(m2·h·bar). Ahn et al. [33] prepared a silica-zirconia membrane
with hydrogen permselectivity on a porous alumina support using tetraethyl orthosilicate
(TEOS) and tert-butanol zirconium (IV) under 923 K conditions by chemical vapor deposi-
tion. The H2 permeance of the obtained membrane was 3.8 × 10−7 mol·m−2·s−1·Pa−1, and
the permselectivities for CO2 and N2 were 1100 and 1400, respectively. Hove et al. [34] com-
pared the gas permeation properties of a hybrid silica (BTESE) membrane, Zr-doped BTESE
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membrane, and silica membrane before and after hydrothermal treatment under the same
circumstances. At 100 ◦C, the hybrid silica membrane and Zr-doped BTESE membrane
maintained good hydrothermal stability, while the silica membrane lost selectivity for all
the studied gases. After hydrothermal treatment at 200 or 300 ◦C, the CO2 permeance of
the Zr-doped BTESE membrane decreased significantly, and the H2/CO2 permselectivity
increased significantly, by 65.71%. So far, many scholars have demonstrated the effect
of different conditions during preparation on the properties of zirconia-doped silica ma-
terials/membranes. The influence of the Zr/Si molar ratio on the microstructure of the
membrane and the permeability of the gas is crucial. Unfortunately, there are few reports
in this regard. Furthermore, the effects of methyl modification on the microstructure and
steam stability of ZrO2-SiO2 membranes were rarely described in papers. Some scholars
have found that adding a drying control chemical additive (DCCA) in the process of prepar-
ing the membrane via the sol-gel method can effectively reduce the uneven shrinkage of the
membrane during the heating process and during the calcining process [35], and improve
the gas permselectivity of the membrane.

In this paper, methyl-modified ZrO2-SiO2 (ZrO2-MSiO2) materials/membranes with
various Zr/Si molar ratios (nZr) were fabricated. Glycerol was chosen to be the DCCA. The
impact of nZr on the microstructures and H2 permselectivities of ZrO2-MSiO2 membranes
was thoroughly addressed. The water vapor stability of ZrO2-MSiO2 membranes was
investigated further by comparing the gas permeability characteristics of the ZrO2-MSiO2
membranes before and after steam treatment. The heat regeneration performance of ZrO2-
MSiO2 membranes was also investigated.

2. Materials and Methods
2.1. Preparation of MSiO2 Sols

The MSiO2 sols were prepared by tetraethylorthosilicate (TEOS, purchased from Xi’an
chemical reagent Co., Ltd., Xi’an, China) as a silica source, methyltriethoxysilane (MTES,
purchased from Hangzhou Guibao Chemical Co., Ltd., Hangzhou, China) as a hydrophobic
modified agent, anhydrous ethanol (EtOH, purchased from Tianjin Branch Micro-Europe
Chemical Reagent Co., Ltd., Tianjin, China) as a solvent, and nitric acid (HNO3, purchased
from Sichuan Xilong Reagent Co., Ltd., Chengdu, China) as a catalyst. To begin, TEOS,
MTES, and EtOH were completely combined in a three-necked flask using a magnetic
stirrer. The flask was correctly immersed in an ice-water combination. The solution was
then agitated for 50 min using a magnetic stirrer to ensure thorough mixing. The H2O and
HNO3 combination was then dropped into the mixture while it was still being stirred. The
reaction mixture was then agitated in a three-necked flask at a constant temperature of
60 ◦C for 3 h to yield the MSiO2 sol.

2.2. Preparation of ZrO2 Sols

In a three-necked flask, 0.6 M zirconium nitrate pentahydrate (Zr(NO3)4·5H2O, pur-
chased from Tianjin Fuchen Chemical Reagent Co., Ltd., Tianjin, China) and 0.2 M oxalic
acid (C2H2O4·2H2O, purchased from Tianjin HedongHongyan Chemical Reagent Co.,
Ltd., Tianjin, China) solutions were combined at a molar ratio of 4.5:1.0 and agitated. The
aforementioned mixture was then treated with 35% (v/v) glycerol (GL, purchased from
Tianjin Kemiou Chemical Reagent Co., Ltd., Tianjin, China), and stirring was maintained in
a water bath at 50 ◦C for 3 h to yield the ZrO2 sols.

2.3. Preparation of ZrO2-MSiO2 Sols

The ZrO2 sols were aged for 12 h at 25 ◦C. The ZrO2 sols and EtOH were then added to
the MSiO2 sols and stirred for 60 min to create the required ZrO2-MSiO2 sols. The nZr ratio
was 0, 0.08, 0.15, 0.3, and 0.05. The ZrO2-MSiO2 sols were diluted three times with ethanol
after 12 h. GL was used as a drying control agent at 0%, 10%, 20%, and 30% (DCCA). After
60 min of stirring, ZrO2-MSiO2 sols with varied GL contents were obtained.
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2.4. Preparation of ZrO2-MSiO2 Materials

The ZrO2-MSiO2 sols were then placed individually in petri plates for gelation at
30 ◦C. The gel materials were ground and pulverized with a mortar, and then calcined at a
heating rate of 0.5 ◦C·min−1 at 400 ◦C for 2 h under nitrogen atmosphere protection, and
then cooled down naturally. The ZrO2-MSiO2 materials with different nZr were prepared.
The ZrO2-MSiO2 materials with nZr = 0 are also referred to as “MSiO2” materials.

2.5. Preparation of ZrO2-MSiO2 Membranes

The ZrO2-MSiO2 membranes were coated on top of composite interlayers supported
by porous α-alumina discs. The discs are 5 mm-thick and 30 mm in diameter, with a
porosity of 40% and an average pore size of 100 nm. ZrO2-MSiO2 membranes were
effectively prepared by dip-coating the substrates in three-fold ethanol-diluted silica sol
for 7 s, then drying and calcining them. Each sample was dried at 30 ◦C for 3 h before
being calcined at 400 ◦C in a temperature-controlled furnace in a N2 environment with a
ramping rate of 0.5 ◦C·min−1 and a dwell period of 2 h. The dip-coating-drying-calcining
process was repeated three times. Figure 1 demonstrates the preparation process of the
ZrO2-MSiO2 materials/membranes. The ZrO2-MSiO2 membranes with nZr = 0 are also
referred to as “MSiO2” membranes.
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2.6. Steam Treatment and Regeneration of ZrO2-MSiO2 Membranes

The ZrO2-MSiO2 membranes were subjected to a 7-day steam stability test in which
they were placed into saturated steam at 25 ◦C. After steam treatment, for thermal regen-
eration of ZrO2-MSiO2 membranes, they were processed at a calcination temperature of
350 ◦C, with the same calcination technique as before. The gas permeances of ZrO2-MSiO2
membranes were investigated after steam treatment and regeneration, respectively.

2.7. Characterizations

Using Fourier transform infrared spectroscopy, the functional groups of ZrO2-MSiO2
materials were characterized (FTIR, Spotlight 400 and Frontier, PerkinElmer Corporation,
Waltham, MA, USA), and the wavelength measuring range was 400 to 4000 cm−1 using the
KBr compression technique. Using a Rigaku D/max-2550pc X-ray diffractometer (XRD,
Rigaku D/max-2550pc, Hitachi, Tokyo, Japan) with CuKα radiation at 40 kV and 40 mA, the
ZrO2-MSiO2 materials’ phase structure was found. The X-ray photoelectron spectra (XPS)
were acquired on a K-Alpha X-ray photoelectron spectroscope from Thermo Fisher Scientific
with AlKα excitation and were calibrated regarding the signal of adventitious carbon (XPS,
ESCALAB250xi, Thermo Scientific, Waltham, MA, USA). The binding energy estimates
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were derived using the C (1s) line at 284.6 eV as the reference point. Transmission electron
microscopy (TEM, JEM 2100F, JEOL, Tokyo, Japan) was utilized to investigate the ZrO2-
MSiO2 powders’ crystallization. Operating at 5 kV, scanning electron microscopy (SEM,
JEOL JSM-6300, Hitachi, Tokyo, Japan) was utilized to study the surface morphologies of the
ZrO2-MSiO2 membranes. N2 adsorption–desorption measurements were conducted using
an automated Micromeritics, ASAP2020 analyzer (ASAP 2020, Micromeritics, Norcross, GA,
USA). The ZrO2-MSiO2 materials’ BET surface area, pore volume, and pore size distribution
were determined.

Figure 2 is a schematic of the experimental setup used to evaluate the performance
of single gas permeation. Prior to the experiment, the pressure and temperature were
set to the desired values for thirty minutes to allow the gas permeation to stabilize. The
permeation properties of MSiO2 and ZrO2-MSiO2 membranes were evaluated using H2,
CO2, and N2. The gas permeability was determined based on the outlet gas flow. The gas
permselectivity values (ideal permselectivities) were calculated by the permeance ratio
between two gases.
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3. Results
3.1. Chemical Structure Analysis

FTIR spectra were used to investigate the functional groups of ZrO2-MSiO2 materials.
The FTIR spectra of ZrO2-MSiO2 materials containing various nZr contents are displayed
in Figure 3. The absorption peak at around 3448 cm−1 was assigned to the stretching and
bending vibration of the -OH group from the absorbed water. The absorption peak at
1630 cm−1 corresponds to Si-OH and Zr-OH on the surface of ZrO2-MSiO2 materials [36].
The antisymmetric stretching vibration absorption peak -CH3 at 2985 cm−1 was mainly
from unhydrolyzed TEOS and MTES. The absorption peak at 1278 cm−1 was attributed
to the Si-CH3 group. It is also the main hydrophobic functional group of the membrane.
The absorption peak observed at 1050 cm−1 was attributed to the Si-O-Si bond [37]. Com-
pared with the materials with nZr = 0, the materials with nZr = 0.08–0.5 all showed a new
absorption peak at the wavenumber of 448 cm−1. This was related to the formation of
Zr-O bonds [38]. Meanwhile, with the increase of nZr, the peak at 1050 cm−1 shifted to
around 1100 cm−1. This may be ascribed to the fact that partial substitution of Zr atoms
for Si atoms in the Si-O-Si network to form Zr-O-Si bonds occurred [39], breaking the sym-
metry of SiO2 and leading to the shift of peak positions. However, there was no obvious
Zr-O-Si bond in the FTIR spectrum of ZrO2-MSiO2 materials due to the overlap of the
Zr-O-Si bond with Si-O-Si [40]. Furthermore, the decrease in the intensity of the silanol
band at 779 and 835 cm−1 with increasing nZr could be attributed to the substitution of
Si-OH bonds by Zr-O-Si bonds [41]. It demonstrates the formation of Zr-O-Si bonds in the
produced materials.
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3.2. Phase Structure Analysis

The XRD patterns of the ZrO2-MSiO2 materials with varied nZr are presented in
Figure 4. The peaks of amorphous SiO2 were concentrated at 2θ = 23.1◦ [42]. The SiO2
peak moved progressively towards higher 2θ values as nZr rose, and it slowly dropped
in intensity. This is attributable to the replacement of the portion of silicon atoms by the
inserted Zr atoms, producing Zr-O-Si bonds, resulting in a drop in the SiO2 concentration.
The peaks corresponding to a crystalline tetragonal structure of zirconia are clearly apparent
in the ZrO2-MSiO2 materials with nZr = 0.15–0.5. The (101), (112), and (202) reflection
planes of the body-centered ZrO2 (t-ZrO2) tetragonal phase were ascribed to the large
diffraction peaks occurring at 60.2◦, 50.7◦, and 30.2◦, respectively (JCPDS No. 79-1771).
XRD analysis demonstrated that with the growth of the Zr concentration, the peak intensity
corresponding to t-ZrO2 progressively increased. In other words, the content of t-ZrO2
increased with the growth in Zr content. Combined with the FTIR analysis, the Zr element
in ZrO2-MSiO2 materials may exist in the form of Zr-O-Si bonds and t-ZrO2.
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To further investigate the presence of Zr and Si species in the ZrO2-MSiO2 materials,
the XPS measurement was conducted. The survey XPS spectrum of ZrO2-MSiO2 material
with nZr = 0.15 is shown in Figure 5. Figure 5 demonstrates that C, O, Si, and Zr elements
are present in the ZrO2-MSiO2 material, which indicates the successful incorporation of
Zr into the silica frameworks. Figure 6 presents the Si 2p and Zr 3d XPS spectra of the
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ZrO2-MSiO2 sample with nZr = 0.15. In Figure 6a, the peaks at the binding energies of 102.8
and 104.7 eV correspond to Si-C and Si-O bonds, respectively. In Figure 6b, the peaks at
186.6 and 183.3 eV correspond to the Zr-O 3d3/2 and Zr-O 3d5/2 peaks, respectively.
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3.3. TEM Analysis

The TEM micrographs of the ZrO2-MSiO2 material with nZr = 0 and 0.15 at 400 ◦C
under nitrogen atmosphere are illustrated in Figure 7. Figure 7a depicts that the silica
particles in MSiO2 materials are amorphous, while in Figure 7b, a small amount of particles
with darker color appear and are mixed in the silica skeleton, which may be due to the
presence of t-ZrO2. Overall, the ZrO2-MSiO2 materials with nZr = 0.15 still maintained the
amorphous state.

3.4. Pore Structure Analysis

The N2 adsorption-desorption isotherm of the ZrO2-MSiO2 materials with various
nZr are shown in Figure 8a. According to the Brunauer-Deming-Deming-Teller (BDDT)
classification, the ZrO2-MSiO2 materials showed a type I adsorption isotherm, while nZr = 0
indicated the formation of microporous structures. The isotherms for the four samples
(nZr = 0.08–0.5) all showed a similar trend, which could be categorized as type IV isotherms.
However, the shapes of the hysteresis loops for the four samples were different, implying
the variation of pore structures. A significant proportion of adsorption occurred in the
range of low relative pressure, P/P0 < 0.1, indicating that the materials contain a large
quantity of micropores. The shape of the hysteresis loop of the ZrO2-MSiO2 materials
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with nZr = 0.5 was altered, indicating the presence of larger mesopores or macropores.
In addition, the distributions of pore size for all samples are depicted in Figure 8b. It is
found that the samples with nZr = 0.08–0.5 showed a broader pore size distribution and a
larger mean pore size than the samples with nZr = 0. The conclusion was also confirmed by
the pore structure parameters of ZrO2-MSiO2 materials with various nZr in Table 1. The
average pore size, BET specific surface area, and total pore volume of the ZrO2-MSiO2
materials gradually increased with nZr = 0.08 and 0.15, and the pore size distribution
became wider. However, the total pore volume of the ZrO2-MSiO2 materials with nZr = 0.3
and 0.5 decreased instead. The fact is that the bond length of Zr-O (1.78 Å) was slightly
longer than that of Si-O (1.64 Å) [43]. Figure 9 shows the molecular structure models of
MSiO2, ZrO2-MSiO2, and t-ZrO2 crystallites, respectively. Hence, the formation of Zr-O-Si
bonds contributes to the formation of pores. With the increase of Zr content, more and
more t-ZrO2 crystallites were formed and distributed in the framework of MSiO2 materials,
and the internal pore structure of the ZrO2-MSiO2 materials was hindered from shrinking
and pore collapse, resulting in the decrease of the BET surface area and pore volume. From
Table 1, it can be seen that the ZrO2-MSiO2 materials with nZr = 0.15 had the maximal total
pore volume (0.43 cm3·g−1), BET surface area (616.77 m2·g−1), and the minimum mean
pore size (2.19 nm).
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Table 1. Pore structure parameters of the ZrO2-MSiO2 materials with various nZr.

nZr
BET Surface Area

(m2·g−1)
Average Pore Size

(nm)
Vtotal (STP)
(cm3·g−1)

Vmicro (STP)
(cm3·g−1) Vmicro/Vtotal (%)

0 389.38 1.75 0.23 0.15 65.22
0.08 579.96 2.08 0.37 0.13 35.14
0.15 616.77 2.19 0.43 0.12 27.91
0.3 606.35 2.35 0.41 0.09 21.95
0.5 545.32 3.58 0.38 0.08 21.05
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3.5. Gas Permselectivity Analysis
3.5.1. The Influence of nZr

Figure 10 depicts the influence of nZr on the gas permeabilities and H2 permselectivities
of ZrO2-MSiO2 membranes with varying nZr and 0% DCCA addition at 25 ◦C and 0.1 MPa.
In Figure 10a, with the increase of nZr, the H2, CO2, and N2 permeances of the samples
increased until nZr = 0.15, and then decreased. Compared with the MSiO2 membranes
(nZr = 0), the H2, CO2, and N2 permeance of the ZrO2-MSiO2 membranes with nZr = 0.15
increased by 50.95%, 26.74%, and 36.36%, respectively. From the pore structure analysis
(Table 1), the overall pore volumes of the ZrO2-MSiO2 membranes grew somewhat with
increasing nZr until nZr = 0.15, and then decreased, which can explain why the ZrO2-MSiO2
membranes with nZr = 0.15 had the highest permeance to each gas. For the same membrane,
the order of gas molecular permeance is H2 > CO2 > N2. Gas permeance decreased with
increasing dk (0.289, 0.33, and 0.364 nm, respectively), indicating that all membranes
exhibited molecular sieve properties. However, when nZr ≥ 0.15, the permeance of CO2
decreased more closely to that of N2. This behavior was related to the fact that following
heat treatment at 400 ◦C, the Zr-O-Si bonds and t-ZrO2 crystallites generated in the ZrO2-
SiO2 membranes will generate a significant number of Brønsted acid sites. High acidity
leads to a reduction in the affinity of the membranes for CO2, hence lowering the CO2
permeance [44].

It can be observed from Figure 10b that compared with MSiO2 membranes, the
H2/CO2 and H2/N2 permselectivities of ZrO2-MSiO2 membranes with nZr = 0.15 in-
creased by 22.93% and 33.04%, respectively. Combined with the previous characterization
test, it was found that the ZrO2-MSiO2 membranes with nZr = 0.15 had a good pore struc-
ture, which is beneficial to improve the permselectivity of gas. In addition, the acidic sites
formed by the ZrO2-MSiO2 membranes reduced the affinity of the membranes for CO2 and
helped to separate it from H2. However, the permselectivities of ZrO2-MSiO2 membranes
after nZr = 0.15 showed a decreasing trend. Compared with the ZrO2-MSiO2 membranes
with nZr = 0.15, the H2/CO2 and H2/N2 permselectivities of the membranes with nZr = 0.5
decreased by 9.35% and 20.15%, respectively. As a result, just because the nZr concentration
is larger, it does not indicate that the separation effect is better. Since the Zr-O and Si-O
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bonds in zirconium-substituted siloxane rings are longer than in pure siloxane rings, for
the ZrO2-MSiO2 membranes with nZr = 0.5, the number of siloxane rings containing Zr
increased, and the pore size of the membranes became larger. Meanwhile, a large number
of t-ZrO2 crystals were produced, which led to the shrinkage of the pore structure inside the
membranes and the collapse of the pores, resulting in the decrease of the permselectivities
of the membranes.

Nanomaterials 2022, 12, x FOR PEER REVIEW 10 of 18 
 

 

membrane, the order of gas molecular permeance is H2 > CO2 > N2. Gas permeance de-
creased with increasing dk (0.289, 0.33, and 0.364 nm, respectively), indicating that all 
membranes exhibited molecular sieve properties. However, when nZr ≥ 0.15, the perme-
ance of CO2 decreased more closely to that of N2. This behavior was related to the fact that 
following heat treatment at 400 °C, the Zr-O-Si bonds and t-ZrO2 crystallites generated in 
the ZrO2-SiO2 membranes will generate a significant number of Brønsted acid sites. High 
acidity leads to a reduction in the affinity of the membranes for CO2, hence lowering the 
CO2 permeance [44]. 

It can be observed from Figure 10b that compared with MSiO2 membranes, the 
H2/CO2 and H2/N2 permselectivities of ZrO2-MSiO2 membranes with nZr = 0.15 increased 
by 22.93% and 33.04%, respectively. Combined with the previous characterization test, it 
was found that the ZrO2-MSiO2 membranes with nZr = 0.15 had a good pore structure, 
which is beneficial to improve the permselectivity of gas. In addition, the acidic sites 
formed by the ZrO2-MSiO2 membranes reduced the affinity of the membranes for CO2 and 
helped to separate it from H2. However, the permselectivities of ZrO2-MSiO2 membranes 
after nZr = 0.15 showed a decreasing trend. Compared with the ZrO2-MSiO2 membranes 
with nZr = 0.15, the H2/CO2 and H2/N2 permselectivities of the membranes with nZr = 0.5 
decreased by 9.35% and 20.15%, respectively. As a result, just because the nZr concentra-
tion is larger, it does not indicate that the separation effect is better. Since the Zr-O and Si-
O bonds in zirconium-substituted siloxane rings are longer than in pure siloxane rings, 
for the ZrO2-MSiO2 membranes with nZr = 0.5, the number of siloxane rings containing Zr 
increased, and the pore size of the membranes became larger. Meanwhile, a large number 
of t-ZrO2 crystals were produced, which led to the shrinkage of the pore structure inside 
the membranes and the collapse of the pores, resulting in the decrease of the permselec-
tivities of the membranes. 

  
(a) (b) 
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Figure 10. (a) Gas permeance and (b) H2 permselectivities of ZrO2-MSiO2 membranes with various
nZr and 0% DCCA addition at a pressure difference of 0.1 MPa and 25 ◦C.

SEM images of surface topography for MSiO2 and ZrO2-MSiO2 (nZr = 0.15) membranes
calcined at 400 ◦C are shown in Figure 11. Compared to the MSiO2 membranes, the
particle size and distribution of the ZrO2-MSiO2 membranes were more uniform, the
membranes’ surfaces had no obvious defects, and the surface was uniform and smooth.
The particle size of MSiO2 membranes was between 1.1 and 5.8 nm, while the particle
size of ZrO2-MSiO2 membranes was between 1.3 and 8.9 nm. The formed ZrO2-MSiO2
membranes with a smooth surface and uniform membrane pores were more conducive to
the gas permselectivitiy.
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3.5.2. The Influence of Temperature

The permeances and permselectivities of the MSiO2 and ZrO2-MSiO2 (nZr = 0.15)
membranes with 0% DCCA addition at a pressure difference of 0.1 MPa and temperature
changing from 25 to 200 ◦C are shown in Figure 12. Obviously, with the increasing temper-
ature, the permeance of H2 of MSiO2 and ZrO2-MSiO2 membranes increased gradually,
as seen in Figure 12a. From 25 to 200 ◦C, the H2 permeance of MSiO2 and ZrO2-MSiO2
membranes rose by 19.66% and 7.12%, respectively, demonstrating that the H2 permeation
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behavior in the two membranes followed the activated diffusion transport mechanism.
In contrast, the permeabilities of CO2 and N2 were similar to the Knudsen diffusion
trend, whereby both slightly decreased. The CO2 permeance of MSiO2 and ZrO2-MSiO2
membranes decreased by 31.46% and 30.20% from 25 to 200 ◦C, respectively, and the N2
permeance decreased by 18.60% and 29.98%, respectively. The major explanations for the
decrease in CO2 and N2 permeance were the violent movement of molecules and the rise
in the mean free path as temperature increased.
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and ZrO2-MSiO2 (nZr = 0.15) membranes with 0% DCCA addition at a pressure difference of 0.1 MPa.

In Figure 12b, it can be seen that the permselectivities in the membranes gradually in-
creased with the increase of temperature. At 200 ◦C, compared with the MSiO2 membranes,
the H2/CO2 and H2/N2 permselectivities of the ZrO2-MSiO2 membranes increased by
21.11% and 23.34%, respectively. The above results show that the ZrO2-MSiO2 membranes
had better permselectivity and permeance of H2 than the MSiO2 membranes under the
same conditions.

Combined with the preceding studies, it was determined that a rise in temperature
facilitated the separation of H2 and that the separation process of H2 from CO2 and N2 is
dominated by activation diffusion, which is described by the Arrhenius equation [45]:

P = P0 exp(− Ea
RT ) (1)

In Formula (1), P is the permeation rate, Ea is the apparent activation energy, and P0 is
a constant, which depends on the pore wall–gas molecule interaction, gas selective layer
thickness, and pore shape and tortuosity [46]. For linear fitting, 1000/RT was used as the
abscissa and lnP as the ordinate, and the slope of the fitting equation might be used to
obtain the apparent activation energy. Figure 13 depicts the Arrhenius fitting diagrams for
the three gases.

Figure 13 demonstrates that the apparent activation energy of H2 is positive, while that
of various other gases is negative. This is related to the gas-activated transport behavior,
whereby there are two parallel transmission channels for gas through the membrane: one is
through selective micropores, with gas transport processed by a thermally activated surface
diffusion mechanism in the micropore state [47], and the other is through larger pores [48].
The activation energies for CO2 and N2 are negative, indicating that there are permeation
pathways large enough in these types of membranes to allow the diffusion of these larger
gas. It is generally believed that Ea is composed of two parts [46], the adsorption heat,
Qst, of gas on the surface of the membrane and the activation energy, Em, of gas flowing
through the solid surface. The larger the Em is, the harder it is for the gas to diffuse, Ea
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= Em − Qst. Arrhenius equation parameter values are shown in Table 2. Table 2 shows
that the Em values of the gases in the ZrO2-MSiO2 membrane are all less than those in the
MSiO2 membrane. It shows that the structure of ZrO2-MSiO2 membranes is not as dense as
that of MSiO2 membranes. This is in good accordance with the N2 adsorption–desorption
results. This finding also shows that ZrO2 doping successfully diminishes the densification
of the SiO2 network. The higher porosity of the ZrO2-MSiO2 membranes allows the gas to
cross the membrane pore barrier using their kinetic energy. Therefore, the gas (H2, CO2,
and N2) permeance of ZrO2-MSiO2 membranes is higher than that of MSiO2 membranes.
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Table 2. Arrhenius equation parameter values of MSiO2 and ZrO2-MSiO2 (nZr = 0.15) membranes.

Membrane Gases Ea (kJ·mol −1) Qst (kJ·mol−1) Em (kJ·mol−1)

MSiO2

H2 2.32 6.00 8.32
CO2 −1.53 24.00 22.47
N2 −1.48 18.00 16.52

ZrO2-MSiO2

H2 2.10 6.00 8.10
CO2 −1.64 24.00 22.36
N2 −1.94 18.00 16.06

Table 3 displays the Ea of H2, pore diameter, H2 permeance, and H2 permselectivities
for several membranes/films prepared by other researchers. It is challenging to concur-
rently enhance the membranes’ permselectivity and gas permeability, as seen in Table 3.
Generally, the larger the average pore size of the membrane, the higher the permeance to
H2, which is accompanied by a smaller Ea. Meanwhile, the Ea of H2 is related to the inter-
action of H2 with the membrane pore wall. It can be seen from Table 3 that the as-prepared
ZrO2-MSiO2 membrane has a large H2 permselectivity compared to other membranes.

Table 3. Ea of H2, pore diameter, H2 permeance, and H2 permselectivities for various membranes/films
prepared by other researchers.

Type Temperature/Pressure Ea of H2
(kJ·mol−1)

Pore Diameter
(nm)

H2 Permeance
(mol·m−2·s−1·Pa−1)

H2 Permselectivities

H2/CO2 H2/N2

SiO2 [49] 200 ◦C, 2 bar - 0.30–0.54 4.62 × 10−7 3.7 10.5
ZIF-7-SiO2 [50] 200 ◦C - 5 8 × 10−7 8.78 11.8

Pd-SiO2 [51] 200 ◦C, 0.3 MPa - 0.57 7.26 × 10−7 4.3 14
ZrO2 [52] 350 ◦C - 4.95 5.3 × 10−8 14.3 3.1

ZrO2-SiO2 [27] 550 ◦C 7.0 0.165 1.8 × 10−7 - -
BTDA-DDS polyimide [53] 30 ◦C, 5 MPa - - 2.52 × 10−9 5.16 193.21

Cellulose acetate [54] 25 ◦C, 1 bar - - 3.55 × 10−9 - 30.3
ZrO2-MSiO2 * 200 ◦C, 0.1 MPa 2.10 2.19 6.46 × 10−6 11.64 13.88

* In this work.
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3.5.3. The Influence of Pressure Difference

Figure 14 illustrates the effect of pressure difference on the gas permeances and H2
permselectivities of MSiO2 and ZrO2-MSiO2 (nZr = 0.15) membranes at 200 ◦C with 0%
DCCA addition. In Figure 14a, it can be observed that the H2 permeance of the ZrO2-MSiO2
membranes with nZr = 0.15 improved with the increase of the pressure difference, and
the pressure dependence increased. However, the H2 permeance of MSiO2 membranes
remained basically unchanged. The MSiO2 and ZrO2-MSiO2 membranes increased their
H2 permeance by 2.16% and 19.96%, respectively, when the pressure was increased from
0.10 to 0.40 MPa. In Figure 14b, the H2 permselectivities of MSiO2 membranes did not
change significantly, and the H2/CO2 and H2/N2 permselectivities decreased by 5.27%
and 1.12%, respectively. However, the H2 permselectivities of the ZrO2-MSiO2 membranes
with nZr = 0.15 changed greatly, where the H2/CO2 and H2/N2 permselectivities decreased
by 22.04% and 21.12%, respectively. Clearly, it can be seen that the permselectivity of the
ZrO2-MSiO2 membranes was reduced more than that of the MSiO2 membranes, that is, the
pressure had a relatively small effect on the gas permeation of the MSiO2 membranes. This
phenomenon is attributed to the relatively dense MSiO2 membranes with micropores as the
main component. With the increase of the pressure difference between the two sides of the
membranes, the power of the gas passing through the ZrO2-MSiO2 membranes increased,
making it easier for the gas to pass through the mesopores or even the macropores, which
has a greater impact on the permselectivity of the membranes. At the same time, it is
shown that the H2 diffusion mechanism of ZrO2-MSiO2 membranes was different from
that of MSiO2 membranes due to the influence of doping ZrO2. The gas transport in the
ZrO2-MSiO2 membranes follows the surface diffusion mechanism. In addition, when the
pressure difference increased to 0.4 MPa, the permselectivities of H2/CO2 and H2/N2 were
still higher than their respective Knudsen diffusion (4.69 and 3.74, respectively), indicating
that they still have good gas permeation performance under high pressure.
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Figure 14. Influence of pressure difference on the (a) gas permeances and (b) H2 permselectivities of
MSiO2 and ZrO2-MSiO2 (nZr = 0.15) membranes with 0% DCCA addition at 200 ◦C.

3.5.4. The Influence of the DCCA

Comparing and analyzing the previous results, it was found that the addition of
DCCA (glycerol) by the sol-gel method can effectively reduce the uneven shrinkage of the
membrane when it is heated during firing. The gas permeances and H2 permselectivities of
ZrO2-MSiO2 membranes (nZr = 0.15) with various DCCA additions at 200 ◦C and 0.1 MPa
are shown in Figure 15.
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Figure 15. H2 permeances and permselectivities of ZrO2-MSiO2 membranes (nZr = 0.15) with various
DCCA additions at 200 ◦C and 0.1 MPa.

Figure 15 demonstrates that the H2 permeance of the ZrO2-MSiO2 membranes reduced
by 21.30% as the DCCA addition increased from 0 to 30%. The permselectivities of H2/CO2
and H2/N2 increased by 21.77% and 14.07%, respectively. However, compared with the
20% membranes, the H2/CO2 and H2/N2 permselectivities of the membranes with the
addition of 30% only increased by 2.14% and 0.28%, respectively. Figure 16 shows the
relationship between DCCA (GL) contents and FH2 × αH2 (FH2 is the H2 permeance, αH2
is the permselective of H2). It was clearly observed that the addition of DCCA from 0 to
20% enhanced the FH2 × αH2 value, and after more than 20%, the FH2 × αH2 value showed
a lower level. This is attributed to the fact that the addition of glycerol will gradually
surround the sol particles, reduce the agglomeration caused by the collision of the colloid
particles, accelerate the creation of the sol-gel network, and improve the stability of the
sol structure [52]. In addition, the membrane layer collapsed and cracked easily during
the drying and calcination processes, and the addition of glycerol can effectively reduce
the liquid–gas surface tension to a certain extent, thereby protecting the gel skeleton from
deformation [55]. However, the particles of the sol were surrounded by steric effects when
too much GL was added, making the sol sticky and difficult to dry to form a membrane.
The extension of the drying time makes the cross-linking of the sol more thorough and
eventually leads to the densification of the membrane, which is not conducive to gas
separation. From the above point of view, the membranes with 20% DCCA addition were
the more worthy choice.
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3.5.5. Steam Treatment and Regeneration Analysis

Figure 17 shows the effects of steam treatment and thermal regeneration on the
gas permeances (H2, CO2, and N2) and H2 permselectivities of MSiO2 and ZrO2-MSiO2
(nZr = 0.15) membranes with 0% DCCA addition at a pressure difference of 0.1 MPa and
25 ◦C. The permeances of H2, CO2, and N2 for MSiO2 and ZrO2-MSiO2 membranes appear
to have reduced after steam treatment. After steam aging for 7 days, the permeance of H2
for MSiO2 and ZrO2-MSiO2 membranes dropped by 20.63% and 3.70%, respectively, as
compared to untreated fresh samples, and the permselectivities of H2/CO2 and H2/N2
for MSiO2 membranes decreased by 1.59% and 1.04%, respectively, whereas those of
ZrO2-MSiO2 membranes increased by 0.09% and 0.43%, respectively.
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Figure 17. Effect of hydrothermal conditions on the (a) gas permeances and (b) H2 permselectivities
of MSiO2 and ZrO2-MSiO2 (nZr = 0.15) membranes with 0% DCCA addition at a pressure difference
of 0.1 MPa and 25 ◦C.

The gas permeances (H2, CO2, and N2), as well as the permselectivities of H2/CO2 and
H2/N2 for two membranes, all exhibit an increased trend after regeneration by calcination
at 350 ◦C. However, as compared to untreated fresh samples, the H2 permeances of MSiO2
and ZrO2-MSiO2 membranes after regeneration dropped by 9.96% and 1.65%, respectively,
whereas the permselectivities of H2/CO2 and H2/N2 for MSiO2 membranes improved by
1.12% and 4.71%, respectively, and those for ZrO2-MSiO2 membranes increased by 0.08%
and 1.21%, respectively. The decrease in gas permeances in both membranes suggests
that membrane pore shrinking occurs after calcination at 350 ◦C. Lower permeance and
greater permselectivities are produced as a result of the smaller pores. This is attributed to
the partial Zr atoms replacing the Si atoms in Si-O-Si to form more stable Zr-O-Si bonds,
which further improves the hydrothermal stability of the membrane material. Therefore,
the above results indicated that the ZrO2-MSiO2 membranes had a better hydrothermal
stability and reproducibility than MSiO2 membranes.

4. Conclusions

The ZrO2-MSiO2 membranes were manufactured to enhance the steam stability and
H2 permselectivity of SiO2 membranes. It was found that with the increase of ZrO2 content,
the pore size distribution of the materials became wider and the average pore size increased,
indicating that the doping of ZrO2 had the effect of expanding the pores. The ZrO2-MSiO2
membranes with nZr = 0.15 had a good pore structure and suitable micropore/mesoporous
ratio, which is beneficial to improve the permeance of natural gas. At 200 ◦C, the H2/CO2
and H2/N2 permselectivities of ZrO2-MSiO2 membranes were 79.18% and 26.75% greater
than those of MSiO2 membranes, respectively. Furthermore, when the pressure was
increased to 0.4 MPa, the permselectivities were still higher than their respective Knudsen
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diffusion, indicating that they still had good gas permeance at high pressure. With the
addition of DCCA from 20% to 30%, the H2/CO2 and H2/N2 permselectivities of ZrO2-
MSiO2 membranes only increased by 2.14% and 0.28%, respectively, and the FH2 × αH2
value with 20% addition was the highest. In conclusion, it is worthwhile to choose 20% GL
as the DCCA addition for ZrO2-MSiO2 membranes. Compared with the untreated fresh
sample, after 7 days of water vapor aging, the permeance of ZrO2-MSiO2 membranes to
H2 decreased by only 3.70%, and the permselectivities of H2/CO2 and H2/N2 increased by
only 0.09% and 0.43%, respectively. After regeneration at 350 ◦C, the H2 permeance of the
ZrO2-MSiO2 membranes decreased by 1.65%, and the permselectivities of H2/CO2 and
H2/N2 increased by 0.08% and 1.21%. It is enough to show that the prepared ZrO2-MSiO2
membranes had a good hydrothermal stability and certain regeneration performance. In
the future, the influence of high temperature (for example, ≥300 ◦C) and mixed gases on
the gas permeances and permselectivies of ZrO2-MSiO2 membranes should be explored,
which is important to the practical engineering applications.
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Abstract: In this study, the relevance of Lorentz and Coriolis forces on the kinetics of gyratory
Maxwell nanofluids flowing against a continually stretched surface is discussed. Gyrotactic mi-
crobes are incorporated to prevent the bioconvection of small particles and to improve consistency.
The nanoparticles are considered due to their valuable properties and ability to enhance thermal
dissipation, which is important in heating systems, advanced technology, microelectronics, and
other areas. The main objective of the analysis is to enhance the rate of heat transfer. An adequate
similarity transformation is used to convert the primary partial differential equations into non-linear
dimensionless ordinary differential equations. The resulting system of equations is solved using
the finite element method (FEM). The increasing effects of the Lorentz and Coriolis forces induce
the velocities to moderate, whereas the concentration and temperature profiles exhibit the contrary
tendency. It is observed that the size and thickness of the fluid layers in the axial position increase
as the time factor increases, while the viscidity of the momentum fluid layers in the transverse path
decreases as the time factor decreases. The intensity, temperature, and velocity variances for the suc-
tion scenario are more prominent than those for the injection scenario, but there is an opposite pattern
for the physical quantities. The research findings are of value in areas such as elastomers, mineral
productivity, paper-making, biosensors, and biofuels.

Keywords: Maxwell nanofluid; finite element analysis; suction/injection; grid independence analysis;
Coriolis force

1. Introduction

The heat and mass transfer analysis of the non-Newtonian hydrodynamic boundary
layer flow phenomenon has attracted the interest of many researchers due to the enormous
number of potential applications in engineering and industry. The well-known Newto-
nian liquids (liquids with a sequential strain-stress correlation) basic theory is incapable
of elucidating the fluids’ internal microstructure. Non-Newtonian liquids (liquids with
a sequential strain-stress correlation) include quince paste, animal blood, cement sludges,
esoteric lubricating oils, effluent slurry, and liquids containing synthetic polymer additives.
One such rate-type non-Newtonian fluid model is called the Maxwell nanofluid model
which predicts the stress relaxation time. The extensive choice of methodological and engi-
neering applications associated with Maxwell nanofluids, such as biochemical, gasoline,
polymer, and nutrition release, has motivated many investigators to scrutinize the features
of Maxwell nanofluids with respect to numerous geometrical and substantial limitations.
The convective Maxwell hybrid nanofluid stream in a sturdy channel was studied using
the Laplace transform strategy [1], whereby the authors developed a solution to dynamical
problems involving Maxwell fluid fractionally. The Caputo fractional differential function
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was used for the energy dissipation assessment of hydromagnetic Maxwell nanofluid flow
over an elongating penetrable surface with Dufour and Soret ramifications. Jawad et al. [2]
used HAM to procure estimated analytical results. Jamshed [3] exploited the Keller box
technique (KBT) to investigate the fluidity of an mhd Maxwell nanofluid over a non-linearly
elongating sheet in terms of viscous dissipation and entropy propagation. Ali et al. [4]
investigated buoyant, induced transitory bio-convective Maxwell nanoliquid spinning
three-dimensional flows over the Riga surface for chemically reactive and activating energy
using a finite element stratagem. Dulal et al. [5] presented results of a study on mhd
radiative heat transfer of nanofluids induced by a plate through a porous medium with
chemical reaction. Very recently, various authors have explored boundary layer Maxwell
nanofluid flow past a different geometric environment. These include Ahmed et al. [6], who
reported on mixed convective 3D flow over a vertical stretching cylinder with a shooting
technique, Gopinath et al. [7] who explored convective-radiative boundary layer flow
of nanofluids with viscous-Ohmic dissipation, Bilal et al. [8] who presented the significance
of the Coriolis force on the dynamics of the Carreau–Yasuda rotating nanofluid subject
to gyrotactic microorganisms, Ahmed [9] who investigated the effect of a heat source
on the stagnation point fluid flow via an elongating revolving plate using a numerical
approach, M. Bilal [10] who used the HAM technique to investigate chemically reactive
impacts on magnetised nanofluid flow over a rotary pinecone, Amirsom et al. [11] who
estimated the influence of bioconvection on three-dimensional nanofluid flow induced
by a bi-axial stretching sheet, Prabhavathi et al. [12] who used FEM to investigate CNT
nanofluid flow through a cone with thermal slip scenarios, Zohra et al. [13] who used mhd
micropolar fluid bio-nanoconvective Naiver slip flow in a stretchable horizontal channel,
and Gopinath et al. [14] who reported on diffusive mhd nanofluid flow past a non-linear
stretching/shrinking sheet with viscous-Ohmic dissipation and thermal radiation.

Nanofluids are fluids that incorporate an appropriate distribution of metal and metallic
nanoparticles at the nano size and are engineered to perform specific functions [15–18]. The lit-
erature suggests that the presence of nanoparticles in a base fluid has a significant impact
on the thermophysical properties of the fluid, particularly those fluids with inadequate permit-
tivity characteristics based on theoretical and experimental investigations [19–21]. Applications
in virtually every field of engineering and science relating to convective nanofluid heat transfer
flow have stimulated the interest of many scientists and engineers. These include the use
of diamond and silica nanoparticles to enhance the electrical characteristics of lubricants, the
use of liquids containing nanoparticles to absorb sunlight in solar panels, and exploitation of
the antimicrobial properties of zinc and titanium oxide particles for biomedical engineering
applications, such as drug delivery and pharmacological treatment [22–25].

The bioconvection phenomenon occurs as a result of the existence of a density gra-
dient in the flow field. Consequently, the movement of particles at the macroscopic level
enhances the density stratification of the base liquid in one direction. The presence of
gyrotactic microorganisms in nanofluid flow has attracted the interest of many researchers
due to their potential application in relation to enzyme function, bio-sensors, biotechnology,
drug delivery, and biofuels. These applications have motivated researchers to undertake
numerical studies on bioconvective nanofluid flow with microorganisms in different flow
field geometries. Chu et al. [26] investigated bioconvective Maxwell nanoliquid flow using
a reversible, regularly pivoting sheet in the presence of non-linear radiative and heat emitter
influences using a homotopy analysis method. Sreedevi et al. [27] investigated the influence
of Brownian motion and thermophoresis on Maxwell three-dimensional nanofluid flow
over a stretching sheet with thermal radiation. Rao et al. [28] explored bioconvection in con-
ventional reactive nanoliquid flow over a vertical cone with gyrotactic microorganisms em-
bedded in a permeable medium. Awais Ali et al. [29], using an Adams–Bash strategy (ABS),
statistically explored the Lie group, to investigate bio-convective nanoliquid supporting
and opposing flow with motile microorganisms. To determine the Arrhenius activation en-
ergy of bio-convective nanoliquid flow through a stretchable surface, Paluru [30] undertook
a heat and mass transfer analysis of MWCNT-kerosene nanofluid flow over a wedge with
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thermal radiation. Transient bio-convective Carreau nanofluid flow with gyrotactic microor-
ganisms past a horizontal slender stretching sheet was considered by Elayarani et al. [31]
to investigate heat and mass transfer effects in the presence of thermal radiation, multi-slip
conditions, and magnetic fields by employing the ANFIS (adaptive neuro-fuzzy inference
system) model. Bagh et al. [32] reported on the g-jitter impact on magnetohydrodynamic
non-Newtonian fluid over an inclined surface by applying a finite element simulation.
Umar et al. [33] investigated the optimized Cattaneo–Christov heat and mass transference
flow of bio-convective Carreau nanofluid with microorganisms, influenced by a longitudi-
nal straining cartridge with convective limitations. Al-Hussain [34] developed an analytical
model based on the Cattaneo–Christov transit law for a bio-convective magnetic nanofluid
stream via a whirling cone immersed in an asymmetric penetrable surface in the context
of cross-diffusion, Navier-slip, and Stefan blowing effects.

The careful review of the literature detailed above shows that little attention has been
paid to the self-motile denitrifying microbes contained in Maxwell nanofluid spinning
flows through an elongating sheet under an externally applied magnetic field. To the
best of our knowledge, none of the studies cited has considered the interpreted problem.
Consequently, the main objective of this study was to explore the mass and heat transfer
impacts on transitory hydromagnetic Maxwell spinning nanofluid 3D radiative flow com-
prising microbes and suction/injection processes. Many authors [35–37] have examined
mhd nanofluid flow using different numerical techniques. Here, the flow-governing associ-
ated non-linear PDEs are computed using a finite volume technique [38,39] by adopting
a weighted residual strategy. The varied flow field properties for a variety of substantial
factors are explained and illustrated graphically. The computing results generated using
Matlab source code were validated against previous studies and determined to show ac-
ceptable consistency. The values of the friction factor, Nusselt, and Sherwood numbers
are simulated and addressed in tabulated form. The computational evaluation can be
used for gasoline, polymers, precise nutrition release, engine lubricants, paint rheology,
biosensors, medicine delivery, and biofuels.

Research Queries

The following research questions are addressed in this study:

1. What effects do relaxation of the Deborah number, the Coriolis effect, and an applied
magnetic field force have on the hydrodynamics of heat flux, fluid viscosity, and
concentration level variances using injection/suction?

2. What impact do Brownian motion and thermophoresis have on heat and mass transfer
rates and the skin friction factor for suction/injection?

3. How do Brownian motion, the relaxation Deborah number, and time-dependent
factors impact on the temperature profile?

4. What is the bioconvection impact on the motile dispersal function with suction/
injection?

2. Mathematical Geometry

The transitory magneto-hydrodynamic 3D rotational flow of Maxwell nanofluid over
a bidirectional elongating surface is investigated. Figure 1 depicts the fluid dynamic
layout and coordinate structure of the articulated problem, with the flow, constrained
to z ≥ 0. With a rotational consistent velocity Ω, the nanofluid flow rotates around the z-axis.
When z = t = 0.0, the sheet is extended along the x-axis having uw = ãx velocity. In
the axial direction, a static and uniform magnetic field of magnitude B0 is implemented.
An induced magnetic Reynolds number leads to a reduced magnetic field, which results
in minimal Hall current and Ohmic inefficiency [40]. To avoid causing sedimentation,
gyrotactic microbes are utilized to maintain convectional stability. The external temperature
and intensity are signified by T∞, and C∞, N∞, respectively, while the temperature and
intensity at the surface are represented by Tw, and Cw, Nw, respectively. For the current
elaborated problem, V = (u1(x, y, z), u2(x, y, z), u3(x, y, z)) is assumed to be the velocity

71



Nanomaterials 2022, 12, 3453

field. The equations of mass conservation, linear moments, temperature, and concentrations
are formulated as a result of the preceding assertions [41–43]:

∂xu1 + ∂yu2 + ∂zu3 = 0 (1)

ρn f (∂tu1 + u1∂xu1 + u2∂yu1 + u3∂zu1 − 2Ωu2 + λ1$u1) = −∂x p + µn f ∂zzu1 − σn f B2
0u1 (2)

ρn f (∂tu2 + u1∂xu2 + u2∂yu2 + u3∂zu2 − 2Ωu1 + λ1$u2) = −∂y p + µn f ∂zzu2 − σn f B2
0u2 (3)

ρn f (∂tu3 + u1∂xu3 + u2∂yu3 + u3∂zu3) = −∂z p + µn f ∂zzu3 (4)

∂tT + u1∂xT + u2∂yT + u3∂zT = αn f ∂zzT + τ∗{Db∂zC∂zT +
DT
T∞

(∂zT)2} (5)

∂tC + u1∂xC + u2∂yC + u3∂zC = Db∂zzC +
DT
T∞

∂zzT (6)

∂tN + u1∂x N + u2∂yN + u3∂zN +
bWc

(Cw − C∞)
[∂z(N∂zC)] = Dm∂zzN (7)

where,

$u1 =

{
u2

1∂xxu1 + u2
2∂yyu1 + u2

3∂zzu1 + 2u1u2∂xyu1 + 2u2u3∂yzu1 + 2u1u3∂xzu1

−2Ω(u1∂xu2 + u2∂yu2 + u3∂zu2) + 2Ω(u2∂xu1 − u1∂yu1)

}
,

$u2 =

{
u2

1∂xxu2 + u2
2∂yyu2 + u2

3∂zzu2 + 2u1u2∂xyu2 + 2u2u3∂yzu2 + 2u1u3∂xzu2

−2Ω(u1∂xu1 + u2∂yu1 + u3∂zu1) + 2Ω(u2∂xu2 − u1∂yu2)

}
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Figure 1. Flow Sketch.
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Here, (C, N, T) represent the nanoparticle density, micro-organism concentration, and
fluid temperature, (Db, DT , Dm) are the Brownian motion, thermophoresis and microor-
ganism diffusion; (λ1, ρn f , µn f , αn f ) are, respectively, the relaxation time, density, dynamic
viscosity, and thermal diffusivity of the nanofluid. The boundary conditions are [44,45]:

t < 0 : u1 = 0, u2 = 0, u3 = 0, C = (C∞), N = (N∞), T = (T∞) (8)

t ≥ 0 : u1 = a(x), u3 = −w0, u2 = 0, C = (Cw), N = (Nw), T = (Tw), when z = 0 (9)

t ≥ 0 : u1 → 0, u2 → 0, C → C∞, N → N∞, T → T∞, when z→ ∞. (10)

The following similarity transforms are used to alleviate the complexity of the articu-
lated problem as [41,44]:

Γ = ãt, u1 = ãx
∂F(ζ, η)

∂η
, u2 = ãxG(ζ, η), u3 = −

√
ãνζF(ζ, η), ζ = 1− e−Γ, η =

√
ãxz2

ζν

C = (Cw − C∞)Φ(ζ, η) + C∞, N = (Nw − N∞)χ(ζ, η) + N∞, T = (Tw − T∞)θ(ζ, η) + T∞





(11)

In the context of Equation (11), Equation (1) is justified, and Equations (2)–(10) are
transmuted into the non-linear PDEs illustrated below in (ζ, η) form:

F′′′ +
η

2
F′′ − ζη

2
F′′ + ζ{FF′′ − F′2 −M2F′ + 2λG + βςu1} − ζ(1− ζ)

∂F′

∂ζ
= 0 (12)

G′′ +
η

2
G′ − ζη

2
G′ + ζ{FG′ − 2λF′ −M2G− F′G + βςu2} − ζ(1− ζ)

∂G
∂ζ

= 0 (13)

θ′′ − η

2
(ζ − 1)Prθ′ + ζPrFθ′ + NbPrθΦ + NtPrθ′2 − ζ(1− ζ)Pr

∂θ

∂ζ
= 0 (14)

Φ′′ + 0.5ηLe(1− ζ)Φ′ + LeζFΦ′ + NtN−1
b θ′′ − ζ(1− ζ)Le

∂Φ
∂ζ

= 0 (15)

χ′′ +
Lb
2
(1− ζ)Lbχ′ + ζLbFχ′ − PeΦ′′(δ1 + χ) + Peχ′Φ′ = Lbζ(1− ζ)

∂χ

∂ζ
(16)

F(ζ, η) = Γ, F′(ζ, η) = θ(ζ, η) = 1, G(ζ, η) = 0, Φ(ζ, η) = χ(ζ, η) = 1, ζ ≥= 0, when η = 0

F′(ζ, η)→ 0, θ(ζ, η)→ 0, G(ζ, η)→ 0, Φ(ζ, η)→ 0, χ(ζ, η)→ 0, ζ ≥ 0, when η → ∞

}
(17)

where ςu1 = 2FF′F′′ − F2F′′′ − 2λFG′, ςu2 = 2FF′G′ − F2G′′ − 2λF′2 + 2λFF′′ − 2λG2, and
primes (′, ′′, ′′′) denote the derivatives w.r.t (η). Here rotation, magnetized, Prandtl and
Lewis numbers, Brownian factor, bioconvection Lewis number, thermophoresis, Peclet
number, relaxation Deborah number, microorganism concentration difference, and suction/
injection are, respectively, λ, M, Pr, Le, Nb, Lb, Nt, Pe, β, δ1, and Γ factors are described as:

λ =
Ω
a

, M =

√
σn f B2

o

ρ f ã
, Pr =

ν

αn f

, Le =
ν

DB
, Lb =

ν

Dm
, Nb = τν−1DB(Cw − C∞),

Nt =
DT(τTw − τT∞)

νT∞
, β = λ1a, Pe =

bWc

Dm
, δ1 =

N∞

Nw − T∞
, Γ =

w0√
ãνζ

.

The physical quantities (Sherwood, Nusselt) numbers, and the coefficient of skin
friction are expressed here as:

Nux =
xqw

κ(Tw − T∞)
, Shr =

xqm

DB(Cw − C∞)
, C fx =

τx
w

ρu2
1

, C fy =
τ

y
w

ρu2
1

. (18)
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here, the skin friction tensors at the wall are represented as τx
w = µ

(
∂u1
∂z

)

z=0
(along the

x-axis) and τ
y
w = µ

(
∂u2
∂z

)

z=0
(along the y-axis), the heat flux, and the mass at the surface is

qm = −DB

(
∂C
∂z

)

z=0
, and qw = −κ

(
∂T
∂z

)

z=0
. Taking Equation (11), we get:





C fx Rex
1/2 =

F′′(0)√
ζ

, C fy Rex
1/2 =

G′(0)√
ζ

,

NuxRex
1/2 = − [θ′(0)]√

ζ
, ShrxRex

1/2 = − [Φ′(0)]√
ζ

.
(19)

3. Computational Procedure

The finite element analysis (FEA) is a computational approach for discovering nu-
merical approximations to ODEs and PDEs with complicated boundary conditions. This
is an efficient approach for resolving technological problems, especially those involving
fluid diversities. This methodology represents an excellent numerical strategy for solving
a variety of real-world problems, particularly for heat transfer via fluids and biomate-
rials [46]. Reddy [47,48] presents a layout of the Galerkin finite element methodology
(GFEM), summarizing the main elements of this methodology. This methodology is an un-
paralleled computational methodology in the field of engineering, is valuable for evaluating
integral governing equations incorporating fluid diversities, and is an extremely effective
methodology for resolving numerous non-linear problems [49–51]. To evaluate the set
of Equations (12)–(16) along the boundary condition (17), firstly, we assume:

F′ = P (20)

The system of Equations (12)–(17) reduced as:

P′′ − η

2
(ζ − 1)P′ + ζ(FP′ − P2 + 2λG−M2P + β(2FPP′ − F2P′′ − 2βFG′)) = ζ

∂P
∂ζ
− ζ2 ∂P

∂ζ
(21)

G′′ +
1
2
(1− ζ)ηG′ + ζ(FG′ + β(2FPG′ − F2G′′ − 2λP2 + 2βFP′ − 2βG2))

−PG− 2βP = −ζ2 ∂(G)

∂ζ
+ ζ

∂(G)

∂ζ
(22)

θ′′ − η

2
(ζ − 1)Prθ′ + PrζFθ′ + Prθ′(NbΦ′ + Ntθ

′) = Prζ(1− ζ)
∂θ

∂ζ
(23)

Φ′′ +
η

2
Le(1− ζ)Φ′ + LeζFΦ′ + NtN−1

b θ′′2 = ζ(1− ζ)Le
∂Φ
∂ζ

(24)

χ′′ +
Lb
2
(1− ζ)ηχ′ + ζLbFχ′ − PeΦ′′(δ1 + χ) + Peχ′Φ′ = Lbζ(1− ζ)

∂χ

∂ζ
(25)

F(ζ, η) = Γ, G(ζ, η) = 0, P(ζ, 0) = θ(ζ, η) = Φ(ζ, η) = χ(ζ, η) = 1, ζ ≥= 0, at η = 0

P(ζ, η)→ 0, G(ζ, η)→ 0, θ(ζ, η)→ 0, Φ(ζ, η)→ 0, χ(ζ, η)→ 0, ζ ≥ 0, as η → ∞

}
(26)

For numerical calculation, the plate length has been specified as ζ = 1.0 and the thick-
ness as η = 5.0. The Equations (20)–(25) have a variational form that can be represented as:
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∫

Ωe

w f1{F′ − P}dΩe = 0 (27)

∫

Ωe

w f2

{
P′′ +

1
2
(1− ζ)ηP′ + ζ(FP′ − P2 + 2λP−M2P + β(2FPP′ − F2P′′ − 2λFG′))

−ζ(1− ζ)
∂P
∂ζ

}
dΩe = 0 (28)

∫

Ωe

w f3

{
G′′ +

1
2
(1− ζ)ηG′ + ζ(FG′ + β(2FPG′ − F2G′′ − 2λP2 + 2λFP′ − 2λG2))

−PG− 2λP + (ζ − 1)ζ
∂(G)

∂ζ

}
dΩe = 0 (29)

∫

Ωe

w f4

{
θ′′ +

Pr
2
(1− ζ)ηθ′ + PrζFθ′ + NbPrθ′Φ′ + NtPr(θ′)2 − Prζ(1− ζ)

∂θ

∂ζ

}
dΩe = 0 (30)

∫

Ωe

w f5

{
Φ′′ − η

2
Le(ζ − 1)Φ′ + Le(ζFΦ′ +

Nt

LeNb
(θ′′)2 + (ζ − 1)ζ

∂Φ
∂ζ

)

}
dΩe = 0 (31)

∫

Ωe

w f6

{
χ′′ +

Lb
2
(1− ζ)ηχ′ + ζLbFχ′ − Pe

(
Φ′′(δ1 + χ) + χ′Φ′

)
− ζ(1− ζ)Lb

∂χ

∂ζ

}
dΩe = 0. (32)

Here w fs(s = 1, 2, 3, 4, 5, 6) stand for trial functions. Let the domain (Ωe) be divided
into 4−nodded elements. The associated approximations of the finite element are:

F =
t

∑
j=1

[ḞjΥj(ζ, η)], P =
t

∑
j=1

[ṖjΥj(ζ, η)], G =
t

∑
j=1

[ĠjΥj(ζ, η)], θ =
t

∑
j=1

[θ̇jΥj(ζ, η)], Φ =
t

∑
j=1

[Φ̇jΥj(ζ, η)]. (33)

here, Υj (j = 1,2,3,4) and t = 4 For Ωe, the linear-interpolation key functions are defined
as follows:.

Υ1 =
(ζe+1 − ζ)(ηe+1 − η)

(ζe+1 − ζe)(ηe+1 − ηe)
, Υ2 =

(ζ − ζe)(ηe+1 − η)

(ζe+1 − ζe)(ηe+1 − ηe)

Υ3 =
(ζ − ζe)(η − ηe)

(ζe+1 − ζe)(ηe+1 − ηe)
, Υ4 =

(ζe+1 − ζ)(η − ηe)

(ζe+1 − ζe)(ηe+1 − ηe)





(34)

Therefore, the stiffness element matrix, matrix of unknowns and the force vector/matrix
for the finite element model are followed as:




[L11] [L12] [L13] [L14] [L15] [L16]
[L21] [L22] [L23] [L24] [L25] [L26]
[L31] [L32] [L33] [L34] [L35] [L36]
[L41] [L42] [L43] [L44] [L45] [L46]
[L51] [L52] [L53] [L54] [L55] [L56]
[L61] [L62] [L63] [L64] [L65] [L66]







{F}
{P}
{G}
{θ}
{Φ}
{χ}



=




{R1}
{R2}
{R3}
{R4}
{R5}
{R6}




(35)

where [Lmn] and [Rm] (m, n = 1, 2, 3, 4, 5, 6) are expressed as:
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L11
ij =

∫

Ωe

Υi
dΥj

dη
dΩe, L12

ij = −
∫

Ωe

ΥiΥjdΩe, L13
ij = L14

ij = L15
ij = L21

ij = L24
ij = L25

ij = L26
ij = 0,

L22
ij = −

∫

Ωe

dΥi
dη

dΥj

dη
dΩe +

1
2
(1− ζ)η

∫

Ωe

Υi
dΥj

dη
dΩe + ζ

∫

Ωe

F̄Υi
dΥj

dη
dΩe − ζ

∫

Ωe

P̄ΥiΥjdΩe − ζ(1− ζ)
∫

Ωe

Υi
dΥj

dζ
dΩe

+ 2βζ
∫

Ωe

F̄P̄Υi
dΥj

dη
dΩe + βζ

∫

Ωe

F̄2 dΥi
dη

dΥj

dη
dΩe −M2ζ

∫

Ωe

ΥiΥjdΩe, L23
ij = 2λζ

∫

Ωe

ΥiΥjdΩe

− 2βλ
∫

Ωe

ζ F̄Υi
dΥj

dη
dΩe, L31

ij = L34
ij = L35

ij = L36
ij = 0, L32

ij = 2λζ
∫

Ωe

ΥiΥjdΩe − 2λβ
∫

Ωe

ζ F̄Υi
dΥj

dη
dΩe,

L33
ij = −

∫

Ωe

dΥi
dη

dΥj

dη
dΩe +

1
2
(1− ζ)η

∫

Ωe

Υi
dΥj

dη
dΩe + ζ

∫

Ωe

F̄Υi
dΥj

dη
dΩe − ζ

∫

Ωe

P̄ΥiΥjdΩe − ζ(1− ζ)
∫

Ωe

Υi
dΥj

dζ
dΩe

+ 2βζ
∫

Ωe

F̄P̄Υi
dΥj

dη
dΩe + βζ

∫

Ωe

F̄2 dΥi
dη

dΥj

dη
dΩe − 2λβ

∫

Ωe

ζḠΥiΥjdΩe, L41
ij = L42

ij = L43
ij = 0,

L44
ij = −

∫

Ωe

dΥi
dη

dΥj

dη
dΩe +

Pr
2
(1− ζ)η

∫

Ωe

Υi
dΥj

dη
dΩe + Prζ

∫

Ωe

F̄Υi
dΥj

dη
dΩe + PrNb

∫

Ωe

Φ̄′Υi
dΥj

dη
dΩe

+ PrNt

∫

Ωe

θ̄′Υi
dΥj

dη
dΩe − Prζ(1− ζ)

∫

Ωe

Υi
dΥj

dζ
dΩe, L45

ij = L46
ij = L51

ij = L52
ij = L53

ij = L56
ij = 0,

L54
ij = −Nt

Nb

∫

Ωe

dΥi
dη

dΥj

dη
dΩe, L55

ij = −
∫

Ωe

dΥi
dη

dΥj

dη
dΩe +

Le
2
(1− ζ)η

∫

Ωe

Υi
dΥj

dη
dΩe + Leζ

∫

Ωe

F̄Υi
dΥj

dη
dΩe

− Leζ(1− ζ)
∫

Ωe

Υi
dΥj

dζ
dΩe, L61

ij = L62
ij = L63

ij = L64
ij = 0,

L65
ij = −Peδ1

∫

Ωe

dΥi
dη

dΥj

dη
dΩe, L66

ij = −
∫

Ωe

dΥi
dη

dΥj

dη
dΩe +

Lb
2
(1− ζ)η

∫

Ωe

Υi
dΥj

dη
dΩe + Lbζ

∫

Ωe

F̄Υi
dΥj

dη
dΩe

− Pe
∫

Ωe

Φ̄′Υi
dΥj

dη
dΩe − Pe

∫

Ωe

Φ̄′′ΥidϕjdΩe − Lbζ(1− ζ)
∫

Ωe

Υi
dΥj

dζ
dΩe,

and

R1
i = Γ, R2

i = −
∮

Γe

Υinη
∂P
∂η

ds, R3
i = −

∮

Γe

Υinη
∂G
∂η

ds, R4
i = −

∮

Γe

Υinη
∂θ

∂η
ds,

R5
i = −

∮

Γe

Υinη
∂Φ
∂η

ds− Nt
Nb

∮

Γe

Υinη
∂θ

∂η
ds, R6

i = −
∮

Γe

Υinη
∂χ

∂η
ds. (36)

Here, F̄ = ∑t
j=1(F̄jΥj), Ḡ = ∑t

j=1(ḠjΥj), P̄ = ∑t
j=1(P̄jΥj), θ̄′ = ∑t

j=1(θ̄
′
jΥj), and

Φ̄′ = ∑t
j=1(Φ̄

′
jΥj) are key values that are probably supposed to be renowned. In order

to linearize the acquired 61,206 equations with the 10−5 needed precision, we perform six
function evaluations at each node.

4. Results and Discussion

This section describes through FE analysis how suction/injection impacts the mech-
anisms of a Maxwell spinning fluid when it is impacted by the Coriolis effect, magneto-
hydrodynamic effects, and micro-organisms. Three different patterns of arcs are mapped
on fluctuating values of the intravenous injection/suction (Γ) factor for every figure
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for these significant quantities, as follows: (Γ = −0.2) (suction), (Γ = 0.0) (static), and
(Γ = 0.2) (injection). The following are the predefined values for the parameters involved:
β = 0.1, λ = 1.0 = M, Nb = 0.2 = Nt, Le = 10, Pr = Lb = 5.0, Pe = 0.5, δ1 = 0.2. An
analysis of mesh separation is executed to show that the finite element simulations are
accurate. The entire zone is split into various grid concentrations of mesh sizes, and there
is no further modification after (100× 100) has been observed, so all simulations are based
on this mesh size (Table 1). For distinctive scenarios, comparisons with previous research
are provided in Tables 2 and 3 to determine the remedy methodology’s accuracy. In certain
restrictive instances, it is observed that the existing mathematical evaluations correlate
very well with the current investigation. The friction coefficient, as well as the axial and
transverse indications −F′′(0),−G(0), are calculated using finite element analysis and are
summarized in Table 2 for various values of the rotatory factor (λ) = 0.0, 1.0, 2.0, 5.0 when
(ζ) = 1. The table shows that the computational findings achieved are consistent with
the results reported by [52,53]. Furthermore, in Table 3, the Nusselt quantity −θ(0) outputs
are consistent with those reported by Bagh et al. [54] and Mustafa et al. [55], who present
FEA findings for a variety of values β, λ, Pr, and determine that they are satisfactorily
correlated. As a result, certainty in statistical computing is increased, and it is confirmed
that the finite element evaluations obtained using the Matlab program show a strong rate
of convergence.

Table 1. Meshing analysis for various mesh dimensions when ζ = 1.0.

Grid Size −F′′(ζ, 0) −G′(ζ, 0) −θ′(ζ, 0) −Φ′(ζ, 0) −χ′(ζ, 0)

15 × 15 1.7050 0.6876 0.6954 3.7399 4.5771
40 × 40 1.6946 0.6764 0.7399 3.4025 4.8073
70 × 70 1.6935 0.6742 0.7538 3.3371 4.7750

100 × 100 1.6932 0.6736 0.7556 3.3265 4.7565
120 × 120 1.6931 0.6736 0.7558 3.3264 4.7562

Table 2. Assessment of−F′′(0) and−G′(0) for different values of λ when ζ = 1 and other parameters
are fixed at zero.

λ
Ali [52] Wang [53] Present Results

−F′′(0) −G′(0) −F′′(0) −G′(0) −F′′(0) −G′(0)

0 01.00000 00.00000 01.0000 00.0000 01.00000 00.00000
1 01.32501 00.83715 01.3250 00.8371 01.32501 00.83715
2 01.65232 01.28732 01.6523 01.2873 01.65232 01.28732
5 02.39026 02.15024 – – 02.39026 02.15024

Table 3. Assessment of {−θ′(0)} at ζ = 1 at various values of Pr, λ and other parameters are fixed
at zero.

Pr β λ Ali [54] Shafique [55] Present Results (FEM)

1.0 0.20 0.2 00.546683 00.54670 00.5466828
– 0.40 – 00.528090 00.52809 00.5280903
– 0.60 – – 00.51009 00.5100870
– 0.80 – 00.492547 00.49255 00.4925468

4.1. Variations of Velocity Profiles

Figures 2–5 illustrate the primary and secondary velocity dispersion for various values
of the magnetism factor, rotating factor, unsteady factor, and meditation Deborah quantity.
Figure 2a,b illustrates the effect of various values of the magnetism factor on the velocity
profiles G′(ζ, η) and F′(ζ, η). The presence of frictional factors in the context of a Lorentz ef-
fect is caused by the incorporation of a stimulating external magnetization and results in the
transverse momentum declines shown in Figure 2a, whereas the axial momentum exhibits
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an inverse relation, as shown in Figure 2b. The axial F′(ζ, η) and transverse G′(ζ, η) for var-
ious rotating parametric inputs are shown in Figure 3a,b. Figure 3a shows that the Coriolis
force causes the transverse momentum to decrease for increasing values of the rotation
factor, whereas Figure 3b demonstrates the reverse effect. Figure 4a,b show that the size
and thickness of the momentum fluid layers in the axial position increase as the time factor
increases, while the viscidity of the momentum fluid layers in the transverse path decreases
as the time factor decreases. As a result, it is clear that the unsteadiness factor is crucial for in-
fluencing the transverse momentum. Physically, a reduced quantity of fluids is pinched
axially with the enhanced viscoelastic effects and fluid is pushed away in a radial direction.
Figure 5a,b shows that the Deborah quantity is (β) over the velocity profiles for various
values of the tranquility factor. The presence of thermoelastic impacts in the context of de-
livering the best results in a deflation of the building of transverse momentum is shown
in Figure 5a, whereas the tangential momentum exhibits an inverse correlation, as shown
in Figure 5b. The increasing relative strength of the rheological effect is associated with
a higher meditation quantity, resulting in a decrease in velocity. Additionally, these graphs
demonstrate that the F′(ζ, η) profile decreases with increase in Γ = 0.2 (injection), but is
significantly increased when Γ = −0.2 (suction).
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Figure 6a,b shows the graphics of C fx

√
Rex (friction factor) across the transverse and

C fy

√
Rex (axial direction) closer to the surface for the ζ(0 : 0.2 : 1) spectrum and for

M(1 : 1 : 5). As shown in Figure 6a, increasing ζ(0 → 1) gradually increases the spread
of (C fx

√
Rex) until no significant difference is observed. In contrast, the (C fx

√
Rex) value

adjacent to the plate substrate decreases significantly when M is increased.
Figure 6b shows that when boosting ζ(0→ 1), the spread of (C fx

√
Rex) changes steadily

up to a consistent rate, and then there is no significant variation, whereas M continues to
increase. A large discrepancy in values adjacent to the surface of the sheet, (C fy

√
Rex) can

be observed. Physically, the application of a magnetic field normal to the direction of fluid
flow gives rise to a force known as Lorentz force. Figure 7a,b shows that the dispersion
of (C fx

√
Rex) tends to increase at a consistent rate up to a certain point, after which no

significant variation for enhancing ζ(0 → 1) occurs. When λ increases, however, there
is a substantial decrease in (C fx

√
Rex). When ζ(0 → 1) is enhanced, the dissemination

of (C fx

√
Rex) is substantially decreased until no significant change is detected, as shown

in Figure 7b, while λ is increased. Furthermore, it is apparent from these infographics that
the basic values of (C fx

√
Rex) and (C fy

√
Rex) for the scenario of Γ = 0.2 (injection) are

smaller than those for the scenario of Γ = −0.2 (suction).
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4.2. Temperature Profiles

Figures 8–10 illustrate the θ(ζ, η)dissemination when varying the factors involved. The ther-
mal configurations in Figure 8 are enhanced by the magnetic field factor. The cumulative
induced resultant force, also known as the resistor Lorentz force, governs the flow momentum
between the externally applied magnetic effect and the inner electromagnetic force, as shown
in Figure 8a, whereas the wall thickness of the heat transfer performance increases with in-
creasing λ, as shown in Figure 8b. Figure 8a,b show how the thermophoretic factor (Nt) and
the Brownian motion factor (Nb) affect the temperature profile. The dispersion of the tem-
perature profile appears to grow as Nb and Nt inclines. Physically, Nt apply a force on the
neighbour particles, the force moving the particles from a hot region to a cold region.
Figure 10a,b show the impact of (β) and the time-dependent (τ) on the temperature pro-
file. The tranquility of Deborah’s number and the unsteady factor are enhanced, as are
the θ(ζ, η) profiles. Furthermore, it can be seen from these graphs that the temperature
decreases with the intensity of Γ = 0.2 (injection), while increasing with the Γ = −0.2
(suction) factor. Illustrations of the Nusselt quantity (NuxRex

1/2) at (0.1 : 0.1 : 0.3)Nt&Nb
for M&λ are shown in Figure 11a,b. The dispersion of (Nux

√
Rex) decreases subsequently

as M and λ are accelerated. For increasing values of Nt&Nb, a substantial deterioration
in (Nux

√
Rex) occurs close to the panel substrate. Additionally, the figure indicates that

for Γ = 0.2 (injection) there is a relatively large quantity of (Nux
√

Rex).
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4.3. Concentration Distributions

Figure 12a,b illustrates that Φ(ζ, η) varies with the magnetic M, the rotating fac-
tor λ, the Lewis Le, and the Deborah number (β). The concentration profiles are aug-
mented as the magnetic field, rotating field, and relaxation Deborah parameters are en-
hanced, as illustrated in Figures 12a,b and 13b, respectively. Furthermore, Figure 13a
demonstrates that deterioration in the organism’s density increases the Lewis number
Le. Physically, a high Lewis number corresponds to a low mass diffusivity, causing
the species concentration in the nanofluid to decrease. Figure 14a,b show the progressive be-
havioural patterns of the local Sherwood number (Shrx

√
Rex) at (0.1 : 0.1 : 0.3)Nt&Nb for

M(0 : 1 : 5)&λ(0 : 1 : 5). The dispersion of (Shrx
√

Rex) is reduced as M and λ are increased.
In the case of enhancing Nt&Nb, however, a conflicting pattern is observed, and the Γ = 0.2
(injection) scenario is higher (Shrx

√
Rex) than the Γ = −0.2 (suction) specific case.

Figures 15 and 16a,b show (χ(ζ, η)) for variation in M, the rotating parameter λ, the bio-
convection Lewis number Lb, and the Peclet number (Pe). The microbe dispersion profile
is intensified as the magnetic factor M and rotation factor λ inputs increase, and it no-
tably tumbles in the context of the bioconvection Lewis number Lb and the Peclet number
(Pe) (see Figure 16a,b). Furthermore, it can be seen in the infographics that the microbe
dispersion profile χ(ζ, η) decreases when the Γ = 0.2 (injection) parameter is used, but
it is fractionally increased when the Γ = −0.2 (suction) factor is used. Figure 17a,b shows
the trend in the microbe concentration quantity Re1/2

x Nx for M(0 : 1 : 5)&λ(0 : 1 : 5)
at Nt&Nb(0.1 : 0.1 : 0.3), respectively. The Re1/2

x Nx decreases as M and λ increase,
whereas the Re1/2

x Nx increases as Nt&Nb increase. It is also observed that for Γ = 0.2
(injection), Re1/2

x Nx is higher than for Γ = −0.2 (suction).
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x/2 for Nb, Nt, along M in (a) and along λ in (b).

5. Concluding Remarks

In this article, a finite element simulation was exploited to investigate Maxwell
nanofluid flows over a bidirectional elongating surface with bio-convection, suction/
injection, Coriolis, and Lorentz forces for three-dimensional spinning flow. Based on the
results, the following inferences can be made:

1. Increase in the Coriolis and Lorentz’s forces has a decreasing impact on the velocity
magnitude, and

• has a significant influence on the temperature dispersion and concentration.
• intensifies the impact of C fxRe1/2

x .
• the Coriolis force causes the transverse momentum to decrease for increasing

values of the rotation factor.
• with the infusion capability, the velocity, temperature, and concentration compo-

nents are reduced.

2. It is becoming increasingly evident that the simultaneous enhancement of Brownian
and thermophoresis factors has a negative effect on the distribution of temperature,
and

• a declining impact on NuxRex
1/2, and positive effects on ShrxRex

1/2.
• injection is associated with a larger amount in NuxRex

1/2.
• the injection case has a larger ShrxRex

1/2 and Re1/2
x Nx compared to the suc-

tion case.
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• the wall thickness of the heat transfer performance increases with increasing
rotating parameter.

3. Higher input to the relaxation Deborah number and the unsteady parameter has
a negative impact on the magnitude of the primary and secondary velocity, but

• has substantial consequences for temperature dispersion.
• for tiny particles, the volume fraction shows rising effects with higher relaxation

Deborah number.

4. Motile microorganism viscosity reduces in the context of augmented bioconvection
Peclet and Lewis numbers

This study has involved an analysis of the parameters that their impact on dynamic of
fluid flow problems and can be extended in future to include Blasius and Sakiadis flow,
and Darcy–Forchheimer and thermoelastic Jeffrey nanofluids.
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Nomenclature

The following abbreviations are used in this manuscript:
T Non-dimensional temperature, K Tw Temperature at surface, K
T∞ Temperature away from the surface, K σ Conductivity of fluid
DT Thermophoretic dispersion Uw Velocity, s−1

C fx Skin friction at x-direction Cp Specific heat
C fy Skin friction at y-direction B0 Magnetic field strength
Nux Nusselt number ρ f Density of fluid, Kgm−3

ν f Kinematic viscosity of fluid, m−2s−1 M Magnetic parameter
Cp Specific heat at constant pressure, JKg−1K−1 Ω Rotating parameter
Pe Peclet number Wc Optimum cell swimming
Rex Local Reynold number f Base fluid
β Deborah number Γ Suction/injection
DB Brownian diffusion coefficient Pr Prandtl number
Nb Brownian motion parameter qw Surface heat flux, Wm−2

N Intensity of microbes Le Lewis number
ρp Nanoparticle density Nt Thermophoresis parameter
τw External heat transfer factor Le Lewis number
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Abstract: Adsorbed natural gas (ANG) is a promising solution for improving the safety and storage
capacity of low-pressure gas storage systems. The structural–energetic and adsorption properties of
active carbon ACPK, synthesized from cheap peat raw materials, are presented. Calculations of the
methane–ethane mixture adsorption on ACPK were performed using the experimental adsorption
isotherms of pure components. It is shown that the accumulation of ethane can significantly increase
the energy capacity of the ANG storage. Numerical molecular modeling of the methane–ethane mix-
ture adsorption in slit-like model micropores has been carried out. The molecular effects associated
with the displacement of ethane by methane molecules and the formation of a molecule layered
structure are shown. The integral molecular adsorption isotherm of the mixture according to the
molecular modeling adequately corresponds to the ideal adsorbed solution theory (IAST). The cyclic
processes of gas charging and discharging from the ANG storage based on the ACPK are simulated
in three modes: adiabatic, isothermal, and thermocontrolled. The adiabatic mode leads to a loss of
27–33% of energy capacity at 3.5 MPa compared to the isothermal mode, which has a 9.4–19.5% lower
energy capacity compared to the thermocontrolled mode, with more efficient desorption of both
methane and ethane.

Keywords: mixture adsorption; nanoporous carbon; natural gas storage; methane; ethane; heat
of adsorption; cyclic adsorption; ideal adsorbed solution theory; numerical molecular simulation;
molecular dynamic

1. Introduction

Natural gas as one of the most common, cheap, and environmentally friendly fuels
may in the near future become the main energy source for countries adhering to the
principles of sustainable development. However, based on the experience of countries
using natural gas as the main energy source for domestic consumption, it can be noted that
among the main difficulties on the way to a large-scale energy transition to natural gas is the
issue of gas delivery and back-up storage close to the consumer. The energy crisis in Europe
in 2021–2022 has highlighted the importance of building an appropriate gas infrastructure
with back-up storage to mitigate problems with gas supplies and uneven consumption. In
addition, the events of 26 September 2022 on the Nord Stream gas pipelines also exposed
the security problem of the existing gas infrastructure.

In recent years, the development of adsorbed natural gas (ANG) systems has been
considered the most promising solution to improve the safety [1,2] and capacity of a low-
pressure gas storage system [3]. However, there are several well-known difficulties that
prevent ANG large-scale implementation: high requirements for the adsorbent, stability,
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uniformity and reproducibility of its adsorption properties; the exothermic nature of adsorp-
tion, leading to predominantly negative thermal effects, which should be compensated for
during charging and discharging, and to an increase in the duration of these processes [4];
and a decrease in storage efficiency due to the accumulation of C2+ hydrocarbon impurities
during cyclic operation [5].

The study of the impurities’ influence on the efficiency of adsorption gas storage is
presented in the scientific literature much less often than studies on the thermal effects.
This is mainly due to the complexity and laboriousness of conducting a cyclic experiment.
A study [6] showed that when using natural gas with a methane content of about 92.18%
mol., after 700 natural gas charging cycles, corresponding to about 250,000 km of vehicle
mileage, the efficiency of the storage system drops by 50% due to the accumulation of
impurity hydrocarbons C2+. The ethane accumulation ended around cycle 30, but the
efficiency continued to decline through 700 cycles due to the accumulation of heavier
hydrocarbons. In [6], an adsorption layer with high thermal conductivity due to expanded
natural graphite (ENG) was used, which together with a water thermostat significantly
reduced the thermal effects in the charging and discharging processes. The authors of [7]
supplied gas in the radial direction from the central collector (pipes with 40 channels) to
reduce the heterogeneity of thermal effects. The work used natural gas with a methane
content of 90.68% mol. After 10 cycles (the study included 30 cycles in total), the charging
mass of gas decreased by 20%, and the discharging mass of gas by only 2% compared with
the first cycle: according to the authors, the loss in discharging due to the accumulation of
impurities fully appeared already from the first cycle and subsequently weakly changed.
In [8], the cyclic process of charging and discharging gas from an ANG tank at room
temperature on commercial activated carbon Maxsorb MSC-30 was studied. When charging
natural gas with 85.45% mol. methane, the gravimetric excess adsorption decreased to
33% after 100 cycles and continued to slowly decrease until it reached 25% by the 1000th
cycle. Volumetric storage capacity decreased to 50% after the first 100 cycles and remained
constant thereafter. The authors showed that periodic regeneration by degassing at 400 ◦C
for 2 h makes it possible to remove impurities and reactivate active carbon. These works
were not aimed to investigate the combined effect of the impurity accumulation and the
thermal control of the adsorber or the thermal effects of adsorption. In [9], the method of
mathematical modeling was used to study the cyclic processes of charging and discharging
natural gas containing 88% mol. methane for two limit cases: isothermal and adiabatic.
The authors noted that non-isothermal effects in the adiabatic process can be more negative
to the performance of the gas charging–discharging cycle than the presence of impurities
in natural gas. In the case of the adiabatic process using natural gas with impurities,
the accumulation efficiency decreased by 37–40%. However, the authors noted that they
limited themselves to only C1–C4 hydrocarbons, excluding the accumulation of heavier
hydrocarbons from the model. The authors of [10] studied the effect of impurities in natural
gas (methane content 90.58% mol.) in a full-size system with and without thermal control
(heating during discharging). It was found that for 20 cycles without thermal control, the
useful volumetric storage capacity decreased by 16%, and the amount of gas discharged by
10%. However, with the use of thermal management, efficiency losses have been reduced
to 7% and 5%, respectively, due to more efficient ethane removal. However, thermal control
showed no significant improvement in reducing the accumulation of hydrocarbons heavier
than C2H6, which continued to displace methane and ethane from the system.

In this paper, we study the properties of active carbon synthesized from cheap peat raw
materials, its properties for adsorption of methane and ethane, the two main components
of natural gas, and their mixture adsorption by the methods of the ideal adsorbed solution
theory (IAST) and molecular modeling. The cyclic mode of charging and discharging of a
model scaled natural gas storage equipped with a synthesized adsorbent is also considered,
and the effect of ethane accumulation and thermal control of the system on the higher
heating value (HHV) of the discharged gas is shown.
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2. Materials and Methods
2.1. Adsorbent and Adsorbed Gases

High purity methane (99.99%) and ethane (99.95%) produced by Linde Gas was used in
adsorption data experiments. The properties of gases and their mixtures were determined
using the CoolProp program [11] using NIST data.

High-moor peat of the wood group with a high degree of metamorphism was used as
a raw material for the synthesis of the adsorbent.

The synthesis of nanoporous activated carbon ACPK from peat with a decomposition
degree of more than 50% (H8 and higher on the Von Post scale) consisted of the stage
of raw material preparation, carbonization without oxygen, thermochemical activation,
washing, and drying. Thermochemical activation makes it possible to obtain a more
uniform structure of narrow micropores.

The stage of preparation of raw materials included the processing and drying of peat,
followed by grinding and sieving to separate the required fraction up to 2 mm in size.
The carbonization stage was carried out in a muffle furnace without access to oxygen at a
temperature of 800 ◦C with a heating rate of 10 ◦C/min. For activation, aqueous mixtures of
carbonizate and KOH activator were prepared in ratios of 1:2, which were placed in a steel
crucible and then in a furnace. Thermochemical activation was carried out at a temperature
of 900 ◦C at a heating rate of 10 ◦C/min. After reaching the required temperature, the
samples were kept for 1 h. After cooling the samples to ambient temperature, the samples
were washed with distilled water to pH 8 and dried in an oven for 24 h at a temperature of
110 ◦C.

2.2. Characterization

The surface morphology and elemental composition of ACPK were examined by
scanning electron microscopy (SEM) using a Quanta 650 FEG microscope (FEI Company,
Hillsboro, OR, USA) equipped with an Oxford Energy Dispersive X-ray (EDX) detector
operating at 15 kV accelerating voltage.

To study the phase composition of the studied adsorbent and the initial assessment of
their physicochemical and adsorption properties, an X-ray powder diffraction study was
carried out using an Empyrean Panalytical diffractometer in the range of scattering angles
2θ from 10 to 120◦.

To evaluate the structural characteristics of the adsorbent, we used the small-angle
X-ray scattering (SAXS) method on a SAXSess diffractometer (Anton Paar). Monochromatic
radiation was obtained using a Cu-Kα filter (λ = 0.154 nm), and scattering was recorded on
a two-dimensional Imaging Plate detector.

These methods provide a comprehensive understanding of the carbon framework and
a primary understanding of the porous structure of the synthesized material ACPK. The
detailed porous structure of ACPK was examined by N2 adsorption–desorption isotherms
at 77 K, which were performed on a Quantachrome Autosorb iQ multifunctional surface
area analyzer. The specific volume of micropores W0 (cm3·g−1), standard characteristic
energy of adsorption E0 (kJ·mol−1), and effective half-width of micropores x0 (nm) were
calculated by the Dubinin–Radushkevich (D-R) equation [12,13]. The Brunauer–Emmett–
Teller (BET) method [14] using the criteria for microporous adsorbents [15] was also applied
to evaluate the specific surface area, SBET (cm2·g−1). The Kelvin equation [16] was used to
calculate the specific surface area of mesopores, SME (cm2·g−1), respectively. The specific
mesopore volume was calculated as WME = WS − W0, where WS (cm3·g−1) is the total pore
volume obtained from the nitrogen adsorption at the relative pressure P/Ps = 0.99. The
pore size distribution function in ACPK was calculated using the Quenched Solid Density
Functional Theory (QSDFT) developed for micro-mesoporous adsorbents [17].

2.3. Single-Component Adsorption

Single-component adsorption isotherms of C2H6 and CH4 were collected on purpose-
designed adsorptions benches, the schemes of which are reported in the previous works [18–20].
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Methane adsorption was studied at temperatures of 213, 243, 273, 293, 333, and 393 K at
pressures up to 20 MPa. Ethane adsorption was studied at temperatures of 273, 293, 313, and
333 K at pressures up to 120 kPa. The selected measurement ranges cover the most common
field of practical application of ANG systems. Before gas adsorption measurements, the
degas process was carried out under vacuum at 250 ◦C for 6 h.

Adsorption at temperatures different from the experimental ones was determined by
the property of the linearity of the isosteres in the ln P–1/T coordinates, which in turn were
plotted from the experimental isotherms (at least three points). To expand the pressure
range of the calculated isotherms, an additional extrapolation was carried out according
to the equations that best describe the experimental adsorption isotherms: the Sips and
the theory of volume filling of micropores (TVFM) equations [21]. The TVFM equation
was used in the subcritical region, and the Sips equation in the supercritical. The study of
the thermodynamic functions of the adsorption process was carried out using Bakaev’s
approach [22–24], which is based on the method of changing variables to establish a, P, T
(adsorption, pressure, and temperature, respectively) parameters of adsorption equilibrium
in a wide range of pressures and temperatures, taking into account the nonideality of
the gas phase in a thermodynamic system defined in accordance with the Guggenheim
approach [25].

2.4. Mixture Adsorption Calculation

To determine the mixture adsorption of methane and ethane by the IAST method [26–28],
the system of equations was solved:

π

RT
=

P∗
i∫

0

a∗i
Pi

dPi (1)

PYi = P∗
i Xi (2)

N

∑
i=1

Xi = 1 (3)

1
aΣ

=
N

∑
i=1

Xi
a∗i

, (4)

where π is the spreading pressure, (Pa); T is the temperature, (K); R is the universal gas
constant, (J/(mol K)); a∗i is the adsorption of the pure component i of the mixture, (mmol/g),
at T and the equilibrium pressure of the gas phase P∗

i (Pa), which corresponds to π; Xi is the
mole fraction of component i in the adsorbed phase; Yi is the mole fraction of component i
in the gas phase; aΣ is the adsorption of the mixture in mmol/g at its equilibrium pressure
P, (Pa).

The integral reduced (to the mass of the adsorbent) enthalpy of the mixed adsorbate
was calculated as the sum of the integral reduced enthalpies of the adsorbate components
at spreading pressure π and, accordingly, a∗i , corrected for the actual filling of the pore with
this component ai:

ha =
N

∑
i=1

hi
(
a∗i , T

)

a∗i
ai =

N

∑
i=1

hi(a∗i , T)
Xi·aΣ

a∗i
, (5)

where hi is the integral reduced (to the mass of the adsorbent) enthalpy of the pure compo-
nent i of the adsorbate at adsorption a∗i and temperature T, (J/kg).

2.5. Molecular Modeling

The adsorption of a methane–ethane mixture was modeled by molecular dynamics
using the Dynamic software module from the Tinker molecular modeling software pack-
age [29]. To reduce the cost of computer time, the universal atom–atom force field OPLSAA
was used [30], which simulates the total interaction potential. It was shown in [31] that
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among the existing universal potentials, this force field is best suited for describing model
adsorption systems consisting of carbon structures and hydrocarbon molecules.

The simulation was carried out in the canonical (N, V, T are the number of molecules,
volume, and temperature, respectively) ensemble. The simulation cell was a parallelepiped.
Its height corresponded to the width of the pore plus 2 radii of carbon atoms. Micropores
with a width in the range from 0.6 to 1.8 nm with a step of 0.2 nm were studied. The selected
range of micropore widths corresponds to the most common widths for industrial carbon
adsorbents. The walls of micropore are formed by single-layer graphene. The side faces of
the simulation cell were 10 nm. The edges of the simulation cell are limited by periodic
boundary conditions. The temperature of the numerical experiment was 293 K. Andersen’s
thermostat was used to thermostat the simulation system [32]. Studies of the molecular
dynamics trajectory were carried out in the time interval 2 × 10−9 s. The elementary step
of integrating the equation of motion was 10−15 s. Averaging of the system parameters for
processing the results of a numerical experiment was carried out every 10−12 s. The time to
reach the equilibrium states of the studied systems was estimated from the change in the
total energy with time; it was no more than 10−9 s.

2.6. Adsorption Storage

The paper considers a model of an adsorption storage with a volume of 1 m3, limited by
an aluminum shell. The calculation uses 5005-H18 alloy, which has average characteristics
for aluminum alloys and is comparable in strength to popular stainless steels. With a shell
mass of 250 kg or 500 kg, the maximum safe pressure inside is 5.0 and 10.0 MPa, respectively,
however, taking into account possible temperature changes during gas storage, charging
should be limited to pressures of 3.5 and 7.0 MPa, respectively. The storage is completely
filled with a monolith adsorbent formed from ACPK active carbon and a polymeric binder
with mass fractions of 95% and 5%, respectively. The density of the monolith adsorbent
in the dried state is 720 kg/m3 (corresponds to the indicators achieved in practice). The
storage model is lumped, zero-dimensional, with a uniform distribution of temperatures,
pressure, and adsorption of each component of the mixture.

A simplified scheme of the adsorption storage is shown in Figure 1. The storage can
consist of several tanks A1 . . . AN, charging up to a pressure of 3.5 or 7.0 MPa (before the
pressure regulator PR1) using a compressor C1 or directly from the gas pipeline, while the
temperature of the supplied gas is constant (in all calculations 293 K). Gas is supplied to
the consumer at a pressure of 0.1 MPa (after the PR2 regulator); if necessary, the pressure of
the gas supplied to the consumer is increased using the C2 compressor. Constant pressure
at the inlet (before PR1) and outlet (after PR2) allows us to assume that no technical work is
done on the system, and the change in the enthalpy of the adsorption storage occurs due to
the enthalpy of the inlet or outlet gas and heat supply or removal. The model is based on
the assumption that there is no natural heat exchange with the environment: heat flow only
occurs forcibly and is controlled using the TCU–thermal control unit. In practice, thermal
control is provided using built-in heat exchangers [22,33,34] or gas circulation through the
adsorbent bed with cooling/heating in an external heat exchanger [35–37].

The paper analyzes the cyclic charging and discharging processes in the adsorption
storage in three different modes:

(a) in “isothermal” mode, which can be oriented as a base case;
(b) in a mode without heat exchange with the environment, which can be considered

conditionally “adiabatic” (if we do not take into account the mass transfer due to the
charging and discharging of gas);

(c) in “thermo-controlled” mode with cooling at gas charging and heating at gas discharging.
In terms of temperature change, this mode is opposite to the “adiabatic” mode.
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Figure 1. Scheme of the adsorption storage. C1, C2–natural gas compressors; A1 . . . AN–ANG
storage systems (adsorption tanks); TCU–thermal control unit; V1.1 . . . VN.1 and V1.2 . . . VN.2–stop
valves; PR1-2–pressure regulators.

Cycling calculations are based on the heat balance of the system and the mass balance
for each component.

The mass of each component of the mixture in the adsorption storage is determined
by the expression, (kg):

Mi =
(
ρp(1 − xb)aiµi + YmiερgΣ

)
Vs , (6)

where ρp is the packing density of the adsorbent, (kg/m3); xb = 0.05 is the mass fraction of
the polymer binder; µi is the molar mass of component i, (kg/mol); ρgΣ is the density of
the gas phase as a mixture, (kg/m3) at pressure P and temperature T in storage; ε is the
porosity, the fraction of space free for the gas phase; Ymi is the mass fraction of component i
in the gas phase; Vs is the volume of adsorption storage, (m3).

The enthalpy of the entire storage is the sum of the enthalpies of its individual compo-
nents, (J):

HΣ =
(
haρp(1 − xb) + hgΣερgΣ

)
Vs + Hb + Hs , (7)

where hgΣ is the specific enthalpy of the gas phase as a mixture, (J/kg); Hb is the enthalpy
of the binder, (J); Hs—is the enthalpy of the storage metal shell, (J).

3. Results and Discussion
3.1. Characterization

ACPK carbon adsorbent is made from highly decomposed peat, the content of carbon
and mineral impurities in which can vary over a wide range. As a result, the adsorbent
is heterogeneous in content. Part of the carbon remained in its original form of large
nanocrystals of ordered graphite, for which narrow reflections (002), (10), (100), (004), and
(11) are characteristic, Figure 2. An increase in the background to small angles indicates the
content of high-carbon radicals of the amorphous phase in the structure of the adsorbent.
In addition to reflexes related to graphite deposits, a number of extraneous peaks are also
observed, indicating the presence of mineral inclusions.

Based on the experimental data of SAXS (Figure 3), for the region of inhomogeneities III
(1–2 nm), which correspond to scattering in micropores, the radius of gyration (inertia) RG
was calculated using the method in [38]. This integral parameter conditionally characterizes
the average sizes of micropores, and thus is most indicative in the analysis of the porous
structure of carbon adsorbents [39]. Based on the obtained values of RG, the sizes of model
micropores of different shaped adsorbents were determined: spherical RS and cylindrical
RT. The results of determining the parameters of the model adsorbent pores and gyration
radius are shown in Table 1.

94



Nanomaterials 2022, 12, 4066Nanomaterials 2022, 12, x FOR PEER REVIEW 7 of 24 
 

 

 

Figure 2. X-ray diffraction pattern of the carbon adsorbent ACPK. Graphite reflections are (002), 

(10), (100), (004), and (11). 

Based on the experimental data of SAXS (Figure 3), for the region of inhomogeneities 

III (1–2 nm), which correspond to scattering in micropores, the radius of gyration (inertia) 

RG was calculated using the method in [38]. This integral parameter conditionally charac-

terizes the average sizes of micropores, and thus is most indicative in the analysis of the 

porous structure of carbon adsorbents [39]. Based on the obtained values of RG, the sizes 

of model micropores of different shaped adsorbents were determined: spherical RS and 

cylindrical RT. The results of determining the parameters of the model adsorbent pores 

and gyration radius are shown in Table 1. 

Table 1. Parameters of the microporous structure of the ACPK carbon adsorbent calculated from 

SAXS data for various pore models. 

Pore Model Spherical Cylindrical 

Model characteristics RG RS, nm RG RT, nm 

ACPK 0.40 0.52 0.22 0.31 

Pictures of the surface by scanning electron microscopy (SEM) are shown in Figure 

4. The structure of the adsorbent has a granular type, and an inhomogeneous appearance 

in shape and size. In places, grains of a layered type are observed, similar to carbon graph-

ite. 

The presence of a large number of mineral impurities on the surface of the adsorbent 

is probably due to the fact that the raw in the form of fossil peat and coal dust contains a 

significant proportion of various elements. High content of impurities, up to 13.3% wt. 

(Table 2), may qualitatively indicate that the contribution to the energetics of adsorption 

of peat coals is made by surface chemistry, and not only by the width of micropores and 

their size distribution. 

Figure 2. X-ray diffraction pattern of the carbon adsorbent ACPK. Graphite reflections are (002), (10),
(100), (004), and (11).

Nanomaterials 2022, 12, x FOR PEER REVIEW 8 of 24 
 

 

 

Figure 3. Dependence of the small-angle X-ray scattering intensity on the carbon adsorbent ACPK 

on the scattering vector at small and medium angles. I–IV are the characteristic X-ray scattering data 

areas used to obtain the structural parameters of the adsorbents. 

  

(a) (b) 

Figure 4. Electron microscopy images of the surface of the adsorbent from peat raw material ACPK: 

50 µm (a); 5 µm (b). 

Table 2. Elemental chemical composition of the ACPK surface. 

Content C O Other Impurities 

% at. 75.6 18.3 6.1 

% wt. 65.6 21.1 13.3 

Figure 3. Dependence of the small-angle X-ray scattering intensity on the carbon adsorbent ACPK on
the scattering vector at small and medium angles. I–IV are the characteristic X-ray scattering data
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Table 1. Parameters of the microporous structure of the ACPK carbon adsorbent calculated from
SAXS data for various pore models.

Pore Model Spherical Cylindrical

Model characteristics RG RS, nm RG RT, nm
ACPK 0.40 0.52 0.22 0.31

Pictures of the surface by scanning electron microscopy (SEM) are shown in Figure 4.
The structure of the adsorbent has a granular type, and an inhomogeneous appearance in
shape and size. In places, grains of a layered type are observed, similar to carbon graphite.
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Figure 4. Electron microscopy images of the surface of the adsorbent from peat raw material ACPK:
50 µm (a); 5 µm (b).

The presence of a large number of mineral impurities on the surface of the adsorbent
is probably due to the fact that the raw in the form of fossil peat and coal dust contains
a significant proportion of various elements. High content of impurities, up to 13.3% wt.
(Table 2), may qualitatively indicate that the contribution to the energetics of adsorption of
peat coals is made by surface chemistry, and not only by the width of micropores and their
size distribution.

Table 2. Elemental chemical composition of the ACPK surface.

Content C O Other Impurities

% at. 75.6 18.3 6.1
% wt. 65.6 21.1 13.3

Adsorption–desorption isotherms of standard nitrogen vapor at 77 K of the studied
adsorbent are shown in Figure 5. As follows from Figure 5, the isotherm in the coordinates
a = ƒ(P/PS) has an L-shaped form of type I [40] in the initial region of the isotherm up
to 0.3 P/PS, which indicates the presence of a developed volume of micropores in the
porous structure of the adsorbent. At pressures close to the saturated vapor pressure, the
adsorption–desorption isotherms show a capillary-condensation hysteresis loop of the H4
type [40], which is characteristic of a mesoporous structure.
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Table 3 presents the parameters of the porous structure of the ACPK adsorbent. As
follows from Table 3, the mesopore volume of the adsorbent is about 25% of the total pore
volume, and the mesopore surface is 40 m2/g. Thus, the adsorbent contains a significant
proportion of mesopores, the adsorption of gases in which must be taken into account.

Table 3. Parameters of the porous structure of the carbon nanoporous adsorbent ACPK.

Method BET TVFM TVFM TVFM TVFM TVFM BET QSDFT

Adsorbent SBET, m2/g W0, cm3/g x0, nm E0(N2),
kJ/mol WS, cm3/g

WME,
cm3/g SME, m2/g rmax, nm

ACPK 1105 0.44 0.52 7.63 0.56 0.12 40 0.59

To estimate the size distribution of micropores, we used the approach of the density
functional theory QSDFT for a spherical pore model as the most probable pore model
for a given adsorbent according to X-ray diffraction data. The distribution curves of
micropores by size dW0/dd = f (d) are shown in Figure 6. The maximum on the micropore
size distribution curve corresponds to rmax = 0.56 nm.

The pore parameters determined from the results of XRD (Table 1) coincide with the
determination by the TVFM [41] (Figure 5, Table 3) and are close to the pore size distribution
determined by the QSDFT method (Figure 6, Table 3). In this case, the adsorbent has a
second, less pronounced maximum on the distribution curve, with a radius corresponding
to the distribution maximum of 0.92 nm. The ratio of pore volumes for the two distribution
maxima is about 75/25% for narrow and wide pores, respectively.

3.2. Equilibrium Adsorption Tests

Methane adsorption on ACPK was measured in the temperature range from 213 to
393 K, and ethane in the temperature range from 273 to 333 K. The results are shown
in Figure 7. The isotherms of both gases are type I isotherms [40]. At a pressure of
3.5 MPa and 293 K, the adsorption of methane on the synthesized adsorbent ACPK is
6.55 mmol/g or 10.5% wt., and at a pressure of 7.0 MPa and 293 K, respectively, 7.80 mmol/g
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and 12.5% wt. These adsorption properties make it possible to use this adsorbent for the
purpose of methane (natural gas) storage, but under the condition of a high packing density
of the adsorbent, for example in the form of monoliths [34,42–45].
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Figure 8 shows the dependence of the differential molar isosteric heat of adsorption of
methane and ethane on the nanoporous carbon adsorbent ACPK at a temperature of 293 K.
The plotting area for C2H6 is limited by the area of reliable experimental measurements
of adsorption with the possibility of isostere linearization by at least three points. Heat is
determined without taking into account adsorption-stimulated and thermal deformation.
The value of carbon adsorbents deformation under the described conditions does not exceed
0.3–0.4%, while the contribution of deformation to the heat of adsorption at a temperature
of 293 K does not exceed 2–5% [23,46,47]. The absence of an abrupt jump in the heats of
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adsorption in the initial region of filling indicates a weak inhomogeneity of the adsorbent
sorption surface. A barely noticeable extremum at 0.2 mmol/g is observed on ethane, but
this is probably due to experimental errors due to the proximity to the boundary of the
measurement region. Otherwise, the dependences of the heats of adsorption of methane
and ethane in the studied area repeat the shape of each other.
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3.3. Mixture Adsorption

The IAST results of determining the adsorption of a mixture and individual compo-
nents in a mixture of CH4 and C2H6 are shown in Figure 9. With a content of 2% mol.
ethane in the gas phase, its contribution to the total adsorption is much more significant:
from 14.7% mol. at 3.5 MPa and 333 K up to 23.8% mol. when the temperature decreases to
273 K. At the same time, methane remains the main adsorbed gas in the entire considered
pressure range from 0.05 to 7 MPa. At a content of 10% mol. ethane in the gas phase, the
situation is reversed: ethane is adsorbed in even larger quantities than methane at a temper-
ature of 273 K (59.5% mol. of ethane in the total adsorption at 3.5 MPa) to approximately
equal adsorption with methane at a temperature of 333 K.

It is obvious that such active absorption of ethane can adversely affect the active
capacity of the adsorption storage due to the fact that ethane is less efficiently desorbed
upon depressurization compared to methane. On the other hand, as can be seen from
Figure 9, the total molar adsorption of the mixture varies slightly with a change in the
ethane content in the gas phase, however, the higher heating value of 1 mol of ethane
is 75% higher than that of methane. Thus, the energy capacity of the adsorption storage
increases with an increase in the ethane concentration: at a pressure of 3.5 MPa and 293 K,
the higher heating value of the adsorbate at an ethane concentration of 10% mol. in the
gas phase is 8.57 MJ per 1 kg of adsorbent, while in the case of pure methane this heat
is 5.84 MJ/kg–1.47 times less–while the higher heating value of the gas phase differs by
only 7.5%. In some cases, this effect can be useful; for example, by integrating the storage
into a flowing gas pipeline network: the storage capacity will increase significantly due to
the capture of ethane and heavy hydrocarbons from the flow. However, the extraction of
this excess energy is complex due to the difficulty of extracting ethane (and other heavy
hydrocarbons, if present in natural gas). The advantages and disadvantages of the presence
of impurity hydrocarbons in natural gas depend on the form of the gas charging and
discharging processes organization.
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3.4. Molecular Modeling

For a more detailed understanding of the mechanism of mixture adsorption of methane
and ethane, a numerical simulation in model pores of a carbon adsorbent of various
widths HS from 0.6 to 1.8 nm with a step of 0.2 nm was performed using the molecular
dynamics method. For the study, a slit-like micropore model was used as it is one of the
most common models for the formation of pores in carbon adsorbents. [48,49]. Carbon
adsorbents, in general, consist of an ordered part of carbon crystallites and an amorphous
part of high-carbon radicals [50]. The ratio of the amorphous and crystalline parts of
carbon is determined by the raw and carbonization conditions. When using organic
carbon-containing raw materials, the structure of crystallites resembles graphite, but they
themselves are packed less regularly in the volume of carbon. At the same time, an
increase in activation leads to a decrease in the fraction of crystallites and an increase in
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the amorphous fraction. The amorphous part may contain micropores of various shapes,
including those close to spherical. According to the results of the adsorbent structure
study (Tables 1 and 3 and Figure 6), the ACPK adsorbent contains a significant part of
amorphous carbon with a pore shape close to spherical. On the other hand, X-ray diffraction
analysis (Figure 2) revealed the presence of peak characteristics of graphite-like microporous
structures. Thus, the use of the slit-like micropores of graphite-like crystallites model of
a carbon adsorbent in a numerical simulation is legitimate. A numerical experiment was
carried out for a mixture 95% CH4 and 5% C2H6. The temperature of the experiments was
293 K. The concentration of the mixture for the study was selected based on the data on the
average concentration of C2+ hydrocarbons.

Figure 10 shows the dependencies of the probability of the mass center location of a
methane or ethane molecule in a pore for various pore widths and their filling. In the process
of adsorption, for narrow pores 0.6, 0.8, and 1 nm wide, the concentration displacement
of ethane is shown. For pores with a width of 1 nm, close to the size of ACPK micropores
according to X-ray diffraction analysis (Table 1) and the first maximum on the QSDFT pore
size distribution curve (Figure 6), the mixture is almost completely sorbed in the pore at
low fillings (up to 100 molecules in the modeling system), forming molecular complexes
near the graphene walls, Figure 10a. Figure 10a shows that the centers of mass of ethane
molecules are shifted relative to the centers of mass of methane molecules, which can be
explained by the fact that linear ethane molecules tend to occupy a perpendicular position
to the micropore walls. With an increase in the number of molecules in the simulation
system, methane molecules completely fill the molecular complexes located in the potential
minima of the model micropore near the graphene surface, displacing ethane molecules
outside the pore, Figure 10b.

For micropores with a width of more than 1.2 nm, the effect of concentration dis-
placement is not observed. Figure 10c,d show the simulation results for a wide model
micropore with a width of 1.8 nm, which is close in value to the wide ACPK pores corre-
sponding to the second distribution maximum in Figure 6. At low fillings, the behavior
of adsorbate molecules is similar to that observed in narrow pores, but at high fillings,
ethane molecules are present in the micropore, forming a “layered” structure with methane
molecules, while ethane molecules are displaced from molecular complexes closer to the
center of the micropore.

Figure 11 shows instantaneous snapshots of the molecular dynamics trajectory of the
simulation system for micropores of different widths. These images clearly demonstrate
the dependences shown in Figure 10, while expanding our understanding of the behavior
of methane and ethane molecules in a micropore. Thus, in a narrow micropore 1.0 nm wide,
sorbed ethane molecules are located closer to the edges of graphenes, Figure 11a, probably
due to the predominant interaction of methane molecules with each other in the field of
dispersion forces of the adsorbent than the interactions of methane–ethane. As a result,
ethane molecules are forced out of the narrow micropore.

In the case of a wide pore 1.8 nm wide, the situation is different: Figure 11b shows
that methane and ethane molecules together form molecular complexes in accordance with
Figure 10c. With further filling of a wide micropore, ethane is not completely displaced
from the pore, Figure 11c: in the center of the micropore, the density of molecules is low,
which allows two more layers of ethane molecules and even a third layer of methane
between them to be accommodated, Figure 10d.

Figure 12 shows the dependence of the number of adsorbed methane and ethane
molecules on the number of molecules in the ratio of 95% methane and 5% ethane in
simulation cells with a width of 1.0 nm and 1.8 nm at a constant temperature of 293 K, the
molecular adsorption isotherm of the mixture.
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Figure 10. Probability density of the mass center location of a methane and ethane molecule in a
model pore of a carbon adsorbent with a width of HS = 1.0 nm (a,b) and 1.8 nm (c,d) for different
numbers of molecules N in the simulation cell, corresponding to the region of averages (a,c) and
maximum (b,d) fillings of micropores. The number of molecules of the mixture N (the ratio of the
molecules number of methane and ethane is 95:5) in the modeling system, pcs: 100 (a); 500 (b);
100 (c); 1000 (d). The temperature is 293 K. The ordinate axis intersects the abscissa axis at point
z = 0, corresponding to the symmetry plane of the pore. The dotted line is the boundary of the
model micropore.

In a narrow micropore 1.0 nm wide, Figure 12a, in the region of up to 100 molecules
(95 methane molecules and 5 ethane molecules), a classical increase in the amount of
adsorbed methane and ethane is observed in the system. Moreover, almost all ethane
molecules and most of the methane molecules in this region from the free phase enter the
micropore. With an increase in the number of molecules in the simulation system, the
number of ethane molecules in the pore gradually decreases due to its displacement by
methane. At 160 molecules of the mixture (an instantaneous snapshot was presented in
Figure 11a) in the simulation system, ethane is completely displaced by methane from
micropores: an interesting behavior is observed that if there are ethane molecules in
the free phase (analogue of the gas phase), they are not in the adsorption pore. This
behavior is probably explained by the difference in size and shape of methane and ethane
molecules. Small and spherically symmetric methane molecules fill the micropore into
two adsorption layers, forming a more energetically favorable state of the adsorbate than
ethane molecules, which, due to their linear shape, tend to occupy a perpendicular position
in the narrow micropore and thereby prevent the formation of the second adsorption layer.
Figure 12b shows the results of modeling the mixture adsorption in wider pores, using the
example of a micropore 1.8 nm wide. In this case, ethane adsorption continuously increased
as the number of molecules in the system increased. From the previously considered
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Figures 10 and 11, it is already known that ethane is not completely replaced by methane in
a wide pore.
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Figure 11. Instantaneous snapshot of the molecular dynamics trajectory of a simulation system
consisting of two graphenes at a distance of HS = 1.0 nm (a) and 1.8 nm (b,c) at different numbers of
N molecules (the ratio of the number of molecules of methane and ethane is 95:5) in simulation cell:
160 (a); 100 (b); 1000 (c). The bonds of atoms forming graphene are indicated by solid lines. Atoms
are shown as unscalable red (methane) and blue (ethane) spheres.
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Figure 12. Dependence of the number of adsorbed molecules n of methane CH4 and ethane C2H6 and
their total number (Mix.) on the number of molecules in the simulation cell N (ratio of the number
of molecules of methane and ethane 95:5) for a pore with a width of 1.0 nm (a) and 1.8 nm (b). The
temperature is 293 K.
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The obvious differences between the molecular isotherms shown in Figure 12 and
the adsorption isotherms of the mixture calculated using the IAST model (Figure 9) are
explained by the fact that the IAST method is based on the isotherms of the pure com-
ponents, which are in fact integral isotherms over all pores of a real adsorbent with a
wide pore size distribution. Figure 13 shows an attempt by the authors to evaluate the
integral adsorption isotherm of a mixture obtained by summarizing molecular isotherms
for pores of various widths, the weight contribution of which is determined by the share
of pores of the corresponding width in the pore size distribution defined by the QSDFT
method (Figure 6) for the ACPK adsorbent. As can be seen from Figure 13, the integral
molecular adsorption isotherms of the mixture and their components behave similarly
to the isotherms calculated using the IAST model: thus, the adsorption of ethane in a
wide range of fillings (from 100 to 500 molecules) changes relatively weakly, similar to the
saturation of ethane in Figure 9. This is due to the simultaneous decrease and increase in
the amount of sorbed ethane in pores of various sizes. A direct comparison of the integral
molecular isotherm and IAST isotherms is difficult due to the correct consideration of the
free (gas) phase, as well as differences in the pore structure of the real and model adsorbent,
due to the presence of a significant fraction of the amorphous carbon phase in the structure
of the real adsorbent.
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Figure 13. Integral dependence of the number of adsorbed molecules n of methane CH4 and ethane
C2H6 and their total number Mix. on the number of molecules N (ratio of the number of molecules of
methane and ethane 95:5) in an array of simulation cells, quantitatively corresponding to the pore
size distribution of the ACPK adsorbent. The temperature is 293 K.

Despite the fact that the IAST model and the molecular model can produce results
similar in form, it is obvious that some molecular features of the filling of micropores of
different sizes with certain substances cannot be taken into account in principle by the IAST
model, even when applying this model to a specific model micropore. For example, the
case of a slit-like micropore 1.0 nm wide: the adsorption of pure methane and ethane in
it is not equal to zero, but the mixture adsorption, according to the results of molecular
modeling, can lead to the complete displacement of one of the components, which is not
observed in the IAST model.

3.5. Cycles in Adsorption Natural Gas Storage

To assess the influence of thermal effects and the presence of impurities (ethane in a
binary mixture with methane), modeling of cyclic processes of gas charging and discharging
was performed using the IAST method. Idle time and gas storing processes have been
eliminated, charging starts immediately after discharging, and vice versa. In the initial
state, the adsorption storage is filled with pure methane at a pressure of 0.1 MPa and
a temperature of 293 K. The storage is charged up to 3.5 or 7.0 MPa. The supplied gas
has a pressure of 3.5 or 7.0 MPa, respectively, and a temperature of 293 K. Gas leaves the
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storage under variable conditions corresponding to the conditions in the storage. Since
in the considered zero-dimensional model (with lumped parameters) all processes are in
equilibrium and there is no natural heat exchange with the environment, the time factor
does not play a significant role. The time scale is replaced by the gas exchange scale: the
total mass of gas entering and exiting the storage. If we assign certain flow rates for gas
charging and discharging, then such a gas exchange scale is definitely translated into a time
scale, but this does not play a role for the analysis of cycles.

Figure 14 shows the results of modeling the first 50 cycles of “adiabatic” (without
heat exchange with the environment and thermal control) charging up to 3.5 MPa with gas
containing 98% mol. methane and 2% mol. ethane and gas discharging up to 0.1 MPa from
storage. The gradual cooling of the storage under “adiabatic” conditions is explained by
mass exchange with the external environment: the incoming gas at a temperature of 293 K
is colder than the outgoing gas in the first cycles, which ultimately leads to the stabilization
of the storage temperature below the initially set 293 K. Despite the very low content of
ethane in the inlet gas, it accumulates in the system until the outlet gas has, on average,
the same concentration of ethane as the inlet gas. Therefore, in the first approximation, the
effect of ethane can be estimated from the equilibrium adsorption isotherms of the mixture
shown in Figure 9. However, it should be taken into account that the molar fraction of
ethane changes during the process. The share of ethane in the adsorbate after 50 cycles
reaches 41.5% mol. at the end of discharging (at the minimum pressure in the system) and
about 21.5% mol. at the end of charging (at maximum pressure in the system). At the end
of 50 cycles shown in Figure 14, the periodic mode is not yet steady. The periodic mode
can be considered established approximately around 110 cycles of adiabatic charging and
discharging, when the difference in the amount of charged and discharged ethane differs
by less than 1%, and this error becomes comparable with the mathematical errors of the
model itself.

To assess the effect of impurities in fuel storage systems, it should be taken into
account that both considered gases are combustible and targeted. Therefore, the influence
of impurities should be assessed from the position of loss in the energy capacity of the
storage. The same approach makes it possible to take into account the thermal effects of
adsorption and desorption, which are expressed in a lower active storage capacity. The
usual approach to assessing the active capacity of an adsorption storage in terms of volume
(m3 of gas per m3 of volume) is incorrect, since 1 m3 of ethane under normal conditions
(101,325 Pa and 293.15 K) has the higher heating value by 76% more than 1 m3 of methane.
The assessment by weight can be considered justified: the difference in the combustion
energy of 1 kg of methane and ethane is only 7%, which with ethane content up to 10% mol.
leads to a mass combustion energy range of 54.9–55.5 MJ/kg.

Figure 15 shows the dependencies of the higher heating value of the discharging gas
by cycles for various types of charging up to a pressure of 3.5 MPa and discharging up to
0.1 MPa: “adiabatic”, “isothermal”, which is not ideal, but convenient as a reference point,
and “thermocontrolled”, the opposite of adiabatic, i.e., with cooling when charging up to
293 K and heating when discharging gas up to 333 K. The adiabatic mode significantly
reduces the active energy capacity of the storage: by 27–33% compared to the isothermal
process with the same composition of the supplied gas; this is the influence of the thermal
effects of adsorption and desorption. Surprisingly, in the adiabatic mode, the accumulation
of ethane has practically no effect on the active energy capacity of the storage (compared
to operation on pure methane): losses in methane are compensated over time by a large
amount of ethane released. The “harmful” accumulation of ethane is more noticeable in
isothermal and thermocontrolled modes: over time, the active energy capacity of the storage
decreases to a certain steady-state value. In isothermal mode 2% mol. the concentration
of ethane in the gas supplied leads to a loss of efficiency of 5.7%, and at a concentration
of 10% mol. losses already 16.6%. The accumulation of ethane has a greater effect on the
isothermal mode.
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Figure 14. Dependencies of pressure, temperature, and mass of methane and ethane in the adsorption
storage with a volume of 1 m3 based on ACPK adsorbent and the mole fraction of ethane in the gas
and adsorbed phases in the “adiabatic” cyclic charging/discharging process and supplied gas with
98% mol. methane and 2% mol. ethane using the IAST simulation results from the cumulative gas
exchange since the beginning of the simulation. The first 50 cycles are shown.

The advantages of the thermocontrolled mode in the energy storage capacity compared
to the isothermal mode depend on the composition of the supplied gas: with a large number
of cycles, the advantage is 9.4% on pure methane (due to a higher temperature at the end
of the discharging process), 11.7% at 2% mol. fraction of ethane in the gas supplied to
the system, and 19.5% at 10% mol. Fraction of ethane, i.e., the temperature-controlled
mode allows for more efficient removal of ethane and contributes to a reduction in its
accumulation. It can also be seen from Figure 15 that thermocontrolling reduces the
duration of reaching a stable periodic mode compared to the isothermal mode, while the
opposite adiabatic mode can be unstable for quite a long time. The greater the proportion
of impurities in the incoming gas, the faster a stable periodic process comes in isothermal
and thermocontrolled modes: impurities accumulate faster to a steady value. In general,
about 20 cycles in all considered modes are sufficient to achieve an approximately steady
value of the combustion energy, however, the accumulation of ethane in the considered
processes continues after 20 cycles.
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Figure 15. Dependence of the higher heating value of the mixed gas leaving for one cycle from a
storage with a volume of 1 m3 based on the ACPK adsorbent, on the cycle number. Filled dots
correspond to mixtures: 98% mol. methane and 2% mol. ethane (a); 90% mol. methane and 10% mol.
ethane (b). Empty points correspond to pure methane.

These results are adequately consistent with the publications reviewed in the introduc-
tion. In most studies, the noticeable effect of ethane, which is the main impurity of natural
gas, ended approximately in the region of 10–30 cycles [6,7,10]. In terms of the effect on the
active capacitance, the results are also close to those published earlier: in [7], the effect of
10.3% mol. impurities (not only ethane) led to a loss of 20% capacity, and in [10] the effect
of 10.4%mol. impurities to losses of 16%, which correlates with the simulation results. In
general, such an approach can be considered justified, at least as a first approximation.

Figure 16 shows the dependencies of the steady-state values of the active energy
capacity of the adsorption and conventional gas storage for one charging and discharging
cycle on the ethane content in the supplied gas for different modes. As the ethane content
increases, the energy capacity of the gas storage increases by increasing the density of the
mixture–or by increasing the average molar energy of combustion. The efficiency of the
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adsorption storage, on the contrary, decreases. It is likely that there is a certain concen-
tration of ethane at which adsorption storage will no longer provide an advantage over
conventional gas storage. In Figure 16, this is clearly seen at a pressure of 7.0 MPa: with
an ethane fraction of 10% mol. adsorption storage, which gives only a small advantage
in active energy capacity compared to conventional gas storage: 29% in isothermal mode,
although with pure methane the advantage is 71%. At a pressure of 3.5 MPa, the advantage
of the adsorption storage is more obvious: even in the low-efficiency adiabatic mode, the
energy capacity is higher than that of the conventional gas storage, and in the thermocon-
trolled mode, the active energy capacity is 2.5 times greater at an ethane concentration in
the gas of 10% mol. and three times greater when operating on pure methane.
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Figure 16. Dependence of the active energy capacity of the gas leaving the storage with a volume of
1 m3 for 1 cycle based on ACPK adsorbent based on the results of modeling cyclic processes. ANG is
the adsorption gas storage. CNG is the conventional gas storage in the “isothermal” mode, without
taking into account non-equilibrium intake/exhaust processes.

The simulation results show that the area of effective application of adsorption storages
on real natural gas with impurities is smaller than in the case of analyzing their operation
on pure methane. Ignoring impurities during the design phase of the adsorption storage
can lead to high and unrealistic expectations and will negatively affect real work. It should
be noted that the dealing with impurities is possible not only due to the thermal manage-
ment analyzed in the article, but also using various scheme solutions of the adsorption
storage tank.

4. Conclusions

Synthesis of active carbon ACPK from peat raw materials was carried out. The
resulting adsorbent has a wide pore size distribution with maxima in the region of a
pore radius of 0.59 (main extremum) and 0.92 nm (secondary). The specific volume of
micropores is 0.44 cm3/g with a total pore volume of 0.56 cm3/g. The adsorption of
methane at 3.5 MPa and 293 K was 10.5% wt., which makes it possible to use this adsorbent
for the purpose of methane storage under the condition of a high packing density of the
adsorbent–for example, in the form of monoliths. Theoretical studies of a binary mixture of
methane–ethane (with an ethane content of up to 10 mol.) adsorption were carried out by
the IAST method based on experimental adsorption isotherms of pure components. It is
shown that at a pressure of 3.5 MPa and 293 K, the higher heating value of the accumulated
adsorbate at an ethane concentration of 10% mol. in the gas phase is 8.57 MJ per 1 kg of

108



Nanomaterials 2022, 12, 4066

adsorbent, while in the case of pure methane this heat is 5.84 MJ/kg, 1.47 times less. Thus,
capturing ethane (and other heavy hydrocarbons), for example, from a flowing natural gas
stream can significantly increase the capacity of the adsorption storage, provided that the
accumulated gases can later be recovered.

Numerical molecular modeling of the methane–ethane mixture adsorption in slit-like
model micropores of various widths from 0.6 to 1.8 nm at a temperature of 293 K was carried
out. It is shown that this mixture is characterized by the appearing characteristic molecular
effects: the displacement of ethane by methane molecules from narrow 1.0 nm-wide micro-
pores, as well as the formation of obvious layers of methane and ethane in wide micropores
1.8 nm wide. However, the integral molecular adsorption isotherm of the mixture, which
includes adsorption in pores of various sizes, corresponding to the result of the QSDFT
method, is similar in shape to the adsorption isotherm, determined by the IAST method.
Thus, various molecular effects observed in individual model micropores together result in
the classical adsorption isotherm.

Since the results of numerical molecular modeling showed no contradictions with the
IAST model, this approach was used to simulate the cyclic processes of gas charging and
discharging from a 1 m3 adsorption storage filled with ACPK adsorbent. Three modes
of operation were analyzed: adiabatic, isothermal, and thermocontrolled, which is the
opposite of adiabatic. The results of the study showed that in the adiabatic mode, the
accumulation of ethane can continue up to about 110 cycles, although the accumulation
itself had very little effect on the higher heating value of the gas discharging in the cycle.
To a much greater extent, the thermal effects of adsorption themselves were influential,
reducing the energy capacity by 27–33%. The thermocontrolled process showed significant
efficiency compared to the isothermal one: if on pure methane the advantage in energy
capacity was 9.4%, then at 10% mol. ethane the share advantage increased by 19.5% due to a
more efficient ethane recovery. Thus, thermal management (heating during discharging) of
the adsorption storage is a viable way not only to directly increase the amount of outgoing
gas, but also an effective means of dealing with the accumulation of ethane. The analysis of
the active energy capacity of the adsorption storage in comparison with a conventional gas
one showed that at a relatively high pressure of 7.0 MPa, the capacity of the adsorption
storage is 71% higher in the isothermal mode on pure methane and only 29% higher when
operating on natural gas with a content of 10% mol. ethane. Thus, it is not enough to
evaluate the efficiency of the adsorption storage solely for pure methane; it is necessary to
take into account the actual composition of the gas. At a pressure of 3.5 MPa, the efficiency
of the adsorption storage is significantly higher than that of the conventional gas storage,
especially in the thermocontrolled mode: the active energy capacity is 2.5 times higher at
an ethane concentration in the gas of 10% mol. and three times higher when operating on
pure methane.
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Abstract: Extended line defect (ELD) graphene is a two-dimensional (2D) topologically defective
graphene with alternate octagonal and quadrilateral carbon rings as basic defective units. This paper
reports on the CH4 adsorption properties of ELD graphene according to the first principles of density
functional theory (DFT). The effects on the CH4 adsorption of ELD graphene when modified by a
single Mn atom or two Mn atoms were investigated, respectively. An ELD-42C graphene configura-
tion consisting of 42 C atoms was first constructed. Then, the ELD-42C graphene configuration was
used as a substrate, and a Mn-ELD-42C graphene configuration was obtained by modifying it with a
single Mn atom. The results showed that the most stable adsorption site for Mn atoms was above
the quadrilateral carbon ring. This Mn-ELD-42C graphene configuration could only stably adsorb
up to 30 CH4 molecules on each side, with an average adsorption energy of −0.867 eV/CH4 and an
adsorption capacity of 46.25 wt%. Three 2Mn-ELD-42C graphene configurations were then obtained
by modifying the ELD-42C graphene substrate with two Mn atoms. When the two Mn atoms were
located on either side of a 2Mn-ELD-42C graphene configuration and above the two octagonal carbon
rings adjacent to the same quadrilateral carbon ring, it was able to adsorb up to 40 CH4 molecules on
each side, with an average adsorption energy of −0.862 eV/CH4 and a CH4 adsorption capacity of
51.09 wt%.

Keywords: first principles; graphene; extended line defect; CH4 adsorption; Mn modification

1. Introduction

CH4 is abundant in nature and has a higher energy density than fossil fuels such as
petroleum and coal. It is also a relatively clean fuel, with the lowest rate of CO2 emissions
of all carbonaceous fuels [1,2]. It has therefore been widely recognized as a transitional
resource until alternatives to oil and coal can be found and developed on a large enough
scale [3,4]. As a result, studies on CH4 adsorption and its storage have important practical
significance for energy development and use as well as environmental protection.

Graphene is a new kind of two-dimensional (2D) honeycomb-shaped nanomaterial
characterized by good mechanical properties, good hydrogen storage and a high sensitivity
to as well as adsorption potential for certain types of gases [5]. Zhao et al. [6] found that
pristine graphene has a weak adsorption capacity for CH4, with an average adsorption
energy of −0.227 eV/CH4. Ghanbari et al. [7] found that the adsorption energy could be
improved to −0.166 eV when the graphene was modified with Ag atoms (Ag-G). This
implies that physical absorption occurs between Ag atoms and graphene. Xu et al. [8] used
Ti atoms to modify graphene and found that the modified graphene was most stable when
the Ti atoms were located above the top carbon rings. This had an average adsorption
energy of −0.298 eV/CH4. The United States Department of Energy (DOE) established a
CH4 storage objective for vehicles in 2012, where the goal was to have a CH4 adsorption
capacity of above 50 wt% under standard conditions [9]. Unfortunately, the majority of
CH4 storage materials still fail to meet this requirement.
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Pristine graphene is composed of a single layer of carbon atoms in the form of sp2
hybrid orbits and has a perfect hexagonal carbon ring structure [10]. During its growth,
graphene typically acquires defects such as monovacancy, divacancy, Stone–Wales (SW),
and topological lines [11]. These defects have been proven to be conducive to the adsorption
of CH4. Xiong et al. [12] constructed an extended line defect (ELD) graphene periodically
embedded with quadrilateral and octagonal carbon rings by means of surface synthesis.
ELD graphene is a type of semiconductor with a unique carbon ring structure and special
chemical, electronic and mechanical properties, with a reduced band gap [13]. A large num-
ber of studies have shown that the CH4 adsorption properties of graphene can be further
improved by doping atoms to introduce additional structural modifications. Existing stud-
ies on transition metal (TM)-modified ELD graphene have concentrated on the magnetic
and electronic properties of the configurations after modification. Cheng et al. [14] found
that a single TM atom is preferentially adsorbed at defect sites in ELD graphene where
there is high chemical activity. When modified by TM atoms, an ELD graphene substrate
displays magnetism and spin polarization. Yu et al. [15] investigated the 558-type ELD,
which is composed of a periodic repetition of one octagonal and two pentagonal rings,
embedded in the hexagonal lattice of a graphene sheet. They found that the magnetism
of the TM atom depends on the adsorption sites and the type of the adatoms, which can
be obtained by analyzing the underlying hybridization mechanism between 3d orbitals
of the TM atom and the electronic states of the ELD. Guan et al. [16] calculated defective
graphene nanoribbon and TM adsorption on a line-defective embedded graphene sheet.
The results show that TM atom adsorption on graphene can introduce magnetism and spin
polarization, which is at the ferromagnetic ground state and shows different electronic
properties according to different metals.

Manganese (Mn) is a transition metal, with reserves of about 570 million tons world-
wide, that can be made by aluminothermic reduction of soft manganese ore [17,18]. Man-
ganese is easily oxidized to manganese dioxide [19]. Manganese dioxide is an excellent
adsorbent material due to its large specific surface area and strong electrochemical prop-
erties [20]. Manganese is located in the fourth period of the chemical periodic table in
Group VIIB. The valence electronic configuration of manganese atom is 3d54s2, with more
electrons and empty orbits at the 3d energy level, which helps to enhance chemical bonding
between manganese atoms and other molecules, allowing manganese atoms to adsorb
gaseous molecules more efficiently [21,22]. In the laboratory, potassium permanganate or
manganese dioxide is used as a catalyst to prepare graphene, resulting in the produced
graphene containing a certain number of Mn atoms in its structure [23,24].

This paper presents an analysis of the adsorption properties of ELD graphene for
CH4, working from first principles [25]. It looks at the CH4 adsorption properties of ELD
graphene modified with a single Mn atom or two Mn atoms and calculates the resulting
CH4 adsorption capacity. This study offers theoretical support for the preparation and
industrial application of new CH4 storage materials.

2. Calculation Methods and Models

This paper is based on a first-principles pseudopotential plane-wave (PSPW) method
that comes from density functional theory (DFT) [26,27]. DFT calculations have been ap-
plied successfully to analyze the defective carbon-based graphene-like systems containing
the same type of defects as in this paper, such as carbon-based fullerene-like sulfocar-
bide [28], fullerene-like phosphorus carbide [29] and graphene-like model systems based
on coronene and corannulene molecules [30]. The goal of the study was to investigate
the CH4 adsorption properties of ELD graphene as well as ELD graphene when modi-
fied by a single Mn atom or two Mn atoms at an atomic level by using the Cambridge
Sequential Total Energy Package (CASTEP) module in the Materials Studio software [31].
Perdew–Burke–Ernzerhof (PBE) and generalized gradient approximation (GGA) function-
als were selected for the calculations [32], and the interaction between electrons and ions
was approximately calculated using OTFG ultrasoft. If the adsorption energy calculated by
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the GGA functional is weak, the adsorption energy can be corrected by means of a DFT
dispersion correction (van der Waals) functional (namely DFT-D) [33]. The convergence
criteria to optimize the calculations for atoms within the objects of study were set as follows:
a maximum stress of 0.05 eV/Å; a maximum displacement of 0.002 Å; a convergence energy
of 2.0 × 10−5 eV/atom; and a self-consistent field (SCF tolerance) convergence threshold of
2.0 × 10−6 eV/atom. To ensure the calculation accuracy and reduce the calculation cost,
the truncation energy was set at 450 eV, the K-point sampling was set at 5 × 5 × 1, and
the objects of study were integrated in a Brillouin zone with Monkhorst–Pack grids [34,35].
The periodic boundary conditions to be met for the calculation of ELD graphene unit cells
and the vacuum layer were set at 30 Å to avoid mutual interference between layers.

An ELD-42C graphene configuration consisting of 42 C atoms was constructed using
graphene unit cells, with a main body that was composed of continuous quadrilateral,
hexagonal and octagonal carbon rings. Its geometrical configuration after structural op-
timization is shown in Figure 1. The length of all the C-C bonds that constitute pristine
graphene is 1.42 Å. According to an analysis of the ELD-42C graphene configuration after
optimization, the lengths of the three C-C bonds that constituted the octagonal carbon
rings were 1.48 Å, 1.39 Å and 1.41 Å, respectively. For the two C-C bonds that constituted
the quadrilateral carbon rings, the lengths were 1.39 Å and 1.47 Å, respectively. In com-
parison to pristine graphene, some of the C-C bonds (1.39 Å and 1.41 Å) of the ELD-42C
graphene configuration were slightly compressed, and some (1.48 Å and 1.47 Å) were
slightly stretched. This is consistent with the experimental results in Liu et al. [36] and
Zhao et al. [37] and coincides closely with the simulation results in Ding et al. [38]. This
confirms the validity of the ELD-42C graphene configuration design.
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Figure 1. ELD-42C graphene configuration after structural optimization (the gray balls represent
carbon atoms). H1, H2 and H3 indicate the hole sites; T1 stands for the top site; and B1 as well as B2
refer to the bridge sites.

For the iMn-ELD-42C graphene configurations obtained after modification by the Mn
atoms, the binding energy, EbiMn

, and average binding energy, Eb iMn , of the Mn atoms can
be defined as follows:

EbiMn
= EiMn−ELD−42C − (EELD−42C + EiMn) (1)

EbiMn
= [EiMn−ELD−42C − EELD−42C − EiMn]/i (2)

where i indicates the number of Mn atoms for modification; EiMn−ELD−42C refers to the
total energy of the iMn-ELD-42C graphene configurations; EELD−42C stands for the total
energy of the ELD-42C graphene configurations; and EiMn represents the total energy of
the i-free Mn atom(s).

For the CH4 molecules in the jCH4↔iMn-ELD-42C graphene adsorption configura-
tions, the binding energy, Ead, average binding energy, Ead, and PBW by percentage of
weight can be defined as follows:

Ead = EjCH4↔iMn−ELD−42C − E(j−1)CH4↔iMn−ELD−42C − ECH4 (3)
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Ead = [EjCH4↔iMn−ELD−42C − EiMn−ELD−42C − jECH4 ]/j (4)

where j indicates the number of CH4 molecule(s) adsorbed; EjCH4↔iMn−ELD−42C refers to the
total energy of the jCH4↔iMn-ELD-42C graphene adsorption configurations;
E(j−1)CH4↔iMn−ELD−42C stands for the total energy of the (j − 1)CH4↔iMn-ELD-42C
graphene adsorption configurations; jECH4 represents the total energy of the j-free CH4
molecule(s); and Mr(CH4)

, Mr(Mn) and Mr(ELD) represent the weight of each CH4 molecule,
each Mn atom and the ELD system, respectively.

3. Results and Discussion
3.1. CH4 Adsorption in the ELD-42C Graphene Configuration

Six typical CH4 adsorption sites were selected to be studied on account of the symmetry
of the geometric structure of the ELD-42C graphene configuration, as shown in Figure 1. H
indicates a hole in a carbon ring, with H1, H2 and H3 representing the centroid sites of the
hexagonal, quadrilateral and octagonal carbon rings, respectively. T1 stands for the top site
of a C atom and B refers to the bridge site of a C-C bond, with B1 indicating the bridge sites
in the hexagonal carbon rings and B2 representing the bridge sites in the defective rings
(i.e., the quadrilateral and octagonal carbon rings). There were three adsorption forms
for CH4 molecules adsorbed on the ELD-42C graphene configuration according to the
orientations of the four H atoms of the CH4 molecules relative to the plane of the ELD-42C
graphene configuration, as shown in Figure 2. Adsorption properties are affected by the
adsorption sites for CH4 molecules on the graphene, not the orientation of H atoms in the
CH4 molecules [39]. Therefore, the CH4 adsorption form with three H atoms orientated
to the plane of the ELD-42C graphene configuration (Figure 2c) was selected to study the
adsorption properties at different sites. The CH4 adsorption energy, Ead; vertical distance,
d, between the C atoms in the CH4 molecules and the plane of the ELD-42C graphene
configuration; and bond angle, ∠H-C-H, between the C atoms and the H atoms in the CH4
molecules were calculated for a CH4 molecule adsorbed at the six typical adsorption sites
of the ELD-42C graphene configuration. The results are shown in Table 1.
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Figure 2. Three adsorption forms of CH4 molecules in relation to the ELD-42C graphene configuration.
(a–c) indicate that 1, 2 or 3 H atom(s) in the CH4 molecule are oriented to the plane of the ELD-42C
graphene configuration, respectively.

Table 1. Adsorption energy, Ead, of the CH4↔ELD-42C graphene adsorption configuration; vertical
distance, d, between the C atoms in the CH4 molecules and the plane of the ELD-42C graphene
configuration; and bond angle, ∠H-C-H, between the C atoms and H atoms in the CH4 molecules.

The Absorption Point of CH4 Ead (eV) d (Å) ∠H-C-H (◦)

H1 −0.824 3.291 109.507
H2 −0.833 3.222 109.878
H3 −0.847 3.081 109.551
T1 −0.835 3.278 109.554
B1 −0.832 3.251 109.811
B2 −0.830 3.251 109.560

Table 1 shows the adsorption energy released, Ead, after one CH4 molecule was
adsorbed at the six adsorption sites in the ELD-42C graphene configuration. The larger its
absolute value, the more energy released and the more stable the corresponding CH4↔
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ELD-42C graphene adsorption configuration. It can be seen that the largest absolute value
(−0.847 eV) was at H3, indicating that the ELD-42C graphene configuration was at its most
stable at H3 when adsorbing CH4 molecules, compared with the other five adsorption
sites. Thus, the CH4 molecules tended to stay above the octagonal carbon ring, as shown in
Figure 3. For free CH4 molecules, the length of bonds between the C and H atoms is 1.110 Å,
and the bond angle is 109.381◦. According to [40], the adsorption height of gas molecules is
about three times their bond length, so the adsorption height of the CH4 molecules was
preset as 3.28 Å. After structural optimization, the vertical distance, d, between the CH4
molecules at the six adsorption sites and the plane of the ELD-42C graphene configuration
was analyzed. It was found that the difference between the stable adsorption height
and the preset adsorption height was between 0.002 Å and 0.199 Å, indicating that the
preset adsorption height was reasonable. The bond angle between the C and H atoms
was close to that of CH4 molecules adsorbed by the ELD-42C graphene configuration in
their free state [41,42], so the adsorption for CH4 on the ELD-42C graphene configuration
was physical.

Nanomaterials 2022, 12, x FOR PEER REVIEW 5 of 20 

Table 1. Adsorption energy, adE , of the CH4↔ ELD-42C graphene adsorption configuration; ver-
tical distance, d, between the C atoms in the CH4 molecules and the plane of the ELD-42C graphene 
configuration; and bond angle, ∠H-C-H, between the C atoms and H atoms in the CH4 molecules. 

The Absorption Point of CH4 adE  (eV) d  (Å) ∠H-C-H (°) 
H1 −0.824 3.291 109.507
H2 −0.833 3.222 109.878
H3 −0.847 3.081 109.551
T1 −0.835 3.278 109.554
B1 −0.832 3.251 109.811
B2 −0.830 3.251 109.560

Table 1 shows the adsorption energy released, adE , after one CH4 molecule was
adsorbed at the six adsorption sites in the ELD-42C graphene configuration. The larger its 
absolute value, the more energy released and the more stable the corresponding CH4↔ ELD-42C graphene adsorption configuration. It can be seen that the largest absolute value 
(−0.847 eV) was at H3, indicating that the ELD-42C graphene configuration was at its most 
stable at H3 when adsorbing CH4 molecules, compared with the other five adsorption 
sites. Thus, the CH4 molecules tended to stay above the octagonal carbon ring, as shown 
in Figure 3. For free CH4 molecules, the length of bonds between the C and H atoms is 
1.110 Å, and the bond angle is 109.381°. According to [40], the adsorption height of gas 
molecules is about three times their bond length, so the adsorption height of the CH4 mol-
ecules was preset as 3.28 Å. After structural optimization, the vertical distance, d, between 
the CH4 molecules at the six adsorption sites and the plane of the ELD-42C graphene con-
figuration was analyzed. It was found that the difference between the stable adsorption 
height and the preset adsorption height was between 0.002 Å and 0.199 Å, indicating that 
the preset adsorption height was reasonable. The bond angle between the C and H atoms 
was close to that of CH4 molecules adsorbed by the ELD-42C graphene configuration in 
their free state [41,42], so the adsorption for CH4 on the ELD-42C graphene configuration 
was physical. 

         (a) (b) 

Figure 3. CH4↔ ELD-42C graphene adsorption configuration with 1 CH4 molecule being adsorbed 
at H3 (gray balls represent carbon atoms, and white balls represent hydrogen atoms). (a) Front view; 
(b) top view.
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at H3. They were then adsorbed at T1 after being fully adsorbed at H3. The ELD-42C gra-
phene configuration could stably adsorb 26 CH4 molecules at most on each side, with an 
average adsorption energy of −0.842 eV/CH4 and an adsorption configuration similar to 
the one shown in Figure 4. According to the technical standards for natural gas adsorption 
systems issued by the DOE [43], the adsorption capacity of CH4 storage materials should 
not be less than 50 wt%. For 26CH4↔ELD-42C graphene adsorption configurations, the 

Figure 3. CH4↔ELD-42C graphene adsorption configuration with 1 CH4 molecule being adsorbed
at H3 (gray balls represent carbon atoms, and white balls represent hydrogen atoms). (a) Front view;
(b) top view.

CH4 molecules were preferentially adsorbed by the ELD-42C graphene configuration
at H3. They were then adsorbed at T1 after being fully adsorbed at H3. The ELD-42C
graphene configuration could stably adsorb 26 CH4 molecules at most on each side, with an
average adsorption energy of −0.842 eV/CH4 and an adsorption configuration similar to
the one shown in Figure 4. According to the technical standards for natural gas adsorption
systems issued by the DOE [43], the adsorption capacity of CH4 storage materials should not
be less than 50 wt%. For 26CH4↔ELD-42C graphene adsorption configurations, the CH4
adsorption capacity was 45.26 wt%, which is lower than the technical standard; therefore,
the ELD-42C graphene configuration was still not suitable for practical applications.
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3.2. CH4 Adsorption in the Mn-ELD-42C Graphene Configuration
3.2.1. Modification of the ELD-42C Graphene Configuration by a Single Mn Atom

Jia et al. [2] found that pristine graphene doped with heteroatoms or pristine graphene
with structural defects is significantly better able to adsorb gas molecules. Xu et al. [44]
believed that the adsorption properties of graphene for gas molecules can be best improved
by modifying graphene with alkali metals, alkaline earth metals and TM. Mn is an important
TM element that is widely distributed throughout the Earth’s crust. Its valence electron
configuration is 3d54s2, and chemical bonds can be easily formed between Mn and carbon
atoms [45–47]. Due to its weak adsorption properties for CH4 molecules, the ELD-42C
graphene configuration was modified with TM Mn atoms to construct iMn-ELD-42C
graphene configurations (where i indicates the number of Mn atoms, i = 1, 2). Their
adsorption properties for CH4 were then studied.

When the ELD-42C graphene configuration was modified by a single Mn atom, there
were six optional adsorption sites for the Mn atoms: the hole sites, H1, H2 and H3; the
bridge sites, B1 and B2; and the top site, T1 (see Figure 1). A single Mn atom, respectively
placed at T1, B1 and B2 during the construction of the Mn-ELD-42C configurations, always
moved to the top of the adjacent carbon ring under the action of the chemical bonds as
the structure was optimized. This is in line with the optimal adsorption site of TM atoms
determined by Zhao et al. [6] and Liu et al. [48]. The adsorption characteristics of the Mn
atoms at H1, H2 and H3 were calculated, and the results are given in Table 2.

Table 2. Adsorption characteristics of a single Mn atom at H1, H2 and H3 on Mn-ELD-42C
graphene configurations.

The Absorption Point of
a Single Mn Atom

EbMn (eV)
Distance (Å)

∆ρ (e)
BL1 BL2 BL3 BL4

H1 −2.922 2.037 2.037 2.104 2.105 0.29
H2 −3.453 2.967 2.974 2.974 2.981 0.39
H3 −3.218 2.113 2.128 2.430 2.431 0.33

In the table, EbMn(eV) indicates the binding energy of a single Mn atom; BL1, BL2,
BL3 and BL4, respectively, refer to the length of the bonds between the Mn atoms and C
atoms; and ∆ρ(e) represents the charge transfer between the Mn atoms and the ELD-42C
graphene configuration. It can be seen from Table 2 that the binding energy of a single
Mn atom was different at H1, H2 and H3. At H2 it was −3.453 eV. This was the largest
absolute value out of the three hole sites. The binding energy of a single Mn atom at H1
was −2.922 eV, which was the smallest absolute value. These results indicated that Mn
atoms adsorbed above H2 were the most stable, while Mn atoms adsorbed above H1 were
the least stable. During modification, four Mn-C chemical bonds were formed between
the Mn atoms and the four carbon atoms at H2, with lengths of 2.967 Å, 2.974 Å, 2.974 Å
and 2.981 Å, respectively. This suggests that most of the Mn atoms were adsorbed on the
central axis of H2. The charge transferred from the Mn atoms to the ELD-42C graphene
configuration was 0.33 e at H3 and 0.29 e at H1. Therefore, the interaction between the
ELD-42C graphene configuration and Mn atoms adsorbed at H1 and H3 was weaker than
it was at H2. The most stable Mn-ELD-42C graphene system configuration (Figure 5) was
therefore obtained via structural optimization after it had been modified by a single Mn
atom at H2.

The Mulliken layout of the Mn-ELD-42C graphene configuration before and after
adsorbing a single CH4 molecule was analyzed. It was found that the charge transferred
from the Mn atoms to the ELD-42C graphene configuration was 0.69 e, indicating a strong
electrostatic effect between the two. The partial density of states (PDOS) for the Mn-ELD-
42C graphene configuration is shown in Figure 6 (partial). There were resonance peaks
between the d orbit of the Mn atoms and the p orbit of the C atoms within the range of
−1.958 to −1.381 eV, confirming that there was interaction between the two orbits. As a
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result, the valence band of the Mn-ELD-42C graphene configuration largely derives from
the interaction between the d orbit of the Mn atoms and the p orbit of the C atoms. This is
similar to the results obtained by Wu et al. [49] and Zhao et al. [37], who modified graphene
substrates by using TM atoms as a doping agent. As extra electrons were provided to
the ELD-42C graphene configuration by the Mn atoms, the overall conduction band of
the configuration moved to the Fermi level, where the conduction band intersected with
the valence band and endowed the Mn-ELD-42C graphene configuration with typical
metallic-phase characteristics.
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Figure 6. PDOS diagram of the Mn-ELD-42C graphene system (partial).

3.2.2. Adsorption of CH4 by the Mn-ELD-42C Graphene Configuration

DFT was used to study the CH4 adsorption capacity of the Mn-ELD-42C graphene con-
figuration by adding CH4 molecules to one side. A stable CH4↔Mn-ELD-42C adsorption
configuration (Figure 7a) was obtained after the Mn-ELD-42C graphene configuration with
the first adsorbed CH4 molecule had been optimized. The first CH4 molecule was located
above the Mn atom, proving that this was where the adsorption energy was the largest.
The adsorption energy of this configuration was −1.717 eV, which is larger than that of the
ELD-42C graphene configuration for CH4 molecules (−0.847 eV), of Li-modified carbon
nanotubes for CH4 (−0.464 eV) [50] and of Pt-modified graphene for CH4 (−0.488 eV) [51].
Apparently, modifying the ELD-42C graphene configuration with a single Mn atom im-
proved its adsorption properties for CH4 molecules. A 2CH4↔Mn-ELD-42C adsorption
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configuration was obtained after a second CH4 molecule had been added (Figure 7b). Here,
both the first and the second CH4 molecules were located above the Mn atoms and close to
the Mn-ELD-42C graphene configuration. The combined action of the mutual repulsion
of the CH4 molecules and their adsorption by the Mn-ELD-42C graphene configuration
enabled a third CH4 molecule to be adsorbed above the hexagonal carbon ring that was
close to the Mn atoms (Figure 7c). A fourth CH4 molecule was adsorbed at T1 above the
C atoms (Figure 7d), and a fifth above the octagonal carbon ring (Figure 7e). Limited by
the adsorption space, the repulsive force between the molecules gradually increased as
more CH4 molecules were adsorbed. The adsorption configuration began to arc when
an eighth molecule was adsorbed (Figure 7f), and there was a stratification phenomenon
when the ninth molecule was adsorbed (Figure 7g). Due to their layered adsorption, the
distances between the 9th–16th CH4 molecules and the Mn atom became larger, and the
adsorption energy was reduced. The 16th CH4 molecule was nowhere near the Mn atom
and was the most distant from the Mn-ELD-42C graphene configuration. It also had the
lowest adsorption energy (−0.755 eV). When a 17th CH4 molecule was placed on one side
of the configuration, the calculated adsorption energy became positive, indicating that the
gas molecule had not been adsorbed. This proved that the Mn-ELD-42C graphene config-
uration could only stably adsorb up to 16 CH4 molecules on each side. The geometrical
configuration is shown in Figure 7h.
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Figure 7. jCH4↔Mn-ELD-42C adsorption configurations (j = 1, 2, . . . , 16). Figures (a–h) respec-
tively demonstrate the Mn-ELD-42C graphene configurations for 1–16 CH4 molecule(s) adsorbed on
one side.

Table 3 shows the average adsorption energy, Ead, and the adsorption energy, Ead, of the
jCH4↔Mn-ELD-42C↔jCH4 adsorption configuration for CH4 adsorption on one side and
both sides; the distance, dCH4−S, between the CH4 molecules and the plane of the Mn-ELD-
42C graphene configuration; the distance, dCH4−Mn, between the CH4 molecules and the
Mn atoms; and the adsorption capacity (PBW) of the Mn-ELD-42C graphene configuration
for CH4 in the jCH4↔Mn-ELD-42C↔jCH4 adsorption configuration. Analysis of these
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data reveals that the absolute value of the average adsorption energy, Ead, of the CH4
gradually decreased as j, the number of CH4 molecules adsorbed, increased. The adsorption
energy, Ead, of 16 CH4 molecules adsorbed on one side was compared. When the gas
molecules were not stratified (the first–eighth molecules), the first, third, and seventh CH4
molecules presented a higher adsorption energy than the other CH4 molecules because
their adsorption sites were close to Mn atoms and their distance from the plane of the
graphene configuration was relatively small. When the gas molecules were stratified (the
ninth–sixteenth molecules), the interaction between the CH4 and Mn steadily decreased as
the distance between them increased, leading to reduced adsorption properties.

Table 3. Adsorption energy and related parameters for CH4 molecules in the Mn-ELD-42C
graphene configuration.

Number of CH4 Molecules Ead (eV/CH4) Ead (eV) dCH4−S (Å) dCH4−Mn (Å) PBW (wt%)

1 −1.717 −1.717 3.824 1.967 2.79
2 −1.289 −0.862 3.789 3.614 5.43
3 −1.177 −0.953 3.590 4.483 7.92
4 −1.103 −0.879 4.100 4.956 10.29
5 −1.047 −0.824 3.551 7.299 12.54
6 −1.022 −0.897 3.448 7.293 14.68
7 −1.018 −0.978 3.397 3.928 16.72
8 −0.995 −0.832 4.840 5.319 18.66
9 −0.971 −0.775 7.176 5.724 20.52
10 −0.956 −0.825 7.156 5.777 22.29
11 −0.943 −0.810 7.329 5.612 23.98
12 −0.927 −0.755 7.460 8.228 25.60
13 −0.918 −0.806 7.831 9.377 27.16
14 −0.913 −0.856 8.035 7.837 28.65
15 −0.907 −0.816 9.132 7.743 30.08
16 −0.897 −0.755 11.550 10.780 31.46
30 −0.867 46.25

The above results indicate that the adsorption properties of a Mn-ELD-42C graphene
configuration are affected by Mn atom modification and that this can play an important
role in CH4 adsorption. The adsorption energy was also affected by the distance between
the CH4 molecules and the plane of the graphene configuration. The adsorption distance,
dCH4−S, between the 16th CH4 molecule and the Mn-ELD-42C graphene configuration was
11.550 Å, which was the largest out of the 16 CH4 molecules. At this point, both the average
adsorption energy, Ead, and the adsorption energy, Ead, of the configuration were at their
lowest (−0.897 eV/CH4 and −0.755 eV, respectively).

Up to 16 CH4 molecules could be stably adsorbed on one side of the Mn-ELD-42C
graphene configuration, with an average adsorption energy of −0.897 eV/CH4. On this
basis, it can be calculated that the Mn-ELD-42C graphene configuration is able to stably
adsorb up to 14 CH4 molecules on the other side, making a total of 30 CH4 molecules
overall (Figure 8), with an average adsorption energy of −0.867 eV/CH4 and an adsorption
capacity of 46.25 wt%. This is much closer to the proposed DOE standard (50 wt%) [9]. The
adsorption capacity of the Mn-ELD-42C graphene configuration was 1.02 times that of the
basic ELD-42C graphene configuration (45.26 wt%). This makes it clear that the adsorption
capacity for CH4 molecules can be effectively improved by the modification of Mn atoms.

Table 4 gives the Mulliken layout of the Mn-ELD-42C graphene configuration before
and after adsorbing one CH4 molecule, where H1, H2, H3 and H4 stand for the H atoms
and C represents the C atom of the CH4 molecule. For the CH4 molecule adsorbed above
the Mn atom, H1, H2 and H3 faced the plane of the Mn-ELD-42C graphene configuration,
while H4 faced away from it (Figure 6a). The charge for H4 was 0.27 e before the CH4
molecule was adsorbed and 0.36 e after the CH4 molecule was adsorbed, with 0.09 e of
charge having been lost. For free CH4 molecules, the C atom is negatively charged, and
the four peripheral H atoms are positively charged. This results in a strong repulsive
force between CH4 molecules, making it difficult for multiple CH4 molecules to gather
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at the same adsorption site. For the Mn-ELD-42C graphene configuration, the ELD-42C
graphene substrate was negatively charged, allowing the positively charged CH4 molecules
on the outer surface to be adsorbed more easily via electrostatic interaction. In the CH4
molecules adsorbed on the Mn-ELD-42C graphene configuration, both H1 and H2 lost their
partial positive charge because they received equal numbers of electrons. This reduced
the surface area of the positively charged CH4 molecule, weakening the repulsive force
between the CH4 molecules. In addition, before and after a single CH4 molecule had been
adsorbed by the Mn-ELD-42C graphene configuration, a relatively large charge transfer
occurred with the Mn atoms, with 0.29 e of charge being lost. When CH4 molecules were
adsorbed, the electrons of the Mn atoms were transferred to the CH4 molecules; therefore,
a strong Coulomb force was produced between the two, creating favorable conditions for
CH4 adsorption.
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Table 4. Mulliken layout of the Mn-ELD-42C graphene configuration before and after adsorbing a
single CH4 molecule.

Before Adsorption (e) After Adsorption (e)

Atom s p d Charge s p d Charge

H1 0.73 0.27 0.87 0.13
H2 0.73 0.27 0.87 0.13
H3 0.73 0.27 0.72 0.28
H4 0.73 0.27 0.64 0.36
C 1.51 3.59 −1.10 1.49 3.61 −1.09

C1 1.03 3.00 −0.03 1.05 3.03 −0.08
C2 1.03 3.00 −0.04 1.05 3.03 −0.09
C3 1.05 3.03 −0.09 1.05 3.04 −0.10
C4 1.05 3.04 −0.09 1.05 3.04 −0.10
Mn 2.00 6.00 6.21 0.69 2.01 6.00 6.13 0.98
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Figure 9 illustrates the charge density difference for the CH4↔Mn-ELD-42C adsorp-
tion configuration. This directly reveals the charge transfer between the Mn atoms and
CH4 molecules. The blue elements are the electron gain zone, where the CH4 molecules
obtained electrons, and the yellow elements are the electron loss zone, where the Mn atoms
lost electrons. As the large charge transfer between the Mn atoms and CH4 molecules
produced a Coulomb force between them, the Mn atoms had a significant effect on CH4
adsorption. This is consistent with the analysis of the Mulliken layout in Table 4.
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Figure 9. Charge density difference for the CH4↔Mn-ELD-42C adsorption configuration. (a) Front
view; (b) top view.

The interaction between the Mn-ELD-42C graphene configuration and CH4 molecules
was also analyzed in terms of the PDOS of the CH4 molecules. Figure 10a shows the
PDOS of the CH4↔Mn-ELD-42C adsorption configuration after adsorbing a single CH4
molecule. The density of states (DOS) peak of the Mn atoms increased from 4.031 eV (before
adsorption, as shown in Figure 6) to 4.763 eV (after adsorption), and the energy range
enlarged from (−4.107, 1.547 eV) before adsorption to (−4.341, 1.637 eV) after adsorption.
As a consequence, the CH4 adsorption enhanced the interaction between the Mn atoms
and the Mn-ELD-42C graphene configuration, which is in accord with the analysis of the
Mulliken layout in Table 4. After a single CH4 molecule had been adsorbed, the DOS
valence band peak of the CH4↔Mn-ELD-42C adsorption configuration improved because
of the hybridization between the 3d orbit of the Mn atoms and the 1s orbit of the H atoms.
The DOS of the C atom in the Mn-ELD-42C graphene configuration also changed slightly.
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Figure 10. PDOS of the CH4 molecules in the jCH4↔Mn-ELD-42C adsorption configuration.
(a) For the CH4↔Mn-ELD-42C adsorption configuration; (b) for the (1–8)CH4↔Mn-ELD-42C
adsorption configurations.

Figure 10b was used to analyze the interaction between the d orbit of the Mn atoms,
the s orbit of the H atoms and the p orbit of the C atom on the eight unstratified CH4
molecules adsorbed on one side of the Mn-ELD-42C graphene configuration. It can be seen
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that the s orbit of the H atoms of the first CH4 molecule overlapped with the 3d orbit of the
Mn atoms near −16.0 eV and −8.0 eV. This suggests that there is an interaction between the
first CH4 molecule and the Mn atoms. Compared with the first CH4 molecule, the 1s orbit
of the second CH4 molecule had shifted to the right, indicating that the interaction between
the second CH4 molecule and the Mn atoms had weakened, making the adsorption energy
of the second CH4 molecule smaller than that of the first CH4 molecule. The displacement
of the PDOS peak for the CH4 molecules correlated with changes in the adsorption energy,
with the PDOS peak moving to the left when the adsorption energy increased and to the
right when the adsorption energy reduced. As the number of CH4 molecules adsorbed
increased, the PDOS peak reduced and moved to the right, showing that the interaction
between the CH4 molecules and Mn atoms was gradually weakening. In the interval
[−6.989, −4.893 eV], the PDOS peak of the eighth CH4 molecule was significantly lower
than that of the other seven CH4 molecules, indicating that the interaction between the 1s
orbit of the H atoms of the eight CH4 molecule and the 3d orbit of the Mn atoms was the
weakest. This is consistent with the gradual decrease in the average adsorption energy
when the CH4 molecules were adsorbed by the Mn-ELD-42C graphene configuration.

3.3. CH4 Adsorption in the 2Mn-ELD-42C Graphene Configuration
3.3.1. Modification of the ELD-42C Graphene Configuration by Two Mn Atoms

To further study the effect of Mn modification on the CH4 storage properties of the
ELD-42C graphene configuration, the ELD-42C graphene configuration was modified
by two Mn atoms. This enabled three stable structures (Figure 11) to be obtained after
optimization, with their structural symmetry being taken into account. In Figure 11a, the
two Mn atoms were located on the same side of the ELD-42C graphene configuration.
This made it difficult to increase the adsorption capacity for CH4 molecules because of
the limited adsorption space. As each modifying Mn atom forms an active adsorption
site, the adsorption capacity for CH4 can be increased more effectively by placing the two
Mn atoms on either side of the ELD-42C graphene configuration. Figure 11b shows the
two Mn atoms placed on either side of the same quadrilateral carbon ring of the ELD-42C
graphene configuration, with an average binding energy of −2.816 eV. In Figure 11c, the
two Mn atoms were placed on either side of two quadrilateral carbon rings separated by
an octagonal carbon ring, with an average binding energy of −3.451 eV. This was slightly
lower than the graphene configuration shown in Figure 11a (−3.556 eV) but produced a
more stable structure. In the structure shown in Figure 11c, the binding energy of the first
atom (−3.453 eV) was close to that of the second Mn atom (−3.449 eV), proving that the
interaction between the two Mn atoms differed to a lesser degree. On the basis of this
analysis, the 2Mn-ELD-42C graphene configuration shown in Figure 11c was selected for
the study of its CH4 adsorption properties.
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balls represent Mn atoms). (a) The two Mn atoms were located on the same side of the ELD-42C
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graphene configuration; (b) the two Mn atoms were placed on either side of the same quadrilateral
carbon ring of the ELD-42C graphene configuration; (c) the two Mn atoms were placed on either side
of two quadrilateral carbon rings separated by an octagonal carbon ring.

3.3.2. Adsorption of CH4 by the 2Mn-ELD-42C Graphene Configuration

Twenty CH4 molecules at most could be stably adsorbed on one side of the 2Mn-
ELD-42C graphene configuration. The jCH4↔2Mn-ELD-42C adsorption configuration
(j = 1, 2, . . . , 20) after optimization is shown in Figure 12. When the ninth CH4 molecule
was adsorbed by the 2Mn-ELD-42C graphene configuration, stratification occurred due
to the repulsion between the positively charged surfaces of the CH4 molecules and the
limited adsorption space near the Mn atoms (Figure 7e). In other words, the preceding
eight CH4 molecules were adsorbed in the first layer (Figure 7a–d), near the Mn atoms. This
was similar to the monolayer gas adsorption by the Mn-ELD-42C graphene configuration
modified by a single Mn atom. When the second Mn atom was added, the increased CH4
adsorption sites made the interaction between the Mn atoms and CH4 molecules exceed
the mutual repulsion between the CH4 molecules, so five CH4 molecules were able to be
adsorbed in the third layer. As noted above, the 2Mn-ELD-42C graphene configuration
could stably adsorb twenty CH4 molecules at most on a single side, with the adsorption
substrate of the optimized 20CH4↔2Mn-ELD-42C adsorption configuration forming an arc
(Figure 7h). Clearly, the 2Mn-ELD-42C graphene configuration obtained after the second
Mn atom was added improved the CH4 adsorption capacity of the substrate and increased
the number of adsorption sites, effectively remedying the issue with the Mn-ELD-42C
graphene configuration when adsorbing CH4 molecules at a greater distance from the
Mn atoms.
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Table 5 gives the average adsorption energy, Ead, and the adsorption energy, Ead, of
the jCH4↔2Mn-ELD-42C adsorption configuration for CH4 adsorption on one side and
on both sides; the distance, dCH4−S, between the CH4 molecules and the 2Mn-ELD-42C
graphene configuration; the distance, dCH4−Mn, between the CH4 molecules and Mn atoms;
and the CH4 adsorption capacity (PBW) of the 2Mn-ELD-42C graphene configuration. It
can be seen that the absolute value of the average adsorption energy decreased with an
increase in j, the number of adsorbed CH4 molecules. Comparing the adsorption energy,
Ead, of the eight CH4 molecules adsorbed on one side and in a single layer, the first and
fourth CH4 molecules were closer to the Mn atoms and had smaller adsorption distances
from the plane of the graphene configuration, so there was a higher adsorption energy.
The adsorption distance between the 20th CH4 molecule and the 2Mn-ELD-42C graphene
configuration was the largest out of the 20 CH4 molecules (11.600 Å), with the average
adsorption energy, Ead, and adsorption energy, Ead, also being the smallest (−0.868 eV/CH4
and −0.726 eV, respectively). Layered adsorption occurred when the CH4 molecules were
adsorbed by the 2Mn-ELD-42C graphene configuration, causing the 20th CH4 molecule to
be the farthest away from Mn atoms; there was repulsion between the positively charged
surfaces of the CH4 molecules, making the adsorption energy the lowest. When a 21st CH4
molecule was placed on one side of the configuration, the calculated adsorption energy
became positive, indicating that the gas molecule had not been adsorbed.

Table 5. Adsorption energy and related parameters for CH4 molecules in the 2Mn-ELD-42C
graphene configuration.

Number of CH4 Molecules Ead (eV/CH4) Ead (eV) dCH4−S (Å) dCH4−Mn (Å) PBW (wt%)

1 −1.726 −1.726 3.789 1.943 2.55
2 −1.296 −0.866 3.828 4.045 4.96
3 −1.149 −0.855 3.590 4.406 7.27
4 −1.105 −0.974 3.483 3.996 9.46
5 −1.058 −0.869 4.196 7.647 11.55
6 −1.030 −0.891 3.937 4.558 13.55
7 −1.015 −0.926 3.379 7.596 15.46
8 −0.993 −0.835 4.498 5.836 17.28
9 −0.967 −0.760 7.187 5.871 19.03
10 −0.950 −0.796 7.167 5.827 20.71
11 −0.936 −0.797 7.385 6.282 22.32
12 −0.926 −0.814 7.574 6.176 23.86
13 −0.917 −0.806 7.885 9.321 25.35
14 −0.909 −0.813 7.931 8.754 26.77
15 −0.900 −0.777 9.242 11.033 28.15
16 −0.889 −0.727 11.369 9.523 29.47
17 −0.882 −0.756 11.336 9.868 30.75
18 −0.875 −0.769 11.578 10.493 31.98
19 −0.871 −0.787 11.450 10.427 33.16
20 −0.868 −0.726 11.600 11.992 34.31
40 −0.862 51.09

Up to 40 CH4 molecules could be stably adsorbed on both sides of the 2Mn-ELD-42C
graphene configuration (see Figure 13), with an average adsorption energy of−0.862 eV/CH4
and an adsorption capacity of 51.09 wt%. Note that, although the average adsorption energy
of the 2Mn-ELD-42C graphene configuration (−0.862 eV/CH4) was close to that of the
Mn-ELD-42C graphene configuration (−0.867 eV/CH4), the CH4 adsorption capacity of the
2Mn-ELD-42C graphene configuration (51.09 wt%) was 1.11 times that of the Mn-ELD-42C
graphene configuration.

Although the CH4 adsorption capacity of the 2Mn-ELD-42C graphene configuration
is lower than some references, as tabulated in Table 6, it goes beyond the specified DOE
standard (50 wt%), proving that 2Mn-ELD-42C graphene configurations may offer good
opportunities for industrial development and are worth further research and development
in the future.
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Table 6. Comparison of CH4 adsorption capacity on various carbonaceous structure.

Adsorption Structure Modified Elements Temp; Pressure PBW (wt%) Interpretation Ref.

2Mn-ELD-42C Mn - 51.09 ELD: Extended line defect This work

2Ti-GDY Ti - 55.24 GDY: graphdiyne [44]

CNT-PG - 298 k; 40 bar 44.70 CNT-PG: carbon
nanotube-porous graphene [52]

SWNT - 303 k; 3.55 MPa 19.80 SWNT: single-walled
carbon nanotubes [53]

2Ti-GY Ti - 48.40 GY: graphyne [8]

2Mn-GR Mn - 32.93 GR: graphene [6]

2Mn-N-GDY Mn, N - 58.50 GDY: graphdiyne [54]

Ti-GDY Ti - 63.54 Co-mixing H2 and CH4 [55]

GRHA/ACNF - 298 k; 12 bar 66.40
GRHA: graphene-derived

rice husk ashes; ACNF:
activated carbonNanofibers

[56]

4. Conclusions

This paper explored the CH4 adsorption properties of ELD-42C, Mn-ELD-42C and
2Mn-ELD-42C graphene configurations using DFT to work from first principles. The study
results showed that the CH4 adsorption of a basic ELD-42C graphene configuration is weak.
Here, the average adsorption energy was−0.842 eV/CH4, and the CH4 adsorption capacity
was 45.26 wt%. Sixteen CH4 molecules could be stably adsorbed on the Mn-doped side of
the Mn-ELD-42C graphene configuration, and fourteen on the other side, with an average
adsorption energy of −0.867 eV/CH4 and an adsorption capacity of 46.25 wt%. Thus,
the CH4 adsorption capacity of Mn-ELD-42C graphene configurations can be effectively
enhanced by modification with a single Mn atom. This configuration further improved
the CH4 adsorption and increased the number of adsorption sites, with it being able to
stably adsorb up to 40 CH4 molecules across the two sides, with an average adsorption
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energy of −0.862 eV/CH4 and an adsorption capacity of 51.09 wt%. The adsorption
capacity of the 2Mn-ELD-42C graphene configuration was 1.13 times that of the ELD-42C
graphene configuration and exceeded the proposed DOE standards (50 wt%). Together,
these results indicate that 2Mn-ELD-42C graphene configurations have great potential for
the development of industrially viable CH4 storage materials. The DFT calculation results
in this paper only illustrate the CH4 adsorption properties of ELD graphene configurations
when modified by a single Mn atom or two Mn atoms. In subsequent studies, the effects of
environmental factors such as temperature and pressure on the CH4 adsorption properties
of ELD-42C, Mn-ELD-42C and 2Mn-ELD-42C graphene configurations will be further
investigated using molecular dynamics methods.
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Abstract: All humans and animals need access to clean water in their daily lives. Unfortunately, we are
facing water scarcity in several places around the world, and, intentionally or unintentionally, we are
contaminating the water in a number of ways. The rise in population, globalization, and industrialization
has simultaneously given rise to the generation of wastewater. The pollutants in wastewater, such as
organic contaminants, heavy metals, agrochemicals, radioactive pollutants, etc., can cause various
ailments as well as environmental damage. In addition to the existing pollutants, a number of new
pollutants are now being produced by developing industries. To address this issue, we require
some emerging tools and materials to remove effluents from wastewater. Zeolites are the porous
aluminosilicates that have been used for the effective pollutant removal for a long time owing to their
extraordinary adsorption and ion-exchange properties, which make them available for the removal of
a variety of contaminants. However, zeolite alone shows much less photocatalytic efficiency, therefore,
different photoactive materials are being doped with zeolites to enhance their photocatalytic efficiency.
The fabrication of zeolite-based composites is emerging due to their powerful results as adsorbents,
ion-exchangers, and additional benefits as good photocatalysts. This review highlights the types,
synthesis and removal mechanisms of zeolite-based materials for wastewater treatment with the
basic knowledge about zeolites and wastewater along with the research gaps, which gives a quality
background of worldwide research on this topic for future developments.

Keywords: zeolite; wastewater treatment; photocatalysis; nanocomposites

1. Introduction

Water is an integral part of all living organisms; it is crucial for humans and the
environment. Water becomes contaminated after being used for numerous reasons such
as bathing, washing, cooking, and manufacturing and is then dumped back into water
sources after treatment. Since it is difficult for the wastewater treatment plants to treat
the pollutants of emerging industries and the majority of industries levy fees for the same,
it is less expensive for enterprises to treat or pre-treat the wastewater before discharging
it into sewers. Figure 1 depicts how water is collected from resources, utilized, and then
discharged into water bodies [1].

Wastewater can promote diseases such as polio, cholera, vomiting, diarrhoea, nausea,
and even cancer in the human body [2,3]. If wastewater is discharged into water bodies,
the pollutants in it can inhibit the establishment of marine plants [4]. There are numerous
types of water pollutants for which multiple treatment methods have been described,
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which includes chemical, biological, and physical methods, such as adsorption [5], photo-
catalysis [6,7], ultrafiltration [8], and biofiltration [9]. In the area of wastewater treatment,
zeolites, which are aluminosilicates with porous structures, are generally utilized as ad-
sorbents [10,11], ion-exchangers [12], and photocatalysts [13,14]. The negatively charged
structure of a zeolite attracts a variety of cationic pollutants to it. The use of zeolites in
the removal of pollutants is not just restricted to the adsorption of cationic pollutants; by
modifying it in various ways, its affinity for anionic pollutants can also be improved [15].
Photoactivity in zeolites has been enhanced by the addition of heteroatom to their frame-
work, as in titanium silicates, exposing it to larger applications [16–18]. Composites are
materials made by combining two or more materials known as parent materials. The term
zeolite-based composite refers to the coupling of zeolites with other materials to form binary,
ternary, and so on composites. The field of study on zeolite-based composites as a pollutant
removal medium is broadening owing to their tuneable pore size [16,19], enhanced pho-
toactivity [19], and easy operation [20]. For example, combining zeolites with materials that
have a positively charged framework and an affinity towards anionic pollutants, may result
in a composite that can be applied for the removal of both cationic and anionic contami-
nants. Generally, carbon-based materials [21,22], metal oxides [23,24], polymers [25,26], and
clay compounds [27] are incorporated with zeolites for a variety of applications including
fuel cells [28], catalysis [29], sorption [4], and others. Researchers have demonstrated the
removal of contaminants from various model solutions, such as dyes [30,31], heavy met-
als [32], herbicides [33], etc., using zeolites and zeolite-based materials [34]. These models
can also be applied to treat the real wastewater from industries. The synthesis, as well
as adsorption and photocatalytic studies, on zeolite-based composites described in this
review may help researchers in the treatment of real wastewater samples from industries.
In addition, this review not only gives information about the zeolite-based composites, but
also gives basic knowledge about wastewater and zeolites. The physicochemical properties
of zeolites, synthesis of zeolite-based materials, and their mechanism in adsorption and
photocatalysis are explained, which gives basic research background to early researchers
and to scientists who aim to devise zeolite-based materials for pollutant remediation. The
adsorption and photocatalytic research of zeolite-based composites are more thoroughly
examined for the purpose of building a photoactive device for wastewater treatment.

Figure 1. Cycle of water service.

1.1. Wastewater

The combination of the waterborne or liquid wastes removed from institutions, resi-
dences, and industrial and commercial establishments is wastewater [35]. Everything that
is discharged into the sewers subsequently gets treated in a wastewater treatment plant [1].
It includes pollutants from various domestic activities, such as bathing, cleaning clothes
and utensils, and flushing toilets; industrial activities, such as textiles, mining, and man-
ufacturing; commercial activities, such as beauty salons and car washing; agricultural
facilities; energy units. Apart from these, a variety of other events, such as surface run-offs,
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floods, and storms also produce wastewater. Additionally, if the sewer becomes damaged,
groundwater will sweep in, increasing the volume of wastewater. Figure 2 represents major
sources of wastewater.
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Figure 3. Flowchart representing various pollutants in wastewater.

1.1.1. Total Suspended Solids (TSS)

Suspended solids are particulate matter with a diameter of less than 62 µm. These
are too small to settle down and too large to float, hence, they remain suspended in
water. Generally, a water stream contains some SS, but an excessive amount might cause
issues [37]. These exist in two forms: (i) inert and (ii) oxidizable solids. Sand particles and
eroded minerals are examples of inert solids. These are sourced from mining, coal washing,
construction sites, etc. Oxidizable solids settle out similar to inert solids but get decomposed
on deposition releasing toxic compounds, such as methane, ammonia, and sulphides, causing
higher oxygen demand in localized areas of water. These reduce the penetration of light into
the water, inhibit the growth of filter feeders, cause temperature change, and other issues [1,37].
Their removal techniques include gravity settling [38], centrifugation [39], and filtration [40],
followed by disinfection to remove floating bacteria and pathogens [41].

1.1.2. Organic Pollutants

Organic pollutants can be classified based on two aspects: (i) the nature of the pollutant,
i.e., natural or synthetic, and (ii) its persistence, i.e., a persistent or non-persistent organic
pollutant. Natural organic pollutants include oxygen demanding wastes, which decrease
the oxygen levels of water. Synthetic organic compounds include chemicals from industries,
agricultures, etc.
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Some organic pollutants are persistent and some are non-persistent. Persistent organic
pollutants (POPs) are chemicals that live in the environment for prolonged periods as these
are resistant to biochemical and photolytic processes [42]. Moreover, these are lipophilic
and hydrophobic pollutants that are receptive to long-range transport and bioaccumulation
and are prone to enter the food chain as well [43]. Consider Figure 4 [43].
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with permission from Ref. [43]. Copyright 2020 Springer Nature.

Locally discharged POPs spread pollution far from its source. Sources of persistent
organic pollutants (POPs) include volcanic activity and forest fires that produce dioxins
and dibenzofurans. Other sources include agricultural pesticides and industries, such as
dichlorodiphenyltrichloroethane (DDT), polychlorinated biphenyls (PCB), perfluoro octane
sulfonic acid (PFOS), perfluorooctanoic acid (PFOA), and brominated flame retardants,
etc. [44]. In adult studies, POPs have been implicated in a variety of adverse health impacts,
such as thyroid and endocrine-related cancers, diabetes¸ obesity, and reproductive concerns
in both males and females [45].

1.1.3. Inorganic Pollutants

Heavy metals, inorganic salts, mineral acids, trace elements, metals, and their com-
plexes with organic compounds are examples of inorganic pollutants. Metals with a density
higher than 5 g/cm3 are classified as heavy metals [46]. Titanium, cobalt, manganese, iron,
nickel, nickel, copper, zinc, arsenic, silver, gold, and mercury are commonly occurring
heavy metals in everyday life. Few heavy metals are essential elements in our life but when
present in a large amount they can be toxic. Natural deposits of heavy metals can be discov-
ered in the Earth’s crust, hence, one of their sources in wastewater includes surface run-off.
Apart from that, metal-based industries, automobiles, roadworks, and metal leaching are
the major sources of heavy metals in wastewater. Heavy metal exposure in humans can
result in cellular function loss, cell damage, and potentially carcinogenic effects [46].

1.1.4. Radioactive Pollutants

Approximately 11% of the world’s electricity is generated by nuclear power plants [47].
The nuclear fission process produces no carbon dioxide, which is a plus, but we still have
to deal with nuclear waste. The release of radionuclides in the environment caused disaster
during 1986 in the Chernobyl and Fukushima Daiichi plant in 2011 [48]. Radioactive pollu-
tants can cause plant mutations and serious health damage to aquatic life. Their influence
on humans may be mild or fatal depending on the magnitude and duration of exposure.
When humans have a short time of exposure to a lower level of radioactive pollutants, it can
cause mild skin irritations; on the other hand, prolonged exposure at low-intensity causes
diarrhea, nausea, vomiting, hair loss, etc. Prolonged exposure to high levels of radiation
will lead to some irreversible DNA damages. Apart from that, it can cause several other
diseases, such as lung, thyroid, and skin cancers [49]. Several removal methods, including
physical, chemical, and biological, are used. (i) Physical methods: evaporation, distillation,
dumping; (ii) chemical methods: acid digestion wet oxidation, precipitation; (iii) biological:
microbial remediation and plant remediation [3]. For further understanding of various
types of pollutants refer to Table 1.
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1.2. Zeolites

Zeolites are crystalline three-dimensional, porous, aluminosilicates with organized
structures and building blocks of tetrahedral units TO4 with an O atom bridged between
them, as given in Figure 5, where T denotes Si or Al atom [61]. In the zeolite framework,
the gap between the huge cavities holds water and interchangeable cations [15]. The basic
chemical formula for zeolites is represented as:

Ma/n

[
AlaSibO2(a+b)

]
·qH2O;

where M stands for [Sr, Ba, Ca, Mg] and/or [Li, K, Na], and cation charge is symbolized by
n. The values of b/a range from 1 to 6 while q/a range from 1 to 4 [15].
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Zeolites occur naturally as well as being synthesized chemically. The source of natural
zeolites is volcanogenic sedimentary rocks. Clinoptilolite, phillipsite, mordenite, chabazite,
stilbite, analcime, and laumontite are abundant among natural zeolites, while barrerite,
offerite, and paulingite are rare.

Some of the natural zeolites with their chemical formula are given in Table 2.

Table 2. Name and chemical formula of some natural zeolites. Reprinted with permission from Ref. [15].
Copyright 2010 Elsevier.

Name of Zeolite Chemical Formula

Clinoptilolite (Na2, K2 Ca)3Al6Si30O72·21H2O
Phillipsite K2(Na2, Ca)2Al8Si10O32·12H2O
Mordenite (Na2, Ca)4Al8Si40O96·28H2O

Stilbite Na2Ca4Al10Si26O72·30H2O
Chabazite (Na2, Ca, K2)2Al4Si8O24·12H2O
Analcime Na16Al16Si32O96·16H2O
Ferrierite (Na2, K2, Ca, Mg)3Al6Si30O72·20H2O

Laumontite Ca2Al8S16O48·16H2O
Scolecite Ca4Al8Si12O40·12H2O

Heulandite Al8Si28Ca4O68·24H2O

Classification of Zeolites

Zeolites may be categorized as per their occurrence, Si-Al ratio, pore size, crystal struc-
ture, and other factors [63]. Figure 6 shows the broad classification of zeolites. Tables 3–5
show how zeolites are classified according to their pore size, silica to alumina ratio, and
structure type [63,64]. Some of the many classes of framework types according to the
website of international zeolitic association (IZA) are depicted in Table 5.
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Table 3. Classification of zeolites according to their pore size.

Class of Zeolite Number of Rings Free Pore Diameter (nm)

(a) Zeolites with small pores 8 0.3 to 0.45

(b) Zeolites with medium pores 10 0.45 to 0.6

(c) Zeolites with large pores 12 0.6 to 0.8

(d) Zeolites with extra-large pores 14 0.8 to1.0

Table 4. Classification of zeolites considering Si to Al ratio.

Class of Zeolite Range of Si:Al Ratio

(e) Zeolites with small Si:Al ratio 1.0 to 1.5

(f) Zeolites with intermediate Si:Al ratio 2 to 5

(g) Zeolites with large Si:Al ratio 10 to several thousands

Table 5. Classification of zeolites as per their structure type [64].

Framework
Type Code Symmetry Channel

Dimensionality
Framework

Density (Å3)
Total

Volume (Å3)
Accessible

Volume (%) Order Reference
Material

ANA Cubic 3D 19.2 T/1000 2497.2 0.00 Fully ordered Analcime

BEA Tetragonal 3D 15.3 T/1000 4178.4 20.52 Partially
disordered

Beta
polymorph A

CHA Trigonal 3D 15.1 T/1000 4178.4 20.52 Fully ordered Chabazite
DFT Tetragonal 3D 17.7 T/1000 451.7 6.58 Fully ordered DAF-2
ERI Hexagonal 3D 16.1 T/1000 2239.5 15.10 Fully ordered Erionite
FAU Cubic 3D 13.3 T/1000 14,428.8 27.42 Fully ordered Faujasite
FER Orthorhombic 2D 17.6 T/1000 2051.3 10.01 Fully ordered Ferrierite
HEU Monoclinic 2D 17.5 T/1000 2054.8 9.42 Fully ordered Heulandite
LAU Monoclinic 1D 18.0 T/1000 1333.6 9.57 Fully ordered Laumontite
MFI Orthorhombic 3D 18.4 T/1000 5211.3 9.81 Fully ordered ZSM-5

MOR Orthorhombic 2D 17.0 T/1000 2827.3 12.27 Fully ordered Mordenite

MRE Orthorhombic 1D 19.7 T/1000 2442.5 6.55 Partially
disordered ZSM-48

NAT Tetragonal 3D 16.2 T/1000 1231.5 9.06 Fully ordered Natrolite
PHI Orthorhombic 3D 16.4 T/1000 1953.7 9.89 Fully ordered Phillipsite

Catalysis, cation exchange, sorption, and molecular sieving are all physiochemical
characteristics of zeolites. The tetrahedrons of [SiO4]4− and [AlO4]5− are linked together
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in the zeolitic framework to build cages linked via precise and molecular-sized pores.
Existence of [AlO4]5− gives a negative charge to zeolite structure, which is stabilized by
positively charged ions, such as K+, Na+, and Ca2+. These ions are responsible for ion-
exchange processes in zeolites [15]. The porous structure of a zeolite has been proven to
have excellent adsorption efficiency for heavy metals, including mercury, fluoride, arsenic,
and organic dyes.

1.3. Adsorption

One of the most common wastewater treatment methods is adsorption since it is
simple to use and effective [65]. It is a surface phenomenon that occurs when the molecules
from fluid bulk come into contact with a solid surface either by physical forces or chemical
bonds. Usually, adsorption is a reversible process. Reversible of adsorption is when the
adsorbent begins to release the adsorbed molecules; this is referred to as desorption [66].
There are two types of adsorptions: (i) physical adsorption, i.e., adsorption under the
influence of physical forces such as weak van der Waals attractions, hydrogen bonding,
etc., and (ii) chemical adsorption, i.e., adsorption by chemical bonds [67].

Activated carbon [68], industrial solid wastes [69], biomaterials [70], clay minerals [71],
and zeolites [11,14] are among the most commonly used materials in wastewater treatment.
In the year 1785, adsorption was first discovered by Lowitz, after that, it was used in
sugar refining processes to remove color [72]. Subsequently, in American treatment plants,
inactivated charcoal filters were employed for water purification [72]. For the first time,
granular activated carbon (GAC) was used for adsorption in 1929 in Hamm, Germany,
and Bay City, Michigan, 1930 [73]. When studied, modified and synthetic zeolites showed
better adsorption and ion exchange capacities among synthetic, modified, and natural
zeolites [72]. Zeolites are mostly used for the adsorption of heavy metals [32], dyes [74],
ammonium ions [75], etc. Natural turkey clinoptilolite exhibited low absorptivity for
three azo dyes (Everzol black, Everzol red, Everzol yellow) as examined by Armagan
et al. [76]. Adsorption capacities of natural zeolite were improved greatly via modification
with quaternary amines [76]. Figure 7 elaborates on the adsorption of methylene blue on
zeolites which occurs via electrostatic attractions between negatively charged Al ions in the
zeolite framework and positively charged nitrogen atom in methylene blue.
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1.4. Photocatalysis

Photocatalysis is the process in which a photon of light catalyzes a reaction. Materials
with photocatalytic characteristics are known as semiconductors [77]. The conduction band
and valance band are two different energy bands in a semiconductor. The bandgap is the
energy difference between the two above-stated bands. When a photon of light strikes a
semiconducting material, electrons (e−) are excited from the valance band to the conduction
band and positively charged holes (h+) are left behind, as shown in Figure 8. The photo-
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generated electron-hole pairs develop the active oxidizing species, which then cause organic
pollutants, such as dyes, in wastewater to degrade [43].
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Photocatalysis can be categorized into two types: (i) homogenous and (ii) heteroge-
neous photocatalysis. If in a photocatalytic reaction, both photocatalyst and reactant are
in a different phase, then it is said to be heterogeneous photocatalysis. On the other hand,
if photocatalyst and reactants and all other species, such as photosensitizers, are in the
same phase, the system is called homogenous photocatalysis [79]. Due to its great stability,
ease of separation, and photocatalyst regeneration, heterogeneous catalysis is superior to
homogeneous catalysis [80].

The following steps are part of the heterogeneous photocatalysis mechanism [43].

Semiconductor photocatalyst
hv≥Eg→ e− + h+

h+ + H2O→ OH• + H+

h+ + OH− → OH• e− + O2 → O•−2
O•−2 + H+ → OOH•

2OOH• → H2O2 + O2
H2O2 + O•−2 → OH− + OH• + O2

POPs +
(
h+, OH•, O•−2 , OOH•or H2O2

)
→ Degraded products

Photocatalytic activities of zeolite alone are rarely discussed. Research on the photocat-
alytic activity of zeolites is scarce. Rather, their cavities behave as hosts for semiconducting
materials in photocatalysis. In 2003, Krisnandi et al. investigated zeolite ETS-10, a titanosil-
icate, microporous zeolite with liner Ti-O-Ti-O-chains in the framework as a photocatalyst
for oxidation of ethane to CO2 and water [79]. Before this work, some preliminary analyses
have been conducted on the photocatalytic activity of ETS-10 [81]. The basic mechanism
in ETS-10 is that the titanium sites present in Ti-O-Ti-O trap the electrons and undergo
photoreduction in the existence of ethane. These trapped electrons quickly get shifted
to oxygen and generate active oxidation species [79]. In 2020, Aguiñaga et al. reported
clinoptilolite–mordenite, natural zeolite as an efficient self-photocatalyst [13]. The obtained
results were compared with that of titanium dioxide particles, and it was found that un-
der similar conditions, both zeolite and TiO2 required the same time for the complete
degradation of caffeine.

The NH abbreviation is used for the hydrogenated form of natural zeolite (NZ) and
NFe denotes the ion-exchanged version of NZ. The symbol SH stands for synthetic zeolite
clinoptilolite–mordenite. Aguiñaga et al. recorded the diffuse reflectance spectra of syn-
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thetic and natural zeolites as given in Figure 9. A bandgap analysis was conducted with the
Tauc plot. Based on spectroscopic analysis of ZSM-5, it was estimated that bands developed
in the range from 200–500 nm are attributed to different states of iron, and in synthetic
zeolites, the presence of iron is usual. The aluminosilicate framework has a bandgap of
approximately 7 eV. The bandgap of natural mordenite was estimated as 2.63 eV. In the
case of synthetic clinoptilolite C, the analyzed band gap was 4.26 and 4.46 eV for direct and
indirect transitions, respectively. In the same way, for synthetic mordenite, it was estimated
at 3.26 and 3.45 eV. Hence, the wide bandgap of zeolite resembles the semiconductors and
its application as a photocatalyst can be of interest in future research [13].
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1.5. Ion Exchange

Ion exchange can be defined as a reversible process in which exchangeable ions in an
insoluble exchange material replaces similarly charged ions in the solution [82]. Electrostatic
attractions are employed between ionic functional groups, which is the driving force of
a typical ion exchange reaction. It can easily be employed for the extraction of heavy
metals, such as cadmium, chromium, barium, arsenic, silver, lead, as well as nitrates from
water [83]. Furthermore, ion exchange is the best process for the removal of radioactive
nuclide in small systems [84]. Ion-exchangers can be categorized as cation and anion
exchange resins. Cation exchangers are those that interchange their cations, and anion
exchangers interchange their anions with the solution [84]. For further clarification refer
Figure 10.
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is that their ion-exchange capacity is easily reduced with contamination via organic sub-
stances. Luca et al. used ETS-10 zeolite to remove metals originating from zinc ferrite [12].
A titanosilicate, ETS-10, is microporous zeolite with liner Ti-O-Ti-O-chains in its framework.
ETS-10 is extensively employed as an ion-exchanger [87]. The major advantage of using
ETS-10 as an ion-exchanger is that it is easy to regenerate and is thermally stable up to
550 ◦C [88]. Hence, if contaminated with organic pollutants, it can easily be regenerated by
calcination. Based on ICP-MS elemental analysis, it was estimated that zinc ferrite releases
high concentrations of Fe, Zn, Pb, Ca, and Mn. ETS-10 removed all metal ions present very
efficiently. ETS-10 showed better cation exchange capacity (CEC) than commercial zeolite
A for manganese, zinc, and lead. Nearly 100% removal was observed within 30 min [12].
Figure 11 gives a basic idea about how the ion-exchange mechanism works in zeolites.
A natural zeolite, clinoptilolite, which has Ca+2 ions trapped in its cavity, is used as an
ion-exchanger. Ca+2 ions are replaced with Cs+2 via ion exchange as depicted in Figure 11.
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The adsorption properties of zeolites are influenced by their chemical and structural
makeup. The cation exchange capacity (CEC) of zeolites varies with zeolitic framework
structure, the density of anionic framework, size, and shape of foreign ions, etc. In raw natu-
ral zeolites, the pores are clogged with impurities and there is no uniform pore distribution,
crystal structure, or chemical composition throughout the framework [90]. Additionally,
raw natural zeolites have a negatively charged surface, hence, they only attract cationic
pollutants, such as cationic dyes and heavy metal ions. They have a very low or little affinity
toward anionic pollutants, such as anionic dyes and organic pollutants in aqueous media.
Their efficiency can be increased by their modification. Table 6 shows some of the modification
processes [34,91].

Table 6. Modification of zeolites, their advantages and disadvantages. Reprinted from Ref. [91].

Modification Method Process Advantages Disadvantages Ref.

Acid/base treatment. Simple ion exchange using
dilute acid solution.

Pore volume and electrostatic
surface area is increased.

Decrease in CEC due to
dealumination, decrease

in thermal stability.
[92]

Surfactant modification.

By introducing cationic organic
surfactants such as

tetramethylammonium,
hexadecyl trimethyl ammonium
(HDTMA), n-cetyl pyridinium

(CPD), etc.

Increases the hydrophobicity of
zeolite, making it appropriate for
the adsorption of a wide range

of organic pollutants.

Complicated functional
groups are formed for
cationic exchange sites

due to formation of
admicelle.

[93–95]

Ultrasonic modification.
By sonicating with a solvent

with help of an ultrasonicator
bath.

Impurities are removed from the
channel and the surface area is

increased.

Always used in
combination with other

methods, inefficient.
[96]

Thermal modification. By heating in the oven or muffle
furnace.

Evaporation of water, removal of
contaminants from the channel,

and expansion of the pore
diameter.

Uneven heating. [97]
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We observed that raw, natural zeolites have limited adsorption capacity and carry
contaminants. Synthetic zeolites, on the other hand, have a consistent pore distribution
across the framework, as well as improved adsorption and ion exchange behavior. Kozera-
Sucharda et.al. conducted an experiment on the removal Cd+2 and Pb+2 by natural and
synthetic zeolites [98]. They witnessed faster and efficient removal of Cd+2 and Pb+2 from
multicomponent solutions with synthetic zeolites [98]. Zeolites can be synthesized by using
raw natural materials, such as natural silica sources, as well as using synthetic precursors
as well. Zeolite produced using natural precursors is inexpensive but lacks precise pore
structures and contains contaminants. Zeolite produced from synthetic precursors has a
precise structure and fewer imperfections but is expensive.

The challenge of reusability with nanosized synthesized zeolites is another reason
that reduces their effectiveness. Zeolites demonstrate improved physiochemical stability,
greater adsorption capacity, and simpler reusability when utilized in the form of their
composites. Additionally, the characteristics of the materials used to create composites
have significant advantages of their own. Most frequently, it has been found that the
zeolite-based composites show better optical properties and pore distributions than zeolites
themselves, increasing the application of zeolites in adsorption, photocatalysis, and other
processes. Zeolites function in photocatalytic reactions in two ways: either as a host
for semiconducting materials or by cooperating with those materials’ electron transfer
processes to significantly reduce the chance of electron–hole recombination.

2. Zeolite-Based Composites

In general, zeolite-based composites for pollutant removal from wastewaters are made
by incorporating metal oxide nanoparticles, carbon-based materials, clay compounds, and
polymers into zeolites.

2.1. Synthetic Approaches

General methods for the synthesis of zeolite/metal oxide composites are (i) sol-gel, (ii)
hydrothermal, (iii) solvothermal, (iv) co-precipitation, (v) ultrasonic, and (vi) microwave.
Figure 12 summarizes the techniques used for the preparation of zeolite/metal oxide
composites [34].

Zeolite/carbon-based materials are generally synthesized by the conventional synthe-
sis method of zeolites, such as hydrothermal, solvothermal, sol-gel, etc. During the initial
stage in the synthesis of zeolites, carbon-based material is added along with the precursors
of zeolites, leading to the formation of a zeolite/carbon-based material composite, as given
in Figure 13a.

Zeolite/polymer composites are generally fabricated by in situ polymerization. In this
process, monomer and zeolite are mixed together followed by polymerization, which leads
to the formation of a zeolite/polymer composite. Figure 13b shows the schematic of the
synthesis of a zeolite/polymer composite.
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2.2. Removal Process

When working with zeolites and zeolite-based composites, adsorption, ion-exchange,
and photocatalysis are the general pollutant removal processes in wastewater treatment.
In these processes, a known amount of catalyst/adsorbent is added into the model con-
taminant solution, i.e., dyes, heavy metals, agrochemicals, etc. Then, this suspension is
kept under the treatment process and treated samples are centrifuged and analyzed using
a UV–Vis spectroscope. Zeolite-based materials are also used in the fixed-bed reactors to
remove pollutants from water as depicted in Figure 14.
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2.3. Zeolite/Metal Oxide Composites

Metal oxides are employed in a variety of applications, such as adsorption, photocatal-
ysis, energy storage, etc., due to their tunable size and morphology [99]. When employed
in their nano form, metal oxides have a large surface area and exhibit excellent adsorption
capabilities. Metal oxides are an ideal photocatalyst due to their distinct physicochemical
properties, which include shape, size, morphology, composition dependence, and light
sensitivity [100]. When doping metal oxides with zeolites, the cavities of zeolites behave as
a support for metal oxides, increasing the surface area of metal oxides, thereby improving
adsorption and photocatalytic properties.

Alswata et al. synthesized zeolite/ZnO nanocomposites using the co-precipitation
method. Prepared samples were examined for the adsorption of lead Pb(II) and arsenic
As(V) from its synthetic solution [101]. The FE-SEM images of bare and ZnO-doped zeolite
are given in Figure 15. From the FE-SEM, it is evident that zeolite has a cubic shape with a
smooth surface, while some granular doping can be observed on the surface of ZnO-doped
zeolite. Zeolite’s cubic shape remains as it is after doping of ZnO NPs.
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Under similar experimental conditions, the zeolite/ZnO nanocomposite showed better
adsorption capacity than zeolite alone for the removal of both arsenic (As) and lead (Pb).
When combined with ZnO, zeolite eliminated 92% of the lead and 85.7% of the arsenic,
respectively, compared to 43.6% and 32.3% for pure zeolite [101].

Sacco et al. integrated semiconducting ZnO into zeolite cavities by wet impregnation
method and prepared ZnO/ZeO pellets [24]. These pellets were evaluated for the removal
of caffeine by a simultaneous process of photocatalysis and adsorption. The studies were
performed in two stages, i.e., by adsorption and by adsorption assisted photocatalysis.
At the initial stage, the adsorption kinetics were found to be faster in the case of zeo-
lite as compared to the composite. This might be due to decreased mesoporous surface
area of the composite, though, the total adsorption was approximately 60% for both the
ZnO and ZnO/ZeO composite. When the removal of caffeine by adsorption and ad-
sorption/photocatalysis were examined, it was shown that UV irradiation resulted in a
significantly higher total removal of caffeine. Almost 100% of caffeine was removed within
120 min of reaction time by using the ZnO/ZeO composite in adsorption/photocatalysis,
while only adsorption gave 69% removal in 120 min. Under UV irradiation, ZnO can
degrade the adsorbed caffeine and its chemical intermediates, creating active sites for the
adsorption of any leftover caffeine molecules in the liquid medium [24].

Mahalakshmi et al. fabricated the zeolite-supported TiO2 composite by using the
H-form of zeolite Y, β, and ZSM-5 and labeled them as HY, Hβ, and H-ZSM-5, respec-
tively [102]. The prepared materials were investigated for adsorption and photocatalytic
degradation of propoxur, an N-methylcarbamate pesticide. According to the experimental
data, the adsorption of propoxur was better over TiO2/Hβ than HY/ TiO2 and H-ZSM-5/
TiO2. Propoxur degradation efficiency was found to be better in TiO2/Hβ with optimal
TiO2 loading (7 wt%) than in pure TiO2. The limited surface area of H-ZSM-5 and the
hydrophilic character of HY were responsible for their poor adsorption capacity. The ex-
istence of acid sites in Hβ with high acid strength might be another factor in propoxur
adsorption [102].

Liu et al. evaluated the TiO2/zeolite composite for the removal of sulfadiazine (SDZ)
via adsorption and photocatalysis under UV light [23]. The composite material was synthe-
sized via the sol-gel method. FTIR analysis indicated the formation of the Ti-O-Si bond in
the composite. In 60-min dark studies performed, a small amount of adsorption of SDZ
was reported. UV light studies showed the 32.76% degradation of SDZ in 120 min without
the aid of a catalyst. The prepared TiO2/zeolite composite removed 93.31% of SDZ in the
presence of UV light within 120 min. The general mechanism of degradation is as given in
Figure 16 [23].
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The participation of reactive oxygen species (ROS), i.e., e−, h+, OH•, O−•2 , 1O2 (singlet
oxygen), were examined by performing the scavenger studies. It was concluded that ROS
contribution in the zeolite/TiO2 composite follows the order of OH• > h+ > O−•2 > 1O2.
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Additionally, the HPLC–MS/MS study of reaction intermediates was used to hypothesize
the four potential degradation pathways [23].

D Mirzaei et al. synthesized the NaX/MgO–TiO2 zeolite nanocomposite by using
the ultrasound-assisted dispersion method [103]. Anionic dye methyl orange was used to
investigate adsorption on the prepared composites. To obtain maximum MO adsorption
yield from the aqueous solution, different parameters such as initial dye concentration,
adsorbent dosage, pH, adsorbent type, and contact time have been assisted and optimized.
To estimate the adsorption–desorption isotherm, Freundlich, Temkin, and Langmuir models
were used. For subsequent processes, chemical parameters such as 0.3 g L−1 adsorbent
dosage, 6.5 pH, contact time of 35 min, and temperature of 45 ◦C were evaluated as the
optimized conditions. Under identical experimental conditions, it is determined that
the NaX/MgO–TiO2 nanocomposite led to the highest 95% adsorption efficiency from
aqueous solution among NaX, MgO, TiO2, MgO–TiO2, and NaX/MgO–TiO2 adsorbents,
and MO adsorption efficiencies over MgO, TiO2, NaX, MgO–TiO2, and NaX/MgO–TiO2
were greater than 30%, 46%, 40%, 68%, and 95%, respectively [103].

A.A. Alswat et al. used a co-precipitation approach to make zeolite/iron oxide (Fe3O4)
and zeolite/copper oxide (CuO) nanocomposites (NCs) [104]. The adsorption efficiencies
were 97.2% and 96.8% for Pb and As, respectively, by zeolite/iron oxide (Fe3O4) NCs, and
83.7% and 81.3% for Pb and As, respectively, by zeolite/ copper oxide (CuO) NCs at a pH
of between 4 and 6 when these composites were kept for 40 min at room temperature and
pressure. The Langmuir isotherm model was well followed by the adsorption data [105].

Kong et al. used the co-precipitation method to prepare nanosized Fe-Al bimetallic
oxide-doped zeolite spheres and used it to remove Cr(VI) ions from constructed wet-
lands [106]. The pseudo-second order model was found to be perfectly fitted to the removal
of Cr(VI). The composite zeolite spheres outperformed standard fillers in terms of removal,
with excellent adsorption across a wide pH range. The Cr(VI) was absorbed and fixed by
the composite zeolite spheres, and then it was reduced to Cr(III) using the Fe-Al oxide.
Through co-precipitation and ion exchange, the Cr(III) made Cr(OH)3 and CrxFe1-x(OH)3
precipitates [106].

Zhang et al. used a one-step hydrothermal method to fabricate TiO2/MoS2 photo-
catalysts supported on zeolite utilizing micrometer-MoS2 as the sensitizer [107]. Under
simulated solar-light irradiation, the synthesized photocatalyst TiO2/MoS2/zeolite had
significantly higher photocatalytic response than the Degussa P25 photocatalyst. The re-
combination of photogenerated electrons and holes is one of the major factors that limit the
efficiency of a photocatalyst. According to Zang et al., during the fabrication procedure,
the Z-scheme photocatalyst of TiO2/MoS2 was developed where MoS2 acted as an elec-
tron donor in interfacial charge conduction, thereby improving the charge separation. In
addition, the generation of superoxide anion radicals (O−•2 ), major oxidation species in pho-
tocatalytic reactions, can be aided by the micro/nano-MoS2 generated via the hydrothermal
process [107].

D. Wang et al. successfully prepared Cr-doped TiO2 photocatalysts supported on
natural zeolite [104]. Because Ti4+ and Cr3+ have similar ionic radii, Cr ions can be inte-
grated into the TiO2 lattice by taking the place of Ti4+ sites. As the calcination temperature
rises, the bond strength of Cr-O-Ti increases. Cr dopant is found as Cr6+ (81.2%) and Cr3+

(19.8%) species. In comparison to undoped TiO2/zeolite, the band gap energy (eV) of
10 mol% Cr/TiO2/zeolite decreases dramatically from 2.84 eV to 1.70 eV. The percentage
degradation of methyl orange by the calcined 10% Cr/TiO2/zeolite reaches 41.73%, after
5 h of illumination, which is 17.9% higher than the degradation efficiency of undoped
TiO2/zeolite [104].

Italia et al. prepared two composites of zeolite and bentonite separately bonded
with titanium and was evaluated for the adsorption of phosphate. Titanium/zeolite and
titanium/bentonite composites removed up to 83% and 84% of phosphate at 3 pH [108].

However, it is not always observed that the composites exhibit superior removal
efficiencies than the zeolites alone. A. Alcantara-Cobos et al. compared ZnO nanoparticles
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and the ZnO-zeolite composite for tetrazine removal [20]. The zeolite-ZnO composite was
prepared by the chemical precipitation method. Both adsorption and photocatalysis were
working mechanisms behind the removal of tetrazine. The adsorption with ZnO nanopar-
ticles was faster than the ZnO-zeolite composite. The degradation reported followed by
adsorption under UV light radiations was 81% and 87% for the zeolite-ZnO composite
and ZnO nanoparticles, respectively; although, the latter was difficult to remove from the
aqueous solution. Additionally, the ZnO nanoparticles show low toxicity towards Lactuca
sativa when kept with the dye solution and diluted aqueous solutions [20].

Jaramillo-Fierro et al. synthesized extruded semiconducting ZnTiO3/TiO2 supported
on zeolite and its precursor clay [109]. Zeolites were synthesized by using two types of
Ecuadorian clays via hydrothermal treatment and the method of alkali fusion, i.e., R-clay
and G-clay. Zeolite prepared using R-clay was labeled as R-zeolite and was mostly of the
Na-LTA type with a trace quantity of Na-FAU type. Zeolite prepared using G-clay was
labeled as G-zeolite and was made up primarily of Na-FAU type zeolite with residues of
Na-P1 type zeolite. The semiconducting support ZnTiO3/TiO2 was prepared separately via
the sol-gel method. The composites were prepared by mixing zeolites, precursor clays, and
ZnTiO3/TiO2 in different ratios. The reported order of adsorption of MB on parent material
was G-zeolite > R-zeolite > G-clay > R-clay > ZnTiO3/TiO2. Despite having a higher dye
removal capacity than mixed oxide ZnTiO3/TiO2 and precursor clays, the capacity of the
extruded composites to remove MB was not increased by zeolites. Additionally, extruded
zeolites are less capable of removing the color than powdered zeolites because they have a
lower specific surface area [109].

2.4. Zeolite/Carbon-Based Material Composites

Currently, carbon nanomaterials are considered to be the most adaptable materials
that can be employed to improve wastewater treatment techniques. Innovative carbon
materials have been discovered as a result of extensive research conducted globally and
effectively used in wastewater remediation and environmental safety technologies [110,111].
SWNT (single-walled carbon nanotubes), MWNT (multi-walled carbon nanotubes), G
(graphene), and GO (graphene oxide) are among the most frequently studied carbon-based
nanomaterials. These materials may be employed in their natural forms or as complex
hybrid substances [111,112].

Zeolites have been modified by the addition of a heteroatom to their structural frame-
work, giving them new and fascinating qualities, including photoactivity [17,18,113].
Ren et al. produced new generation photocatalysts by combining functional inorganic
nanomaterials (such as zeolitic TS-1) with graphene and carbon-nanotube (CNTs) [16]. The
performance of these photocatalysts were outstanding owing to (i) the synergistic effect
on the basis of interfacial charge and heat transfer reactions and (ii) graphene’s ability to
modify the shape and size of TS-1. The few layers of graphene were first synthesized via
applying direct current discharge to graphene. Zeolite TS-1 was synthesized via the sol-gel
process. Zeolite/graphene and zeolite/CNT hybrids were prepared by combining in situ to
the common sol-gel synthesis of TS-1. The photocatalytic behavior of these materials was
examined through dye degradation in the presence of low-intensity UV radiations. It was
observed that the photocatalytic activity of TS-1 zeolite increased 27–28 times with graphene
loading and only 4–5 times by CNT loading. The reason is the interfacial charge transfer
between the conduction band of zeolite and nanocarbon. Moreover, the high reactivity of
edge atoms in graphene might be responsible for high photocatalytic activity [16].

W.A. Khanday et al. synthesized a zeolite/activated carbon composite from oil palm
ash using a two-step method, i.e., fusion followed by the hydrothermal process and la-
beled as Z–AC composite [114]. The adsorption results of MB adsorption on the Z–AC
composite were compared with those of activated and non-activated oil palm ash and oil
palm ash zeolite. The highest adsorption capacity observed for the Z–AC composite was
approximately 90% [114].

147



Nanomaterials 2022, 12, 3199

H. Li et al. prepared zeolite by granulation, calcination of coal gangue, followed by the
hydrothermal process and marked as ZMC [19]. Since the carbon content was removed at the
calcination step, prepared ZMC is pure zeolite. By modifying the above-mentioned process,
they synthesized a carbon retaining and extra carbon-containing zeolite-activated carbon
composite and marked them as ZTC and ZAC, respectively. The prepared sample were
examined for the adsorption of Cu+2 and rhodamine-B(Rh-B). The adsorption capacities
for Cu+2 was observed to be 98.2%, 97.1%, 92.8% for ZMC, ZTC, and ZAC, respectively.
Similarly, the adsorption capacities for RB were 17.0%, 41.3%, and 94.2% for ZMC, ZTC, and
ZAC, respectively. Adsorption capacity for Cu+2 decreases upon increasing carbon content.
Zeolite has a uniform pore distribution with a pore size of 0.41 nm, which can easily hold
small Cu+2 ions. On the other hand, activated carbon has variable pore sizes across the
network, including micro, meso, and macro pores; high pore sizes are incompatible with
holding tiny Cu+2 ions and are suitable for adsorption of large organic molecules; hence,
adsorption capacity for Rh-B increasing upon increasing carbon content [19].

M.A. Farghali et al. synthesized a mesoporous zeolite A/reduced graphene oxide
nanocomposite [31]. For this, zeolite was first surface-modified with the help of 3-aminopropyl-
trimethoxy silane (APTMS), which is used as a binding and mesopore generating agent.
Then, using a hydrothermal technique, reduced graphene oxide was added to zeolite-A
to create modified mesoporous zeolite-A/reduced graphene oxide NCs (MZ-A/RGO).
Following that, the synthesized material was employed to remove lead ions (Pb+2) and
methylene blue at the same time. The synthesized composite removed 98% of methylene
blue and 93.9% Pb+2 [31].

Mahmoodi et al. immobilized the laccase enzyme onto a zeolite and graphene oxide
composite via the covalent bond and prepared a biocatalyst for the removal of direct red
23 dye [22]. They used the hydrothermal method for the preparation of zeolite and the
Hummers method for the preparation of graphene oxide. The composites were prepared
by taking different weight ratios of graphene oxide followed by laccase immobilization.
It was observed that the dye degradation increased upon increasing the loading ratio of
graphene oxide. Graphene oxides increase the electron transfer between dye and enzyme,
thereby enhancing the oxidation ability of the enzyme [22].

Huang T et al. evaluated magnetic graphene oxide-modified zeolite for uptake of
methylene blue from an aqueous solution [21]. The magnetic MnFe2O3 nanoparticles were
synthesized by the co-precipitation method. The Cu-zeolite was made separately as Cu-Z.
The Cu-Z-GO-M composite was prepared using the solid-state dispersion method. The
composite offered the highest adsorption capacity, i.e., 97.346 mg/g at 318 ◦C [21].

Using two-step alkali fusion and hydrothermal treatment, Zhao et al. generated a
honeycomb-activated carbon-zeolite composite (CZC) using coal fly ash (FA) and utilized
it to adsorb Pb+2 from an aqueous solution [4]. The pre-treated coal fly ash was heated
in a muffle furnace to 750◦C as part of the activation process to produce activated carbon.
Activated carbon zeolite CZC owns a specific surface area that is approximately six times
greater than FA’s, and its average pore size is enlarged from 3.4 to 12.7 µm. At pH 7, CZC
demonstrated 185.68 mg/g of Pb(II) absorption after 40 min of contact time. According
to kinetics studies, Pb(II) ion adsorption onto the surface of CZC is more consistent with
pseudo-second order kinetics [4].

2.5. Zeolite/Polymer Composites

Polymers are the organic compounds with a variety of exceptional properties, includ-
ing high mechanical strength, extraordinary flexibility, large surface area, and chemical
stability. Owing to these characteristics, polymers can serve as a host for many inorganic
and organic compounds [115]. The application of composite materials, which incorporate
both organic and inorganic components, has recently attracted more attention. Combining
the materials results in several beneficial properties that the separate materials could not
produce. For instance, the elasticity and easy processing of polymers and mechanical
properties of inorganic constituents are integrated [116].
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Being an amino polysaccharide, chitosan contains several OH and NH2 groups that
might serve as coordination and reaction sites. The fact that chitosan is made from chitin,
the second-most abundant natural polymer after cellulose, makes it an extremely abun-
dant and inexpensive material. Chitosan’s use as a material in real world applications
is, nevertheless, constrained by its weak mechanical characteristics, which can be over-
come via crosslinking with high mechanical strength materials, such as zeolites [116].
Khanday WA et al. synthesized composite beads by cross-linking chitosan and zeolite de-
rived from oil palm ash and labeled it as Z-AC/C [117]. The activated oil palm ash was first
hydrothermally treated before being beaded with chitosan. The effect of weight percentage
of chitosan and Z-AC on the adsorption of MB (methylene blue) and AB-29 (acid blue-29)
dyes was studied. Increase in the adsorption of AB29 and decrease in MB adsorption was
observed by increasing the percentage of chitosan and vice versa. The Z-AC/C composite
with 50:50 weight ratios of chitosan and zeolite well-adsorbed both AB-29 and MB dyes and
was used for further studies. For the Z-AC/C composite, the adsorption capacities at 30 ◦C,
40 ◦C, and 50 ◦C were 212.76 mg/g, 238.09 mg/g, and 270.27 mg/g for AB29, 151.51 mg/g,
169.49 mg/g, and 199.20 mg/g for methylene blue, and 212.76 mg/g, 238.09 mg/g, and
270.27 mg/g for acid blue-19, respectively [117].

pH plays a crucial role in adsorption processes as the surface charge, speciation, and
degree of ionization of adsorbate are influenced by the pH of the solution. pH influence
on the adsorption of AB29 and MB on the Z-AC/C composite was studied in the pH
range from 3–13 with 100 ppm initial dye concentration at 30 ◦C. It was observed that
at a pH from 3–5, adsorption of AB29 was great and decreased linearly at pH 13. In the
case of MB, the reverse phenomena were reported. At a pH from 3–5, adsorption of MB
was less and linearly increased up to a certain pH and stayed constant afterward. At a
low pH, electrostatic attractions between the adsorbent’s negatively charged surface and
the positively charged H+ ions of AB29 dye are responsible for faster adsorption. As the
pH of the solution increases, the hydrogen ions get diminished, lowering the attraction
between the dye molecule and composite resulting in decreased adsorption of AB29. In
case of MB, at a low pH, the adsorption is low due to the competition between MB and
protons at binding sites. At a higher pH, the surface attains a negative charge, hence, the
adsorption increases. Similarly, the initial dye concentration effect on the adsorption was
also examined and it was observed that low concentrations reached equilibrium faster than
high concentrations in the case of both dyes; the number of unoccupied active sites per dye
molecule is low and the motion of dye molecules toward binding sites gets hindered [117].

Pizarro et al. prepared a composite using natural zeolite (NZ) and commercial cationic
polymer, Polyammonium cation (SC—581), and labeled it as MZ (Modified zeolite) [118].
The material was investigated for adsorption of sulphate, a pollutant originating from
processes of sulphate mining. Modification of zeolite with cationic polymer induces a positive
charge on the adsorbent surface, which helps to bind sulphate ions. Also, the positive charge
of MZ remains intact above pH 4, while the NZ holds the negative charge. The adsorption
capacities of NZ were almost doubled with polymer impregnation. The effect of ion
strength was also investigated, indicating that the adsorbent functions well below a KCl
concentration of 0.050 mol/liter [118].

Senguttuvan et al. synthesized the zeolite/polypyrrole composite for the removal of
reactive blue and reactive red dyes [25]. By performing oxidative polymerization of pyrrole
in the presence of zeolite, the composite nano-adsorbent was fabricated. The FE-SEM and
TEM images of PPy/Ze composites are shown in Figure 17. The particles are mostly ag-
glomerated with a spherical shape and an average particle size between 40 and 80 nm. Even
after adsorption of RB and RR, the PPy/Ze nanocomposites’ morphology did not change,
which indicates the uniform dye adsorption on the surface of PPy/Ze nanocomposites.
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noptilolite) [120]. These A-C beads were employed in the mixture of heavy metals carry-
ing copper (Cu+2), lead (Pb+2), and cadmium (Cd+2) ions. For 10 ppm of initial metal con-
centration, a constant operation with 2 mL/min flow rate revealed 98% of lead uptake. The 
repeatability test revealed that the efficiency of the adsorbent was up to the mark until 3 
cycles with regeneration via HNO3 washing [120]. 

Conducting polymers has attracted a lot of interest because of their appealing fea-
tures, including electrical conductivity and optical qualities. Due to its fascinating quali-
ties, such as excellent chemical stability, cost-effectiveness, and facile synthesis, Polyani-
line (PANI) is a unique and amazing polymer of the conducting polymer family. Addi-
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Figure 17. (a) TEM images of PPy/Ze NCs; SEM images of (b) PPy/Ze NCs, (c) PPy/Ze NCs after
RB adsorption, (d) PPy/Ze NCs after RR adsorption. Reprinted with permission from Ref. [25].
Copyright 2022 Elsevier.

With a 1.8 mg/mL catalyst dosage, and 75 ppm initial dye concentration, the nanocom-
posite adsorbed 88.3% of RR and 86.2% of RB within 75 min. Interaction between the
dyes and PPy/Ze NCs was mostly mediated by aromatic, hydroxyl, and amide functional
groups. The adsorption mechanism involved hydrogen bonding and electrostatic interac-
tions. Senguttuvan et al. also reported the same PPy/Ze NCs for 83.5% removal of Cr(VI)
in 50 min [119].

Yigit et al. fabricated beads of natural composite material using clinoptilolite, a nat-
ural zeolite, and alginate, a naturally occurring polymer and labeled it A-C (alginate-
clinoptilolite) [120]. These A-C beads were employed in the mixture of heavy metals
carrying copper (Cu+2), lead (Pb+2), and cadmium (Cd+2) ions. For 10 ppm of initial metal
concentration, a constant operation with 2 mL/min flow rate revealed 98% of lead uptake.
The repeatability test revealed that the efficiency of the adsorbent was up to the mark until
3 cycles with regeneration via HNO3 washing [120].

Conducting polymers has attracted a lot of interest because of their appealing features,
including electrical conductivity and optical qualities. Due to its fascinating qualities,
such as excellent chemical stability, cost-effectiveness, and facile synthesis, Polyaniline
(PANI) is a unique and amazing polymer of the conducting polymer family. Additionally,
upon visible light excitation, PANI can donate the electrons and act as a good hole trans-
porter [121,122]. Hence, in addition to being adsorbent, PANI can also act as a photocatalyst
and degrade organic pollutants.

To make zeolite/conducting polymer-based (nano-)composites, four alternative routes
can be used [123]. (i) The organic solvent is enclosed in the zeolite cavities first; subsequently,
oxidative polymerization is performed to produce polymeric chains in the zeolitic cavities [124].
(ii) Zeolites containing oxidant ions, such as Fe(III) and Cu(II) are reacted with monomer and
acid vapors [125]. (iii) In the presence of zeolite, by performing in situ polymerization of
the monomer, polymers can be developed inside or outside the channels of zeolite [126,127].
(iv) Powdered zeolite and conducting polymer are mixed mechanically [128]. Methods (ii)
and (ii) of the previously outlined techniques hold the most interest since they produce
nanoscale polymeric chains that are embedded in zeolite cavities. Therefore, as the poly-
meric chains are arranged at the nanoscale, the mechanical, electrical, chemical, and optical
characteristics may be enhanced [123].

150



Nanomaterials 2022, 12, 3199

Abukhadra et al. synthesized the heulandite/polyaniline composite for the efficient re-
moval of light green SF (LGSF), methylene blue (MB), and Congo red dyes from water [129].
Abukhadra et al. prepared the heulandite/polyaniline composite by the mechanical mixing
of heulandite, natural zeolite, and synthesized conducting polymer, polyaniline. According
to Tauc plot calculations, the optical band gaps of HU/PANI and PANI were 1.69 eV
and 2.98, respectively. To examine the photocatalytic activities, studies were carried out
both in dark conditions and with artificial visible light. The pseudo-second order and the
Elovich model both provided good fits for the kinetic results. The Langmuir isotherm
model provided a good description of the adsorption process in the dark, and the estimated
qmax was 44.6 mg/g. The experimental data were well-fitted to the Freundlich and Temkin
models under visible light illumination compared to the Langmuir model. This shows the
function of photodegradation by the HU/PANI composite in improving the multilayer
adsorption. The quadratic programming projected that the ideal conditions for the highest
elimination percentage in the dark, i.e., 70.9%, 5.5 ppm dye concentration, pH 3, 24 mg
dosage of Hu/PANI, and contact duration of 430 min. Whereas, in the presence of visible
light, at 15 mg catalyst dosage, 15 ppm dye concentration, contact time of 589 min, pH 3,
and 97% dye removal is possible [129].

Milojević-Rakić investigated the polyaniline/FeZSM-5 composite for the removal of
glyphosate, a herbicide via oxidative degradation [33]. Different weight ratios of aniline/FeZSM-
5 was used. The method employed for synthesis was the oxidation polymerization of FeZSM-5
with ammonium peroxy disulphate as an oxidant, with and without using acid (H2SO4). 1/1
and 1/5 weight ratios of aniline/FeZSM-5 were used to make the composites. The composite
with the 1/1 and 1/5 ratios of aniline/FeZSM-5 and synthesized without using acid was
labeled as PFeZ1/1 and PFeZ1/5, respectively. Similarly, the composite with the 1/5 ratio
of aniline/FeZSM-5 and synthesized using acid was labeled as PFeZ1/1S and PFeZ1/5S,
respectively. The NH4OH treated (deprotonated) forms of PFeZ1/1, PFeZ1/5, PFeZ1/1S,
and PFeZ1/5S were labeled as PFeZ1/1d, PFeZ1/5d, PFeZ1/1Sd, and PFeZ1/5Sd. Polyani-
line was also synthesized and treated similarly and labeled as PANI, PANI/S, PANId,
and PANIS/d, the same way as composites. The morphological analysis can be seen in
Figure 18.
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By performing the conductivity analysis, it was observed that the composites synthe-
sized with the use of acid have higher conductivity in comparison to composites synthe-
sized without acid. Additionally, the decrease in conductivity was observed by increasing
the loading of zeolite; this elucidates the lower conducting nature of zeolites. Moreover,
with the help of thermogravimetric analysis, the weight content of polyaniline and FeZSM-5
in the composites were evaluated. Table 7 gives the weight content of PANI and FeZSM-5
as well as the percentage degradation and removal of glyphosate from the solution [33].

Table 7. Weight contents, percentage removal, degradation, and adsorption in composites. Reprinted
with permission from Ref. [33]. Copyright 2018 Elsevier.

Sample
Weight Content FeZSM/PANI

Weight Ratio
%

Removal
%

Degradation
%

AdsorptionFeZSM-5 PANI

PANI - - - 12.4 11.6 0.8
ZSM-5 - - - 12.8 7.1 5.7

PFeZ1/1 43.1 52.2 0.83 40.8 31.9 8.9
PFeZ1/5 77.9 18.1 4.30 80.4 66.5 13.9
PANI/S - - - 10.2 9.7 0.5

PFeZ1/1S 42.2 51.6 0.82 26.8 22.6 4.2
PFeZ1/5S 76.9 16.8 4.58 18.1 13.6 4.5

PANId - - - 56.6 54.4 2.2
PFeZ1/1d 47.4 48.4 0.98 13.6 8.4 5.2
PFeZ1/5d 78.9 15.0 5.26 20.4 14.6 5.8
PANI/Sd - - - 6.6 2.8 3.8

PFeZ1/1Sd 47.2 48.4 0.98 7.4 1.1 6.3
PFeZ1/5Sd 79.4 15.5 5.12 3.8 0 3.8

The composites prepared without added acids showed better removal and degradation
than those synthesized via adding acids. The deprotonation significantly reduced the degra-
dation and removal efficiencies of all catalysts. From the data given in the above Table 7, it
can be concluded that composite PFeZ1/5 showed the higher removal efficiency among all
other catalysts. The PFeZ1/5 has an increased number of iron sites; hence, an increased
amount of degradation is observed [33].

Milojevic’-Rakic et al. also prepared the ZSM-5/polyaniline composite by glyphosate
adsorption [26]. The ZSM-5/polyaniline composite was prepared by performing the oxida-
tive polymerization of aniline with and without added acid. Similar to the above-reported
studies, the deprotonation of samples was also conducted. Among all the adsorbents,
the deprotonated form of PANI prepared via acid synthesized polyaniline showed the
maximum adsorption of glyphosate, i.e., (98.5 mg/g). The decrease in adsorption capacities
was observed by increasing the zeolite loadings. The poor adsorption properties of ZSM-5
and composites containing the high weight ratios of ZSM-5 were most likely caused by its
high microporosity, which is unfavorable for adsorption of comparatively huge glyphosate
molecules. The linear, regular, and defect-free emeraldine base structure of PANI/Sd
chains results in effective interaction with the glyphosate molecules. This was attributed to
superior glyphosate adsorption characteristics of PANI/ Sd [26].

3. Comparison of Removal Efficiencies

The brief literature survey on zeolite and its composites for wastewater treatment is
compiled in Table 8.
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4. Conclusions, Challenges, and Future Perspectives

Zeolites are the materials widely used as adsorbents and ion-exchangers for the
remediation of pollutants. This study describes the synthesis, removal process, mechanism,
and application of zeolite-based materials in wastewater treatment, which gives first-hand
information for researchers who want to explore zeolite-based materials.

Researchers have doped various materials, such as metal oxides, polymers, and
carbon-based materials, with zeolites to make zeolite-based composites. In most cases,
these composites exhibit higher removal efficiency than bare zeolites. Additionally, the
composites also enable zeolites to function as an effective photocatalyst for the total break-
down of contaminants, which is noticeably less apparent in bare zeolites. Composites of
zeolite with semi-conducting materials, such as semiconducting metal oxides, graphene,
CNTs, and conducting polymers, are of great interest because of the photodegradation of
the contaminants.

The low efficiency, lack of homogeneous properties, lack of accessibility, and high levels
of impurities in natural zeolite led to the synthetic preparation of zeolites. Major challenges
are faced in the synthesis of zeolites, such as high-cost, the tedious and time-consuming
synthesis and filtration process, generation of alkaline wastewater, etc. Research needs to
be conducted for the synthesis of zeolites with homogenous properties, cost minimization,
and easy processibility in order to establish the material for its easy application on the
industrial level.

The raw natural zeolites, i.e., pristine zeolites without any modifications, have a nega-
tive charge across its framework and are only capable of attracting cationic contaminants.
Some modifications expand its application for the elimination of anionic pollutants as well.
Zeolites can also be modified through doping with foreign materials.

This review motivates researchers to further investigate the photocatalytic behavior
of zeolites and zeolite-based materials, since very few studies have been undertaken for
the estimation of degradation pathways, contribution of ROS species (scavenger studies),
and calculation of band edge positions. In future research, these aspects should also be
considered for the better understanding of photodegradation in zeolite-based materials.
The photocatalytic devices of zeolite-based materials for wastewater treatment are still
not available in the market. Future interest should be on the preparation of zeolite-based
wastewater purifiers that work on both the concept of photocatalysis and adsorption, which
are easy to synthesize and can be realized in a much cheaper way so they can be easily
commercialized and become feasible on an industrial scale.
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Abstract: Supported metal catalysts are widely used in industrial processes, and the particle size
of the active metal plays a key role in determining the catalytic activity. Herein, CeO2-supported
Ni catalysts with different Ni loading and particle size were prepared by the impregnation method,
and the hydrogenation performance of maleic anhydride (MA) over the Ni/CeO2 catalysts was
investigated deeply. It was found that changes in Ni loading causes changes in metal particle size
and active sites, which significantly affected the conversion and selectivity of MAH reaction. The
conversion of MA reached the maximum at about 17.5 Ni loading compared with other contents
of Ni loading because of its proper particle size and active sites. In addition, the effects of Ni
grain size, surface oxygen vacancy, and Ni–CeO2 interaction on MAH were investigated in detail,
and the possible mechanism for MAH over Ni/CeO2 catalysts was deduced. This work greatly
deepens the fundamental understanding of Ni loading and size regimes over Ni/CeO2 catalysts for
the hydrogenation of MA and provides a theoretical and experimental basis for the preparation of
high-activity catalysts for MAH.

Keywords: hydrogenation; particle size; maleic anhydride; Ni loading; CeO2

1. Introduction

Maleic anhydride (MA) is an important C4 fundamental material in the chemical industry
that can be obtained by oxidation of coking benzene, butane, or biomass platform compounds.
MA is a multifunctional and five-membered ring compound composed of one C=C, double
C=O bonds, and one C–O–C functional group. A series of high-value-added fine chemicals
such as succinic anhydride (SA), γ-butyrolactone (GBL), and tetrahydrofuran (THF) can be
synthesized by maleic anhydride hydrogenation (MAH). These solvents and intermediates are
widely used in the military, textile, pharmaceutical, and food industries [1–3]. The hydrogena-
tion of MA involves C=C and C=O hydrogenation, and the investigation of hydrogenation
mechanism for C=C and C=O bonds has been a hot topic. Until now, the catalysts used in
the MAH have mainly been supported Ni-based catalysts, and the supports have mainly
been metal or nonmetal oxides such as Al2O3, SiO2, TiO2, and CeO2 [4–7].

For supported catalysts, the type of active metals, the acid and base properties of
the surface, defect sites, and metal–support interactions have important effects on the
adsorption and activation forms, hydrogenation path, and product selectivity of MAH.
Among these factors, the particle size of the active metal plays a crucial role in the catalytic
performance of catalysts [8–10]. The geometrical structure, electronic structure, and disper-
sion of metal particles change dynamically with changes in particle size, and these changes
lead to variation in the active sites on the catalyst surface, which significantly affects the
catalytic activity of the catalyst [11–14]. Zhao et al. [15] discovered that for the Ni/SiO2
catalytic system, when Ni species were fine clusters, the product GBL was obtained from
the hydrogenation of MA because of the strong interaction between Ni and the support.
However, succinic anhydride (SA) was obtained when the Ni species was in a crystalline
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state and had weak interaction with the support. Li et al. [16] found that the selectivity
of MAH was closely related to the grain size of the active metal, Ni. For a Ni/HY–Al2O3
catalyst, smaller sizes of Ni nanoparticles were favorable for the formation of SA, while as
the Ni loading amount increased, the particle size of Ni and the selectivity of GBL increased.
Meyer et al. [17] observed that NiO had a stronger interaction with the support when the
Ni loading was lower (less than 8 wt%) and that the Ni nanoparticles were conducive to the
generation of SA. However, when the Ni loading was gradually increased, NiO particles
tended to aggregate on the surface of the support, which reduced the interaction between
NiO and the support until more GBL products were finally obtained. Bertone et al. [3]
found that compared with a Ni/SiO2 catalyst, a Ni/SiO2–Al2O3 catalyst had smaller grain
size of Ni on the surface and showed higher GBL selectivity. They speculated that the
Lewis acid on the surface of the SiO2–Al2O3 support promoted the formation of GBL.
Ma et al. [18] prepared Pd/CeO2 catalysts with different Pd particle sizes on a CeO2 carrier
and found that the CeO2-supported Pd single atomic catalyst showed the best activity
for CO oxidation reaction. In addition, in recent works [4,19,20], we synthesized a series
of Ni/CeO2 catalysts under different conditions and investigated deeply the important
role of CeO2 in MA hydrogenation. These works will be very helpful for investigating the
effect of the particle size and active sites of metal on MAH. On the basis of regulating the
particle size and active sites of metal on CeO2 support, they provided a new opportunity
to comprehensively understand the interaction between the active metal and support and
systematically study the change in the active sites of catalysts in heterogeneous catalysis.

Based on the above discussion, in this paper, Ni-supported catalysts with different
Ni loading were prepared by the impregnation method using CeO2 as support, and the
hydrogenation performance of the catalysts was investigated carefully. It was found that
changes in Ni loading caused changes in the metal particle size and active sites, which
significantly affected the conversion and selectivity of MAH reaction. In this work, the
effects of Ni grain size, dispersion, surface oxygen vacancy, and Ni–CeO2 interaction on
the hydrogenation of MA were investigated in detail, and the synthesis process of metal-
supported catalysts was optimized. This paper provides a theoretical and experimental
basis for the preparation of MAH catalysts with higher activity and selectivity.

2. Experimental Section
2.1. Catalysts Preparation

The chemicals, including Ce(NO3)3·6H2O, Ni(NO3)2·6H2O, and NaOH, were pur-
chased from the Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China) and used
without any purification. A CeO2 support was prepared by the sol–gel method. First,
5.00 g Ce(NO3)3·6H2O was dissolved into 20 mL distilled water, and then, 6.56 g citric
acid (CA) was added and stirred. After the cerium salt and citric acid were completely
dissolved, the solution was heated in a water bath at 80 ◦C until the dry sol was formed.
After drying at 120 ◦C for 8 h in the oven, the dry sol formed a spongy material. It was
then moved to a muffle oven and calcined at 500 ◦C for 3 h to finally obtain the CeO2
support. xNi/CeO2 (x: mass content of Ni) catalysts with different loading contents were
prepared by citric acid assisted over-volume impregnation method. For the 5Ni/CeO2
catalyst, 0.505 g Ni(NO3)2·6H2O was dissolved in a mixture of 10 mL ethanol and deionized
water (volume ratio 1:1), followed by 2.00 g solid CeO2 and 0.139 g citric acid (mole ratio
1:1). After stirring at room temperature for 30 min, the mixture was placed in a water
bath at 80 ◦C to volatilize the solvent. After the solvent was completely volatilized, the
sample was transferred to a drying oven at 120 ◦C for 8 h. The obtained samples were
calcinated at 450 ◦C for 3 h (heating rate of 3 ◦C/min) and then reduced for 3 h at 350 ◦C
with H2 at a flow rate of 50 mL/min to prepare the catalyst, which was used for subsequent
characterization and evaluation. According to different content of Ni, the catalysts were
labeled as 5Ni/CeO2, 10Ni/CeO2, 15Ni/CeO2, 17.5Ni/CeO2, 20Ni/CeO2, and 30Ni/CeO2.
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2.2. Catalyst Characterizations and Tests

X-ray diffraction (XRD) was performed using a Bruker D8 Advanced X-ray diffrac-
tometer (Billerica, MA, USA). The instrument used Cu Kα1 radiation (λ = 0.15418 nm)
as an X-ray source and was supplied with a Ni filter and Vantec detector. The scanning
range was 10~80◦, and the scanning rate was 30◦/min. The average crystallite size
was calculated by the Scherrer formula, D = Kλ/βcosθ, where K is Scherrer’s constant
(0.89). The characterizations of H2-TPR (hydrogen temperature programed reduction)
and H2-TPD (hydrogen temperature programmed desorption) were determined using
a Micromeritics AutoChem II 2950 chemisorption apparatus. Raman spectroscopy
(Raman) was performed on a Raman spectrometer with a laser wavelength of 532 nm
(HORIBA, Tokyo, Japan). X-ray photoelectron spectroscopy (XPS) was recorded using
a SCIENTIFIC ESCALAB 250 X-ray photoelectron spectrometer (Thermo Company,
Waltham, MA, USA) with a standard Al-Kα (h = 1486.6 eV). The spectra were calibrated
according to standard C 1s (284.6 eV).

The catalytic performance of the catalyst was evaluated in a 100 mL stainless steel
autoclave. First, 0.1 g catalyst was added together with 4.9 g MA and 40 mL THF into
the reactor. The N2 was passed through to replace the air in the reactor 5 times, and then
H2 was passed through 5 times to replace N2. Then, the reaction system was heated to
210 ◦C with stirring at 500 rpm, and the pressure was kept at 5.0 MPa. The product was
analyzed using an Agilent 7890A gas chromatograph. To verify precise separation of each
component in the products, the programmed temperature was selected. The primary
temperature of the oven was increased to 120 ◦C from 100 ◦C at a ramp of 5 ◦C min−1, and
the temperatures of the detector and injector were 190 ◦C and 260 ◦C, respectively. The
conversion and selectivity of MA to the product were calculated according to the following
equations [20]:

XMA (%) =
CGBL + CSA

CGBL + CSA + CMA
× 100%

SSA (%) =
CSA

CSA + CGBL
× 100%

where CMA, CSA, and CGBL represent the percent content of the reactant and the two
products in the reaction, respectively, and XMA and SSA represent the conversion of MA
and selectivity of SA.

3. Results and Discussion
3.1. Catalyst Characterization

Figure 1 shows the XRD patterns of xNiO/CeO2 samples with different Ni contents.
As shown in Figure 1A, after metal Ni loading, the CeO2 support still maintained the crystal
structure of fluorite cubic phase (JCPDS File 34-0394), similarly to pure CeO2 [21]. The
enlarged pattern (shown in Figure 1B) revealed that the diffraction peaks of the CeO2 (111)
crystal plane in xNiO/CeO2 samples moved to a higher angle, indicating that the crystal
cell parameters of CeO2 shrank after Ni loading. This may have been due to the Ni2+, with
its smaller ionic radius (R = 0.72 nm), replacing Ce4+ (R = 0.81 nm) in the CeO2 lattice,
which resulted in reductions in the cell parameters of CeO2 [22]. The average crystal sizes
of NiO and CeO2 in the xNiO/CeO2 samples were calculated by the Scherrer formula, and
the results are listed in Table 1. Compared with pure CeO2 support, the grain size of CeO2
increased after Ni loading, which may have been caused by sintering during the thermal
calcination or the lattice distortion of CeO2 caused by Ni species [23].

163



Nanomaterials 2022, 12, 2156

Nanomaterials 2022, 12, x FOR PEER REVIEW 4 of 17 
 

 

formula, and the results are listed in Table 1. Compared with pure CeO2 support, the 

grain size of CeO2 increased after Ni loading, which may have been caused by sintering 

during the thermal calcination or the lattice distortion of CeO2 caused by Ni species [23].  

Table 1. The surface areas (SBET), Ni loading, and average crystallite sizes of CeO2, NiO, and metal-

lic Ni in the reduced catalysts. 

Sample D(CeO2) (nm) Surface Area (m2/g) Ni Loading (wt%) D(NiO) (nm) D(Ni) (nm) 

CeO2 11.6 35.6 — — — 

5Ni/CeO2 13.4 35.8 4.8 10.1 — 

10Ni/CeO2 13.8 37.5 10.2 21.6 10.7 

15Ni/CeO2 13.3 34.2 15.3 24.7 15.2 

17.5Ni/CeO2 13.8 32.1 17.2 28.2 17.5 

20Ni/CeO2 13.7 28.4 20.5 30.5 18.9 

30Ni/CeO2 13.1 22.2 29.1 35.1 36.6 

As shown in Figure 1A, the XRD diffraction peaks at 37.0°, 43.0°, and 62.9° corre-

sponded to the characteristic diffraction peaks of NiO’s (111), (200), and (220) crystal 

planes (JCPDS 47-1049), respectively. As Ni loading increased, the intensity of the NiO 

diffraction peak gradually increased, indicating that NiO particles aggregated on the 

surface of the catalyst and the grain size gradually grew. The particle sizes of NiO are 

also listed in Table 1, revealing that as Ni loading increased, the particle size of NiO in-

creased from about 10.1 nm to 35.1 nm. The change in NiO grain size led to a change in 

the interaction between NiO and CeO2, which may have affected the reduction behavior 

of NiO and the structural difference of the catalyst surface. 

20 30 40 50 60 70

  CeO2

  NiO











2 theta (o)

CeO2

2NiO/CeO2

5NiO/CeO2

10NiO/CeO2

15NiO/CeO2

20NiO/CeO2

30NiO/CeO2

17.5NiO/CeO2

In
te

n
si

ty
 (

a.
u

.)


A

 

26 27 28 29 30 31

2 theta (o)

CeO2

2NiO/CeO2

5NiO/CeO2

10NiO/CeO2

15NiO/CeO2

20NiO/CeO2

30NiO/CeO2

17.5NiO/CeO2

In
te

n
si

ty
 (

a.
u

.)

B
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Table 1. The surface areas (SBET), Ni loading, and average crystallite sizes of CeO2, NiO, and metallic
Ni in the reduced catalysts.

Sample D(CeO2)
(nm)

Surface Area
(m2/g)

Ni Loading
(wt%) D(NiO) (nm) D(Ni) (nm)

CeO2 11.6 35.6 - - -

5Ni/CeO2 13.4 35.8 4.8 10.1 -

10Ni/CeO2 13.8 37.5 10.2 21.6 10.7

15Ni/CeO2 13.3 34.2 15.3 24.7 15.2

17.5Ni/CeO2 13.8 32.1 17.2 28.2 17.5

20Ni/CeO2 13.7 28.4 20.5 30.5 18.9

30Ni/CeO2 13.1 22.2 29.1 35.1 36.6

As shown in Figure 1A, the XRD diffraction peaks at 37.0◦, 43.0◦, and 62.9◦ corre-
sponded to the characteristic diffraction peaks of NiO’s (111), (200), and (220) crystal planes
(JCPDS 47-1049), respectively. As Ni loading increased, the intensity of the NiO diffraction
peak gradually increased, indicating that NiO particles aggregated on the surface of the
catalyst and the grain size gradually grew. The particle sizes of NiO are also listed in
Table 1, revealing that as Ni loading increased, the particle size of NiO increased from
about 10.1 nm to 35.1 nm. The change in NiO grain size led to a change in the interaction
between NiO and CeO2, which may have affected the reduction behavior of NiO and the
structural difference of the catalyst surface.

Figure 2 shows the XRD patterns of xNi/CeO2 catalysts after reduction at 350 ◦C. As
shown in Figure 2, the CeO2 support maintained a fluorite cubic structure after reduction,
and the characteristic peak of NiO disappeared, while the characteristic diffraction peak of
the Ni (111) plane appeared at 44.6◦ (JCPDS 01-1258), indicating that NiO was reduced to
metallic Ni. However, for the 5Ni/CeO2 catalyst, the diffraction peak of the metal Ni was
not observed, which may have been due to the high dispersion of amorphous Ni species
on the catalyst surface or the smaller particle size of Ni (<4 nm). The crystal sizes of Ni in
xNi/CeO2 catalysts with different loading content were calculated by the Scherrer formula
and are listed in Table 1. As the Ni loading content increased, the metal Ni aggregates on
the surface of the catalyst increased, and the average grain size increased gradually from
about 10.7 nm to 36.6 nm.
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Figure 3. H2-TPR profiles of xNiO/CeO2 precursors. 

Figure 2. The XRD patterns of reduced xNi/CeO2 catalysts.

Figure 3 shows the H2-TPR spectrum of xNiO/CeO2 samples. The peaks of H2
consumption, named α, β, γ, and δ, were well fitted through a Gauss-type function for these
samples. The α peak showed lower intensity and a broader shape at about 150 ◦C, which
was attributed to the reduction of oxygen species adsorbed on the surface of CeO2 [24,25].
It has been reported that parts of Ni2+ species could enter the CeO2 lattice to replace Ce4+,
which resulted in the distortion of CeO2 lattice and produced oxygen vacancies to balance
charges [24]. Raman results also confirmed that the loaded NiO species promoted the
formation of oxygen vacancies on the CeO2 surface (Figure 4A). These oxygen vacancies
could adsorb some small oxygen-containing molecules and generate reactive oxygen
species, which can easily react with hydrogen [25]. The sharp β peak of H2 consumption
at about 200 ◦C could be attributed to the H2 depletion caused by the dissociation and
adsorption of H2 onto the oxygen vacancies or the Ni–Ce interface and the formation of
OH groups on the surface. A similar result was found in Ni–Ce solid solution [26]. As
shown in Figure 3, as Ni loading increased, the β peak gradually moves towards higher
temperatures, and the peak intensity decreased, indicating that the increase in Ni content
inhibited the dissociation and adsorption of H2 on the oxygen vacancies or the Ni–Ce
interface, which may have been caused by the excessive Ni species masking the oxygen
vacancies on the surface.
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In general, the reduction of NiO species occurs in the temperature range of 200–300 ◦C.
The asymmetric reduction peaks of NiO were deconvolved into two peaks for H2 consump-
tion, which are labeled γ and δ, respectively. The γ peak at 240 ◦C was attributed to the
reduction of highly dispersed NiO species closely linked to the CeO2 support. The stronger
metal–support interaction promoted the reduction of NiO at lower temperatures [21]. The δ

peak at high temperature (about 275 ◦C) was ascribed to the reduction of bulk NiO species
aggregated on the CeO2 surface. From Figure 3, the reduction temperature of NiO species
on the CeO2 surface was lower than that of bulk NiO. This was mainly because loaded
NiO, with smaller size and larger surface area, could more easily contact with H2, which
resulted in the lower reduction temperature. Moreover, oxygen vacancies and preferential
reduced Ni species on the surface of CeO2 support (at 240 ◦C) promoted the dissociation
and activation of H2, and the overflow of H atoms to NiO with large particle size was
favorable to the reduction of NiO at low temperature. It should be noted that as Ni loading
increased, the δ peak moved towards high temperatures. A possible reason for this is that
the activation and migration of H2 may have been inhibited because of the increase in NiO
particle size and the decrease in oxygen vacancy, thus retarding the reduction of NiO at
low temperatures.

In order to study the effect of Ni loading on the surface structure of CeO2, Raman
characterizations for xNiO/CeO2 samples were conducted, and the results are shown in
Figure 4. The Raman peak intensity of CeO2 in the figure was 0.6 times that of the original
peak intensity in order to facilitate comparison of results. For CeO2 support, a strong
Raman vibration peak was observed at 466 cm−1, corresponding to the F2g vibration mode
for the Ce–O bond in the cubic fluorite structure of CeO2 [27]. After the loading of NiO on
the surface of CeO2, the F2g peak intensity of CeO2 decreased, the peak shape widened,
and the peak position moved towards low wavelengths. This was because the strong
interaction between NiO and CeO2 led to lattice distortion of CeO2, which reduced the
symmetry of the Ce–O bond [25]. Besides the F2g vibration peak, the Raman vibration peak
at 600 cm−1 was attributed to the vibration (D band) caused by defect sites on the CeO2
surface [25]. Compared with that of the pure CeO2 support, the peak intensity of the D
band of the xNiO/CeO2 sample increased significantly, indicating that the existence of NiO
promoted the formation of oxygen vacancies on the CeO2 surface. However, the vibration
peak of NiO at 520 cm−1 could not be observed and may be covered by the F2g vibration
peak of CeO2 [26]. Raman spectrum results for the xNiO/CeO2 catalyst after reduction
are shown in Figure 4B. Similarly to the xNiO/CeO2 precursor, two Raman characteristic
peaks were observed at 466 cm−1 and 600 cm−1, corresponding to the F2g vibration of
Ce–O bond for cubic fluorite CeO2 and the D-band vibration induced by surface defects,
respectively [25].
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Figure 5 shows the variation trend of the ID/IF2g ratio with Ni content before and after
reduction, which reflects the influence of Ni loading on the oxygen vacancy concentration
on the catalyst surface [20]. As shown in Figure 5, the oxygen vacancy concentrations of all
xNiO/CeO2 samples loaded with Ni were higher than that of the CeO2 support without
Ni, which indicates that the addition of Ni was beneficial to the formation of oxygen
vacancies on the surface of CeO2. Among these NiO/CeO2 samples, the ID/IF2g ratio
of the 5NiO/CeO2 sample is the highest, and then the ID/IF2g ratio decreased gradually
as the Ni content increased, which means that the oxygen vacancy decreased as the Ni
content increased. A possible reason for this is that the aggregation of NiO and the growth
in particle size on the surface of CeO2 weakened the interaction of NiO and CeO2 and
covered part of the oxygen vacancies on the surface, which resulted in a decrease in
oxygen vacancies.
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As shown in Figure 5, compared with the xNiO/CeO2 samples, the ID/IF2g ratios for
the xNi/CeO2 catalysts increased significantly after reduction, indicating that the oxygen
vacancy concentrations on the surface of the xNi/CeO2 catalysts increased obviously
after H2 reduction. The oxygen vacancy increments of 5Ni/CeO2 and 10Ni/CeO2 were
significantly larger than those of other catalysts with higher Ni loading, which suggests that
lower Ni content was beneficial to the formation of oxygen vacancies on the surface of the
catalyst. When the loaded content of Ni was low, Ni species and CeO2 were in close contact
and interacted strongly each other, which could have promoted the reduction of the CeO2
surface and facilitated the formation of oxygen vacancies on the surface. However, as Ni
loading increased, the active Ni species began to aggregate and cover the surface of CeO2,
which weakened the Ni–CeO2 interaction and inhibited the reduction of CeO2 surface.

In order to further study the effect of Ni content on the surface species of Ni/CeO2,
five samples of CeO2, 5Ni/CeO2, 10Ni/CeO2, 17.5Ni/CeO2, and 30Ni/CeO2 were char-
acterized by the XPS technique. Figure 6A shows the Ce 3d XPS spectra of the catalyst.
The peak of Ce is deconvolved into five groups of characteristic peaks according to the
literature [28,29]. The three characteristic peaks labeled u and v, u” and v”, and u”’ and
v”’ belong to the XPS peaks of 3d1/2 and 3d5/2 of Ce4+ 3d, while the two characteristic
peaks of u’ and v’ and u0 and v0 belong to the 3d1/2 and 3d5/2 of Ce3+ 3d. Compared with
pure CeO2, the XPS peak of Ce4+ in the 5Ni/CeO2 catalyst moved slightly towards the
high-energy direction, indicating that the strong interaction between Ni and CeO2 changed
the electronic configuration of Ce on the surface. Similar phenomena were observed in
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Pt/CeO2 and Cu/CeO2 catalysts, and the peak shift of Ce4+ should be caused by electron
transfer from metal to CeO2 [30,31]. According to the XPS peaks of Ce3+ and Ce4+, the
concentration of Ce3+ on the catalyst surface was estimated, and the results are listed in
Table 2. Per Table 2, the amount of Ce3+ on the surface of the 5Ni/CeO2 catalyst was the
highest among these samples. As the Ni loading amount increased, the amount of Ce3+ on
the surface gradually decreased and was even lower than that of pure CeO2 after reduction
for 17.5Ni/CeO2 and 30Ni/CeO2. This may have been caused by excessive Ni covering the
Ce3+ on the surface of the catalyst.
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Table 2. The quantitative analysis of XPS for reduced xNi/CeO2 catalysts.

Sample Ce3+/(Ce3+ + Ce4+) OIII/(OI + OII + OIII) Ni0:Ni2+:Ni3+

CeO2 0.162 0.2066 -

5Ni/CeO2 0.178 0.414 0.18:0.57:0.25

10Ni/CeO2 0.164 0.374 0.25:0.56:0.19

17.5Ni/CeO2 0.146 0.364 0.34:0.45:0.20

30Ni/CeO2 0.139 0.334 0.43:0.39:0.18

Figure 6B shows the O 1s XPS spectra of the reduced xNi/CeO2 catalysts. After
deconvolution, three groups of XPS peaks of O were observed, representing three types
of O species. OI and OII represented O species with different coordination in the CeO2
lattice, and OIII represented oxygen species adsorbed at defect sites on the catalyst surface.
The OI peak at 528.8 eV was the oxygen species coordinated with Ce3+ in the CeO2 lattice,
while the OII peak with slightly higher binding energy (529.4 eV) represented the oxygen
species coordinated with Ce4+ [32]. The concentration of oxygen vacancies on the surface
of the catalyst can be estimated by the ratio OIII/(OI + OII + OIII), and the results are
listed in Table 2. Per Table 2, as the Ni content increased, the concentration of oxygen
vacancies gradually decreased but was higher than that of the pure CeO2, indicating that
the introduction of Ni promotes the formation of oxygen vacancies on CeO2 surface, which
was consistent with the Raman results.

Figure 7 shows the XPS peaks of Ni 2p3/2 for all catalysts. In addition to the satellite
shake-up peak of Ni at about 861.0 eV, three fitting peaks represented three kinds of
Ni species with different chemical states, namely α, β, and γ, which were assigned to
Ni0 (~852.4 eV), Ni2+ (~854.7 eV), and Ni3+ (~856.8 eV), respectively. Three kinds of
Ni species coexisted on the surface of the Ni/CeO2 catalysts. According to previous
research [30,33,34], highly dispersed Ni clusters can interact with CeO2 support to generate
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the Ni–O–Ce structure, in which case the outer electrons of Ni would transfer to the 4f
orbital of Ce through the Ni–O–Ce bond, which would result in the formation of Ni2+ or
Niδ+. Ni3+ ions should come from Ni species that enter into the CeO2 lattice and form
a NixCe1−xO2−y solid solution with CeO2 [35]. According to the peak area of different
Ni species, the proportionate relationship among different Ni species was estimated, and
the results are listed in Table 2. From Table 2, as Ni loading increased, the content of Ni0

gradually increased, while the content of Ni2+ gradually decreased. This was due to the
fact that when the content of loaded Ni was low, the Ni particles with smaller size were
highly dispersed on the surface of the catalyst and had stronger interaction with CeO2
support, which made the outer electrons of Ni easily transfer to CeO2, thus forming more
Ni2+. However, the increase in Ni loading led to the growth of the Ni particle size, which
weakened the electron induction effect of CeO2 on Ni and led to the decrease in Ni2+ content.
In addition, the relative content of Ni3+ was relatively low for all xNi/CeO2 catalysts, which
means that only a small amount of Ni formed a NixCe1−xO2−y solid solution with the CeO2
support because of the limitation of the loading method (the impregnation method).
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Figure 7. The Ni 2p3/2 core-level XPS spectra of the xNi/CeO2 catalysts. 
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Figure 7. The Ni 2p3/2 core-level XPS spectra of the xNi/CeO2 catalysts.

The H2-TPD characterization results of the CeO2 support and each catalyst are listed
in Figure 8. As shown in Figure 8A, the CeO2 support had the ability to activate and adsorb
H2 before and after reduction at 350 ◦C, and the oxygen vacancies had a great influence on
the form of existence for the adsorption of H2 [36]. In order to further study the hydrogen
species on CeO2 surface, H2-TPD combined with a mass spectrometer (MS) was used to
detect the desorbed H2 species. Figure 9A shows that H2 was desorbed in the form of H2O
in the range of 150–400 ◦C on the surface of unreduced CeO2 (labelled CeO2), indicating
that the adsorption of H2 on the surface was irreversible, and OH groups were generated
on the surface of the support. In contrast, as shown in Figure 9B, on the surface of reduced
CeO2 (labelled CeO2-350), the adsorbed atomic H was desorbed from the CeO2 surface
in the form of H2 at about 80 ◦C, meaning that the oxygen vacancies on the surface of
reduced CeO2 were favorable for the reversible adsorption of H2, which was consistent
with literature reports [37].
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Figure 9. H2-TPD-MS profiles of (A) unreduced CeO2 (CeO2) and (B) reduced CeO2

(CeO2-350) samples.

As shown in Figure 8B, xNi/CeO2 catalysts with different Ni loadings had similar H2-
TPD spectra. The desorption peak was fitted into three desorption peaks by the Gaussian
method. The desorption peak (α peak) at about 80 ◦C was similar to the H2 desorption peak
of CeO2 after reduction and was attributed to the desorption of H2 from the support surface.
The desorption peaks β and γ were attributed to the desorption of H2 adsorbed on different
Ni species. The β peak could be assigned to the H2 desorption of Ni species at the Ni–CeO2
interface. The strong interaction between Ni and CeO2 support weakened the binding
ability of Ni species to H2 and then lowered the energy barrier of H2 desorption. The
desorption peak γ (at 178 ◦C) was assigned to the desorption of hydrogen species adsorbed
on the surface of Ni in bulk phase, which was similar to the H2 desorption on the Ni surface
in Ni/Al2O3 and Ni/SiO2 systems and indicated that the support had little influence on
the H2 adsorption capacity on Ni species here [38]. It can be concluded that different Ni
species on the xNi/CeO2 surface had different adsorption and activation abilities for H2.

Based on H2-TPD results, H2 adsorption volumes at different active sites were esti-
mated and correlated with Ni loading. Figure 10A shows that compared with reduced
CeO2, the H2 adsorption capacity of xNi/CeO2 catalysts greatly increased, confirming that
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Ni was the center of adsorption and activation of H2. For all xNi/CeO2 catalysts, as the
Ni loading increased, the amount of adsorbed H2 on the catalyst first increased and then
decreased gradually. A possible reason for this is that as the Ni loading increased, the
Ni particles aggregated on the surface of CeO2, and the grain size became larger, which
may have reduced the number of active sites for H2 adsorption. Figure 10B shows that
the peak area of α desorption for 5Ni/CeO2 was the largest among the samples. The
peak area of the other samples decreased as the Ni loading increased, which indicates that
the 5Ni/CeO2 catalyst possessed the highest concentration of oxygen vacancies for H2
adsorption. According to Raman and XPS results, excessive Ni was not conducive to the
formation of oxygen vacancies on the surface and inhibited the ability of oxygen vacancies
to activate hydrogen [39]. In addition, as the Ni loading increased, the peak areas of β and
γ increased gradually in the beginning and then decreased obviously after 17.5Ni/CeO2.
The results showed that a proper amount of Ni loading was helpful to increase the number
of active sites on the support surface, while an excessive amount of Ni loading may have
led to the aggregation and growth of Ni species, which could reduce the surface area of Ni
particles and the number of active sites on the surface.
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3.2. Catalytic Performance

Figure 11 shows the conversion curves of maleic anhydride (MA) over xNi/CeO2
catalysts and reduced CeO2 support at 210 ◦C and 5 MPa. After a reaction time of 1 h, the
conversion of MA for all xNi/CeO2 catalysts was close to 100%, and the main product was
succinic anhydride (SA), indicating that all xNi/CeO2 catalysts showed high hydrogenation
activity for the C=C bond. It is noteworthy that the reduced CeO2 carrier also had a certain
ability of MAH and that the conversion of MA was about 30% after 1 h under the same
conditions. When Ni species were loaded on the surface of CeO2, the activity of MA
hydrogenation increased sharply, indicating that Ni was the main active site for the MAH
reaction. For all xNi/CeO2 catalysts, in the initial time, the catalytic activity for MAH
increased gradually as Ni content increased until 17.5 wt%, and then the conversion of MA
decreased slightly until 1 h.
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Figure 12. Effect of Ovac (A) and surface Ni species (B) on the TOFMA→SA over the xNi/CeO2 cata-
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lysts. From Figure 13A and B, the selectivity of SA for all xNi/CeO2 catalysts was around 

100% at the initial reaction time of 40 min and then decreased gradually while the selec-

tivity of γ-butyrolactone (GBL) increased gradually. The selectivity of GBL on the 

Figure 11. The conversion of MA on reduced the xNi/CeO2 catalysts.

In order to further investigate the C=C hydrogenation performance of xNi/CeO2
catalysts, the turnover frequency values for MA to SA (TOFMA→SA) over the active Ni were
calculated and correlated with the oxygen vacancies, Ni species, and Ni loading content. As
shown in Figure 12, the TOFMA→SA of the xNi/CeO2 catalysts decreased as the Ni content
increased, which was consistent with the change trend of oxygen vacancies on the surface,
indicating that the oxygen vacancies of the catalyst also played an important role in the
C=C hydrogenation of MA. According to H2-TPR and H2-TPD results, oxygen vacancies
not only improved the dissociation and adsorption capacity of H2 on the catalyst but
promoted the diffusion of active H on the catalyst surface, providing more active H species
for the hydrogenation reaction [37]. Moreover, according to theoretical calculations, oxygen
vacancies with rich electron structure can provide electrons to the active metal and enhance
the electron-giving ability of the active metal, thus improving the C=C hydrogenation
performance of the metal [40]. For the xNi/CeO2 catalytic system, it can be speculated that
the synergistic effect between active metal Ni and oxygen vacancies (Ovac) could have
improved the C=C hydrogenation performance of Ni.
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Figure 13A shows the trend of SA selectivity with reaction time on different catalysts.
From Figure 13A and B, the selectivity of SA for all xNi/CeO2 catalysts was around 100%
at the initial reaction time of 40 min and then decreased gradually while the selectivity of
γ-butyrolactone (GBL) increased gradually. The selectivity of GBL on the 17.5Ni/CeO2
catalyst was the highest (about 35.7%) after 8 h compared with the other xNi/CeO2 catalysts.
In addition, the selectivity of SA on the CeO2 support remained at 100% within 8 h of
the reaction, indicating that the CeO2 support had almost no hydrogenation activity for
the C=O bond. The above results identify that the metal Ni was the active center for the
hydrogenation of SA to GBL and that the content of Ni loading significantly affected the
C=O hydrogenation over the catalyst. As for the stability of the xNi/CeO2 catalysts, it
should be noted that all samples showed good stability in the hydrogenation process. After
a reaction time of 1 h, the conversion of MA for all xNi/CeO2 catalysts was close to 100%,
and the catalysts kept their high catalytic performance. Furthermore, after five cycles of use,
all the catalysts kept their high activity and selectivity, and there was no obvious decrease
in either. In addition, the stability of the 17.5Ni/CeO2 catalyst had no obvious change
compared with other catalysts in the MAH process.
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It has been reported that the metal Ni with certain grain size is the active center of
hydrogenation of SA to GBL. Meyer et al. [17] studied the effect of Ni loading on the
hydrogenation of MA and found that Ni/SiO2–Al2O3 catalyst had hydrogenation activity
for C=O only when Ni loading was more than 8 wt%. They concluded that a certain size
of Ni grain was the active center for the hydrogenation of SA to GBL. In this work, the
selectivity of GBL also showed a strong dependence on the particle size of Ni. However,
when the particle size of Ni exceeded a certain amount (17.5 nm), the hydrogenation
activity of C=O started to decrease. For example, though the average sizes of Ni particles
on the 20Ni/CeO2 (18.9 nm) and 30Ni/CeO2 catalysts (36.6 nm) were larger than that
of the 17.5Ni/CeO2 catalyst (17.5 nm), the selectivities of GBL were lower than that of
17.5Ni/CeO2 (as shown in Figure 13B).

In order to understand deeply the influence of catalysts on the hydrogenation activity
of C=O, the values of TOFSA→GBL over different catalysts were calculated. As shown
in Figure 14, as the Ni loading increased, the value of TOFSA→GBL gradually increased.
When the content of Ni was 17.5 wt%, the value of TOFSA→GBL reached the maximum.
It then rapidly decreased as the Ni loading increased further. At the same time, the H2
concentration adsorbed on Ovac decreased monotonously as the Ni loading increased. The
volcanic curve for TOFSA→GBL showed that the hydrogenation of SA to GBL was structure
sensitive, which is quite different from the trend of TOFMA→SA in Figure 12A.
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Figure 14. Effect of Ovac (A) and surface Ni species (B) on the TOFSA→GBL over the xNi/CeO2 cata-
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According to previous research [41–43], for reducible supports, such as TiO2 and
CeO2, the metal–support interface is considered to be the active site of C=O adsorption
activation. It was found that the C=O functional groups could be adsorbed and polarized
at the interfaces of Pt–TiOx and Ni–TiOx and that the catalytic activity of hydrogenation
for crotonaldehyde to crotonyl alcohol was significantly improved [41]. Because of strong
interaction with the carrier, the electronic configuration for most of the metal particles at the
interface was in an ionic state (such as Ni2+ at the interface of Ni–TiO2). These ionic metal
particles could play the role of a Lewis acid and participate in the adsorption and activation
of C=O functional groups [42]. In addition, in the hydrogenation reaction of citral, a small
amount of Ni2+ at the Ni–TiO2 interface promoted the adsorption and activation of C=O in
the citral molecule and finally improved the selectivity of the hydrogenation of citral to
citric alcohol [41,43].

As shown in Figure 14B, the change trend of TOFSA→GBL was consistent with the
change in the total amount of H2 adsorbed on the active sites of interface Ni and bulk Ni,
which indicates that both the interfacial Ni and bulk Ni0 could catalyze the hydrogenation
reaction of the C=O bond. According to the characterization results of H2-TPR, H2-TPD,
and XPS, the Ni species at the interface showed a valence state of Niδ+ because of the
strong interaction with the CeO2 support [34]. Therefore, it can be inferred that Niδ+ at the
interface could also promote the adsorption of C=O on the catalyst surface as the Lewis acid
site. Based on the catalytic effect of metal Ni on the adsorption and activation of C atoms in
C=O and subsequent C–O bond breaking [33], we propose the possible mechanism of the
Niδ+–Ni0 synergistic effect on the hydrogenation reaction of C=O. As shown in Figure 15,
first, the metal Ni0 adsorbs and activates C atoms in the C=O functional group, and Niδ+ at
the interface acts as a Lewis acid to synergistically activate O atoms. Second, the synergistic
effect of Niδ+ and Ni0 promotes the adsorption and activation of C=O, and the activated
C=O group reacts with highly active hydrogen atoms on the surface of metal Ni, which
results in the C=O bond hydrogenation and subsequent C–O fracture. According to this
mechanism, if the particle size of Ni becomes larger, the distance between the top Ni0 and
the bottom Niδ+ increases, which weakens the synergistic activation for C=O by Niδ+–Ni0.
This constitutes a good explanation for the phenomenon in which the selectivity of GBL
decreased as the average particle size of Ni increased beyond 17.5 nm.
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4. Conclusions

In this work, Ni/CeO2 catalysts were synthesized by the impregnation method, and a
series of xNi/CeO2 catalysts with different particle sizes and active sites were successfully
prepared by changing the Ni loading. The effects of particle size and active sites of Ni/CeO2
on the hydrogenation of MA were systematically studied. It was found that the catalytic
activity of the xNi/CeO2 catalysts was size dependent for MAH and that the metal Ni
was the active center for the catalytic hydrogenation of C=C from MA to SA and of C=O
from SA to GBL. In the beginning of the reaction, the hydrogenation activity of the catalyst
increased as the Ni loading increased until 17.5Ni/CeO2 and then decreased gradually
as the Ni loading increased further. The oxygen vacancies on the surface of Ni/CeO2
could promote the adsorption and activation of H2, and the synergistic effect of active
metal Ni and oxygen vacancies could improve the hydrogenation of the C=C bond. The
synergistic effect of Niδ+ species obtained from the strong electronic attraction of the CeO2
support and Ni0 promoted the adsorption and activation of C=O in MAH. The current
results confirmed that the particle size and catalytic ability of Ni/CeO2 catalysts could
be modulated through changing the Ni loading on the CeO2 support. This work not
only provides a deep understanding of MA hydrogenation over Ni/CeO2 catalysts but
highlights the potential of size-dependent catalysts in heterogeneous catalysis.
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Abstract: Through use of the hydrothermal technique, various shaped CeO2 supports, such as
nanocubes (CeO2-C), nanorods (CeO2-R), and nanoparticles (CeO2-P), were synthesized and em-
ployed for supporting Ni species as catalysts for a maleic anhydride hydrogenation (MAH) reaction.
The achievements of this characterization illustrate that Ni atoms are capable of being incorporated
into crystal lattices and can occupy the vacant sites on the CeO2 surface, which leads to an enhance-
ment of oxygen vacancies. The results of the MAH reaction show that the morphology and shape
of CeO2 play an important role in the catalytic performance of the MAH reaction. The catalyst for
the rod-like CeO2-R obtains a higher catalytic activity than the other two catalysts. It can be concluded
that the higher catalytic performances of rod-like CeO2-R sample should be attributed to the higher
dispersion of Ni particles, stronger support-metal interaction, more oxygen vacancies, and the lattice
oxygen mobility. The research on the performances of morphology-dependent Ni/CeO2 catalysts as
well as the relative reaction strategy of MAH will be remarkably advantageous for developing novel
catalysts for MA hydrogenation.

Keywords: maleic anhydride; crystal-plane; oxygen vacancies; hydrogenation; Ni/CeO2

1. Introduction

As high value-added solvents and intermediates, γ-butyrolactone (GBL), tetrahydro-
furan (THF), and succinic anhydride (SA) are broadly employed in diverse industries
including pesticides, machinery, military, plastics, and batteries. These fine chemicals can
be prepared by means of catalytic hydrogenation of maleic anhydride (MA), which is a fun-
damental material that can be produced using butane in the petrochemical industry, using
benzene from coal chemical’s primary product, and using 5-hydroxymethyl-furfaldehyde
or furfaldehyde oxidation from biomass platform compounds [1–4]. In general, the pro-
cedure of maleic anhydride hydrogenation (MAH) comprises two sorts of hydrogenation
procedures, namely the catalytic hydrogenation of C=C and C=O. These two hydrogenation
procedures include similar reaction conditions (pressure and temperature) and can generate
a mixture of various fine chemicals [5,6]. Therefore, the novel catalysts with remarkable
catalytic activity and selectivity are highly desirable in order to reduce the contamination
and further purification costs for synthesizing high-quality fine chemicals.

As a fundamental support material, ceria is capable of promoting the catalytic perfor-
mances of catalysts by increasing the dispersion of the active metal particles and enhancing
the support-metal interactions [7,8]. Furthermore, ceria is known as an oxygen buffer
because of a fast and reversible transition between Ce4+ and Ce3+, which can provide
various peculiar chemical and physical features. Hence, in a diverse range of catalytic
reactions, including methane reforming, CO oxidation, NO catalytic reduction, and water-
gas shift, ceria is extensively employed as an active catalyst or support material [9–13].
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In our recent works [4,14], series Ni/CeO2 catalysts were synthesized and implemented for
in-depth understanding of the important role of CeO2 in MA hydrogenation. By means of
comparative research on support selection, the association of oxygen vacancies, Ni-CeO2
interaction, interface of M-CeO2 with the catalytic behaviors were thoroughly studied.

Very recently, a broad range of investigations has discovered that the feature of exposed
lattice face has a notable impact on the catalytic behavior of CeO2. Moreover, morphology-
dependent CeO2 has been deeply explored as a catalyst [15–23] and support [24–33] in var-
ious reactions, for instance in acetylene semi-hydrogenation, WGS reaction, and CO ox-
idation. Thus, the catalytic behaviors of CeO2-supported catalysts could be optimized
and improved through modification of CeO2 morphology. Riley et al. [34] reported DFT
calculation results on CeO2 (111) surface with oxygen vacancies and proposed the doping
of ceria by Ni as a means of creating oxygen vacancies and enhancing the catalytic perfor-
mance of the hydrogenation of acetylene. Vilé et al. [35] discovered that the cubic CeO2 was
mostly exposed to (100) planes, while the particles of polyhedral CeO2 were mostly exposed
to (111) planes, and the particles of polyhedral CeO2 demonstrated more considerable
catalytic activity compared to the particles of cubic CeO2 in the C2H2 semi-hydrogenation
reaction. Moreover, the exposed (110) plane of rod-like CeO2 illustrated more desirable cat-
alytic performances in selective hydrogenation of nitroaromatic hydrocarbons [36]. Si and
coworkers [24] prepared cubic, rod, and polyhedral shaped crystals of CeO2 with the aid
of precipitation and deposition approaches. Subsequently, the preparation of Au/CeO2
catalysts was conducted by employing the synthesized CeO2 as support and implemented
to WGS reaction. The following trend exhibits the catalytic activities of the three considered
catalysts in the WGS reactions: rod-shaped Au/CeO2 > polyhedral Au/CeO2 � cubic
Au/CeO2. These investigations revealed that the exposed surface of CeO2 represented
a substantial impact on the catalytic behaviors of the active metals since the dispersion of
metals on the surfaces of the supports and the strong interaction of metal–support were
regarded to be the key factors for the alterations in the physicochemical characteristics of
the catalyst. As a result, the Ni/CeO2 catalyst possesses a remarkable catalytic activity
in the hydrogenating process of maleic anhydride, and the morphology of CeO2 support
also has an important effect on the chemical features and catalytic behavior of the catalyst,
although researchers’ understanding of this aspect is limited.

In this study, based on the above discussions, three kinds of ceria, namely cube-like,
rod-like, and particle-like, were prepared. By employing the impregnation technique,
Ni species were dispersed on the surface of the particles of CeO2. The fundamental
purpose of the current research is to study the potential effects of the CeO2 nano-crystal
shape on the MAH reaction. It is revealed that the crystal plane and morphology of
the CeO2-support show an apparent effect on the selectivity and conversion of MAH
reaction. The catalyst supported over rod-like CeO2 obtains a substantially higher catalytic
activity than the other two catalysts. The present research provides a deep understanding of
nature and process of metal/oxide–carrier interactions and elucidates the optimization and
synthesis technique of metal-supported catalysts; therefore, contributing to the preparation
of MAH catalysts with higher product selectivity and catalytic activity.

2. Experimental Section
2.1. Catalysts Preparation

The utilized chemicals, namely, Ni(NO3)2·6H2O, Ce(NO3)3·6H2O, and NaOH were
provided by the Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China), and they were
analytical grade and used as-purchased without pre-purification. The nanocrystals of CeO2
with various morphologies were prepared in accordance with Mai et al.’s procedure [17].
In general, the dissolution of 16.88 g NaOH was fulfilled in 30 mL water (6.0 mol/L),
and the dissolution of 1.96 g Ce(NO3)3·6H2O was performed in 40 mL water (0.05 mol/mL).
Subsequently, the solution of NaOH was increased dropwise into the solution of Ce(NO3)3
under stirring at ambient temperature. The prepared solution was sufficiently stirred for
a further 30 min at ambient temperature and then transferred into a 100 mL Teflon bottle,
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which was tightly sealed and hydrothermally processed in a stainless-steel autoclave at 180
and 100 ◦C for 1 day accordingly for synthesizing CeO2 cubes (demonstrated as CeO2-C)
and rods (demonstrated as CeO2-R). Following the cooling procedure, the resulting precipi-
tate was collected, washed out with water, and dehydrated in a vacuum for 16 h at 80 ◦C.
Afterwards, in a muffle oven, the obtained yellowish powder was calcined for 3 h at 500 ◦C
for synthesizing the nanocrystals of CeO2-R and CeO2-C. In the case of CeO2 particles
(denoted as CeO2-P), the synthesized process was practically the same as CeO2-R, except
the added concentration of NaOH was about 0.01 mol/L. To prepare the Ni/CeO2 catalyst,
the acquired CeO2 supports with three morphologies were moistened with corresponding
volumes of the Ni(NO3)2·6H2O solution for achieving the theoretical Ni-loading of 5 wt%.
The hydrated precursor was dehydrated during the night hours at 120 ◦C and then through
calcination in air for 3 h at 450 ◦C for the production of NiO/CeO2 powder. Finally, the Ni
(5 wt%)/CeO2 catalysts were achieved by means of reducing the NiO/CeO2 for 3 h at
350 ◦C, denoted as 5Ni/CeO2-R, 5Ni/CeO2-C, and 5Ni/CeO2-P, respectively.

2.2. Catalyst Characterizations

The outcomes of X-ray diffraction were provided through the powder diffraction
of X-ray implementing a D8 Advance (Bruker, Billerica, MA, USA) (λ = 0.15418 nm, Cu
Kα1 radiation) supplied with a Ni filter and Vantec detector. The findings were obtained
within the 2θ zone of 10–80◦ through a scan speed at 3 ◦/min. The average crystallite size of
the selected samples was evaluated by implementing the formula of Scherrer D = Kλ/Bcosθ,
where K is 0.9. The materials morphologies were visualized by employing a Transmis-
sion Electron Microscope (TEM) (JEOL, JEM-2010, Tokyo, Japan). By taking advantage of
the ultrasonic method, the specimens were dispersed in ethanol. The loading of Ni species
of the catalysts was executed with the help of an inductively coupled plasma (ICP) spec-
troscopy instrument (iCAP 7400 ICP-OES, Thermo Fisher Scientific, Waltham, MA, USA).
To characterize the property of a surface, the spectrum of Raman was obtained by using
a Raman microscope with a 532 nm laser wavelength (HORIBA, Tokyo, Japan). The pore
distribution and specific surface area of the catalysts, supports, and oxide precursors were
determined through physisorption of N2 at −196 ◦C employing an ASAP-2020 device
(Micromeritics, Norcross, GA, USA). The specimens were pre-degassed under vacuum
at 250 ◦C prior to assessment. The specific surface area of the specimen was evaluated
according to the Brunauer–Emmett–Teller (BET) method. The distribution of pore-size was
assessed by considering the adsorption isotherms employing the Barett–Joyner–Halenda
(BJH) approach.

The assessments of H2-TPR (hydrogen temperature programed reduction) and H2-
TPD (Hydrogen temperature programmed desorption) were conducted on similar device
employing the Micromeritics AutoChem II 2950 system supplemented with a thermal
conductivity detector. X-ray photoelectron spectra (XPS) were recorded at ambient temper-
ature employing a SCIENTIFIC ESCALAB 250 spectrometer supplemented with a standard
Al-Kα (h = 1486.6 eV). By employing the carbon contamination (C1s, 284.6 eV), the calibra-
tion of the binding energies was accomplished. To fit XPS peaks, Lorentzian/Gaussian and
Shirley functions were implemented together.

2.3. Catalytic Tests

The hydrogenation of MA at liquid was executed on the catalysts of Ni/CeO2 in a batch
reactor at 5 MPa and 180 ◦C. Prior to MA hydrogenating, through the flow of pure H2
in a reactor at correspondent temperature, the catalysts were pre-reduced. The 4.9 g MA
and 0.1 g reduced catalysts were mixed in a 100 mL autoclave comprising THF solvent;
the mixed system was subsequently purged with N2 for the elimination of air. The reac-
tion system was next heated to 180 ◦C with stirring at 500 rpm to diminish any possible
mass transfer restriction. The pressure of hydrogen was kept at 5.0 MPa during the MAH
reaction at the same time. The products of the reaction were scrutinized by employing
a gas chromatograph (7890A, Agilent, Palo Alto, CA, USA). To verify precise separation
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of each component in the products, the programmed temperature was selected. The pri-
mary temperature of the oven was increased to 120 ◦C from 100 ◦C at a ramp of 5 ◦C
min−1, and the temperatures of the detector and injector were 190 ◦C and 260 ◦C, respec-
tively. The selectivity and conversion of MA to the product were evaluated considering
the equations given below:

XMA (%) =
CGBL + CSA

CGBL + CSA + CMA
× 100%

SSA (%) =
CSA

CSA + CGBL
× 100%

where CMA, CSA, and CGBL demonstrate the percent content of the reactant and products
in the reaction sewage, respectively. SSA and XMA imply the SA selectivity and MA conversion.

3. Results and Discussion
3.1. Catalyst Characterization

Figure 1 demonstrates the images of HRTEM and TEM for the three nanomaterials
studied. Figure 1A shows the images of TEM for the irregular nanoparticles of CeO2
with a less-uniform length within 10–20 nm. The image of HRTEM in Figure 1D shows
the clear (111), (220), (200), and (311) lattice fringes with the interplanar spacing of 0.32, 0.28,
0.20, and 0.16 nm, respectively, meaning that the particles of CeO2-P are predominantly
a hexahedral shape and surrounded by the (111) facet. Figure 1B exhibits the image of
TEM for the CeO2 nanorods, with a less-uniform length within 20–150 nm and a uniform
diameter in 10 ± 1.0 nm. Figure 1E illustrates the image of HRTEM for a CeO2 nanorod
incorporated with a fast Fourier transform (FFT) assessment (inset). Considering the FTT
assessment, two kinds of lattice fringe directions assigned to (200) and (220) are detected
for the nanorods, which possess an interplanar spacing of 0.28 and 0.19 nm on the HRTEM
image, respectively.
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The nanorods demonstrate a 1D growth structure with a preferred growth direction
along (220), and are surrounded by (200) planes, which are similar to the CeO2 nanorods
synthesized under similar hydrothermal conditions by Mai and colleagues [17]. It is worth
mentioning that the surface of CeO2 nanorods is rough, which implies the crystals have

182



Nanomaterials 2022, 12, 762

lower crystallinity and more defect sites on their surface. The image of TEM for the uniform
nanocubes of CeO2 with the size of 10–50 nm is illustrated in Figure 1C. The image of
HRTEM in Figure 1F incorporated with FFT assessment (inset) shows the apparent (220),
(200), and (111) lattice fringes with the interplanar spacing of 0.19, 028, and 0.31 nm,
respectively, indicating that the nanocubes of CeO2 are surrounded by the (200) planes.

The images of TEM in Figure 2 show that three various shaped nanomaterials of
ceria maintain their intrinsic crystal shapes after the impregnation of Ni and further heat
processing. According to the images of HRTEM, it could be observed that the species
of Ni with exposed (111) planes are uniformly dispersed on the surface of CeO2 sup-
ports for all samples. The average sizes of Ni nanoparticles in 5Ni/CeO2-P, 5Ni/CeO2-R,
and 5Ni/CeO2-C samples are 3.0, 2.0–3.0, and 5.0 nm, respectively. Therefore, most of
the counted Ni in the samples are supported on the faces of the nanocrystals of CeO2
in comparison to their truncated corners and edges.
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The XRD patterns for the as-prepared supports of CeO2 are shown in Figure 3A.
The diffraction peaks related to Bragg for the CeO2 specimen presented at 28, 33, 47,
and 56◦ can be described as (111), (200), (220), and (311) planes, which should belong to
the fluorite-type structure of ceria with cubic crystalline (Fd3m, JCPDS file 34-0394) [37].
The weaker and wider peaks of diffraction for CeO2-Rs indicate a lower crystallinity and
smaller crystallite size in comparison with the other samples. Owing to the impurity, no
other diffraction peaks can be detected.
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Following the introduction of nickel, the ceria remained in the primary face-centered
cubic structure and no Ni diffraction peaks appeared (Figure 2B), which reveals that
the Ni species anchored on CeO2 are smaller and highly dispersed, suggesting there is
stronger interaction between CeO2 and Ni. Moreover, in comparison with pure ceria
structures, the crystallite size of ceria (D) over Ni/CeO2 increases (Table 1), which is
possibly correlated with the partial sintering during the procedure of thermal calcination.
Based on the previous investigation [38], the microstrain (ε) of crystal is an assessment of
lattice stress available in the materials due to lattice elongation, distortion, or contraction,
which can be determined according to the broadening degree of XRD diffraction peak with
pseudo-Voigt method. Thus, the number of inherent defects on the surface of three CeO2
supports can be qualitatively analyzed by comparing the value of microstrain. As shown
in Table 1, the CeO2-R shows the highest value of microstrain both prior to and following
the Ni loading, and the CeO2-C has the least value of microstrain. This order should be
consistent with the reducibility (the oxygen vacancies concentration) for diverse CeO2
supports. Since there is a close association between the concentration of oxygen vacancies
and the lattice strain, it is suggested that the asymmetrical five-coordinate structure of
Ni/CeO2-R with the greatest strain could be unstable, which is desirable for the surface
oxygen mobility. In contrast, the stability of the symmetrical eight-coordination structure
of Ni/CeO2-C with the least strain could be considerable [38]. Due to the largest lattice
strain and relatively highest concentration of oxygen defects, the 5Ni/CeO2-R should
exhibit superior stability and catalytic activity compared with the other two samples for
MA hydrogenation. Moreover, the specific surface areas achieved from the isotherms of N2
adsorption–desorption are also illustrated in Table 1. It can be detected that the 5Ni/CeO2-
R and CeO2-R express the greatest SBET values in comparison with the other samples.
It should be noted that greater surface area of CeO2-R is in favor of the Ni dispersion
on the support.

Table 1. Physical parameters and structure of CeO2 supports and 5Ni/CeO2 catalysts.

Sample Ni Loading (%) SBET (m2/g) D (CeO2) (nm)
Microstrains (ε) (%)

(111) (200) (220)

CeO2-P - 60.3 12.8 0.98 0.67 0.58
CeO2-R - 80.2 10.6 1.04 0.79 0.62
CeO2-C - 20.4 24.5 0.43 0.29 0.26

5Ni/CeO2-P 5.2 56.6 11.8 1.19 0.77 0.68
5Ni/CeO2-R 4.7 78.7 11.2 1.24 0.89 0.72
5Ni/CeO2-C 4.8 18.6 26.8 0.53 0.39 0.28

Note: The amount of metal loading was ascertained through ICP-OES. The specific surface area achieved from
the isotherms of N2 adsorption–desorption. D(CeO2) represents the crystallite size of CeO2 phase, evaluated
employing the equation of Scherrer to the (111) plane of ceria.
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Raman spectroscopy is implemented for exploring the surface structure of the 5Ni/CeO2
catalysts and CeO2 supports. As shown in Figure 4A, the strong vibration mode (F2g,
~460 cm−1), because of the symmetrical stretching vibration of Ce-O bonds, predominates
the Raman spectrum of CeO2. In addition to the F2g band, two wide bands at the regions of
1162 cm−1 and 590 cm−1 are also detected for the 5Ni/CeO2 and CeO2 specimens, which
could be ascribed to the second order longitudinal optical mode (2LO), and the Frenkel
defect-induced modes (D band), respectively [16]. The 2LO and D bonds are relevant to
the existence of oxygen vacancies (Ovac) because of the existence of Ce3+ ions in the lattice
of ceria, and the comparative ratio of intensity for ID/IF2g reflects the oxygen vacancies
concentration in ceria [39]. As shown in Figure 4, the values of ID/IF2g and ID + I2LO/IF2g
for Ni/CeO2 and CeO2 with different morphologies reduces in the following trend: CeO2-R
> CeO2-P > CeO2-C. This represents that the amount of oxygen vacancies for the various
ceria nanostructures differ as: nanorod > nanoparticle > nanocube.
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Following loading the nickel (demonstrated in Figure 4B), the F2g modes red shifted
from 460 cm−1 to 439 cm−1 with peak widening because of the strong interactions between
CeO2 and Ni that resulted in the distortion of the lattice of CeO2 and generates electron-rich
oxygen vacancies to maintain the system charge neutral [16]. In comparison with CeO2,
all the samples of 5Ni/CeO2 show wider and stronger vibrations in the 2LO modes and
D bands, and all of the ratios of intensity enhance sharply. Note that the incorporation of
lower-valent cations such as Ni2+ in the CeO2 lattice yields defects as oxygen vacancies and
dopant cations: the defect-induced (D) mode includes both the contributions due to oxygen
vacancies and to cation substitution in the lattice (D1 and D2 bands, respectively). As shown
in Figure 4B, D1and D2 components are clearly seen in the D band profile of Ni/CeO2-R and
Ni/CeO2-P samples. The increase in (ID/IF2g) as well as the (ID1/ID2) intensity ratios, can
be taken as an indication of a solid solution formation. This finding implies that the loading
of Ni species facilitates the creation of oxygen vacancies (Ovac) thanks to metal substitution
in the lattice of ceria, which is in a desirable consistency with the XRD achievements.
Further, Ni/CeO2-R exhibits the largest value of ID/IF2g among three samples, which
subsequently reveals that the interactions between ceria rods, and nickel is stronger than
other ceria structures. Thus, the morphology of CeO2 demonstrates an important influence
on the synergistic interactions between ceria and nickel.

The H2-TPR files revealing the reducibility of catalysts are demonstrated in Figure 5.
Four peaks of H2 consumption, namely α, β, γ, and δ are well-fitted through a Gauss-type
function for three specimens of Ni/CeO2. The α and β peaks of H2 consumption at low
temperature of 160 and 200 ◦C could be attributed to the reduction of the surface adsorbed
oxygen species attached to the surface oxygen vacancies and considerably dispersed nano-
crystallites of NiO for the catalysts, respectively. As explained before, the oxygen vacancy
could be produced through the incorporation of Ni cations with the lattice of CeO2 and par-
tial substitution of Ce4+ or/and Ce3+ cations to create solid solution. Moreover, Shan et al.
and Li et al. successfully verified that the solid solution of Ni-Ce-O can be produced by
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means of the incorporation of the ions of Ni2+ into the lattice of CeO2, leading to oxygen
vacancies and easily reduced oxygen species [40,41]. The oxygen vacancies can lead to
charge imbalance and lattice distortion that is capable of adsorbing oxygen molecules
on the surface of oxide. The adsorbed oxygen molecules are considerably reactive oxygen
species and can be reduced easily by H2 at relatively lower temperatures in the range of
100 to 200 ◦C as shown in Figure 5.
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The reduction peak γ could be attributed to the reduction of strongly interactive
species of NiO with ceria support. It could be seen that the consumption of H2 for the γ
peak on the Ni/CeO2-R is superior to that on the Ni/CeO2-C and Ni/CeO2-P catalysts,
suggesting that a larger amount of strong interactive NiO is available on the surface of
CeO2-R. The interaction of NiO-CeO2 obeys the following trend: Ni/CeO2-R > Ni/CeO2-P
> Ni/CeO2-C. The reduction peak δ exhibited in the profiles of Ni/CeO2-C and Ni/CeO2-P
is earmarked to the single step reduction of free NiO species, which accumulates on the sur-
face and possesses weakly interaction with ceria support [42]. However, for the Ni/CeO2-R
sample, the reduction behavior of the free NiO almost did not appear in the profile, which
should be ascribed to the abundant defect sites on the CeO2 surface and high dispersion
of NiO on the support in accordance with the XRD and Roman analysis. Hence, it can be
concluded that the interaction between ceria rods and nickel is stronger in comparison with
the other ceria structures. Consequently, the morphology of ceria support has a significant
influence on the synergistic interactions between ceria and nickel.

XPS is a powerful tool for characterizing the surface composition of the catalysts and
the valance state of the constituent elements, and also exploring the availability of oxygen
vacancies. Figure 6A,B show the Ce3d and O1s core level XPS spectra of the reduced
catalyst of Ni/CeO2. As shown in Figure 6A, the XPS spectrum for the Ce3d core level is
deconvoluted into 10 Gaussian peaks and tagged according to the deconvolution conducted
by Burroughs and colleagues [43]. The detected peaks labelled as U and V, U” and V” and
U′ ′ ′ and V′ ′ ′ relate to 3d3/2 (3d5/2) and are characteristic of the final state of Ce4+3d, whilst
U′ and V′ and U0 and V0 relate to 3d3/2 (3d5/2) for the final states of Ce3+ 3d [4,44]. Thus,
the chemical valance of Ce on the surface of the reduced specimens is mostly an oxidation
state of Ce4+, and a limited amount of Ce3+ co-existed.
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and blue lines are fitted curves. 
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Furthermore, it is obvious that there is an enhancement in the value of binding
energy for the Ce3d5/2 component (883.9 eV) in comparison with the pure CeO2 (882.9 eV).
This little shift could be described by the interactions between cerium oxide and nickel,
meaning the incorporation of nickel into the cerium surface lattice [25]. Table 2 represents
the comparative contributions of Ce4+ and Ce3+ evaluated by fitting the peaks and the areas
under the fitted entities. The ratio of Ce3+/(Ce4+ + Ce3+) is observed to be dependent
on the morphologies and the contents of Ce3+ in Ni/CeO2 decrease in the following trend:
Ni/CeO2-R > Ni/CeO2-P > Ni/CeO2-C. In the previous reports [18,28], it has been reported
that the existence of oxygen vacancies is capable of promoting the conversion of Ce4+ to
Ce3+. Hence, considering both the XRD and Raman results, it can be defined through
the creation of more surface oxygen vacancies over Ni/CeO2-R.

Table 2. The quantitative XPS assessment of the 5Ni/CeO2 catalysts.

Sample Ce3+/(Ce4+ + Ce3+) (%) OI/(OI + OII + OIII) (%) OIII/(OI + OII + OIII) (%)

5Ni/CeO2-P 15.5 18.6 13.5
5Ni/CeO2--R 18.7 20.5 25.4
5Ni/CeO2-C 14.6 12.3 9.4

As shown in Figure 6B, the O1s XPS is fitted into three peaks and summarized
in Table 2. The two lesser peaks of energy placed at 528.9 eV and 530.4 eV are assigned
to lattice oxygen entities (O2−) binding to Ce4+ (OII) and Ce3+ (OI) [45], whilst the peak
placed at 532.4 eV (OIII) is attributed to the adsorbed oxygen entities (C–O species and
water) on the surface of CeO2 [25]. The adsorption of CO2 and CO on the reduced state
Ce3+ sites demonstrate a greater thermal stability compared to that on the sites of Ce4+ [46].
Consequently, the adsorbed oxygen is originated from carbonate entities trapped with
the aid of oxygen vacancies. The oxygen vacancies content could be achieved from XPS
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comparative percentage of adsorbed oxygen. Table 2 represents the XPS findings of the lat-
tice oxygen (OII and OI) and the adsorbed oxygen (OIII). According to Table 2, the ratio
of OI/(OI + OII + OIII) of these specimens illustrate the following trend: 5Ni/CeO2-R
> 5Ni/CeO2-P > 5Ni/CeO2-C, which is consistent with the trend of the Ce3+ content.
The great concentration of oxygen species on 5Ni/CeO2-R is because of its (110) plane with
considerable chemical activity, which are active sites for the chemisorption of oxygen from
H2O and CO2. Moreover, the ratio of OIII/(OI + OII + OIII) is able to determine this point.
Figure 6C shows the Ni2p3/2 XPS spectra of reduced 5Ni/CeO2 catalysts. The Ni2p3/2
region is fitted into three peaks firstly by curve fitting using peaks and associated satellites
in Figure 6C, and then three peaks are named with α, β, and γ, respectively. According to
previous research, the peak α is assigned to Ni0, and peaks of β and γ refer to Ni2+. It can
be seen that both Ni0 (α~852.7 eV) and Ni2+ (β~854.7 eV and γ~856.8 eV) coexist on the sur-
face of Ni/CeO2 catalysts. Note that the peak area (α) of Ni0 for Ni/CeO2-R is larger
than other two samples, which means more Ni2+ is reduced to Ni0 over the Ni/CeO2-R
compared with other two samples, indicating that the Ni/CeO2-R has a higher reducibility
of Ni species in this condition.

Hydrogen temperature programmed desorption (H2-TPD) is an advantageous ap-
proach for gaining deep insight in metal-support interaction and hydrogen activation
on the catalysts. Figure 7 exhibits the profiles of H2-TPD for the 5Ni/CeO2 specimens
with three configurations are deconvoluted into three peaks. The α peaks for the catalysts
of Ni/CeO2 emerge in a remarkably similar temperature region (at 80 ◦C), which are
attributed to the desorption of H2 up-taking surface oxygen vacancies in CeO2. The γ and
β peaks placed in 100–200 ◦C are because of the desorption of H2 from the correspondent
Ni entities. The β peaks could be assigned to ineffectively adsorbed dissociative H-entities
taken up the interface of Ni-CeO2, which is close to oxygen vacancy on the support [4].
The γ peaks are correlated with the dissociated hydrogen entities attaching to the free
particles of Ni. In the higher temperature region, the catalyst of Ni/CeO2 shows a single
wide peak of H2-TPD emerging at 300 ◦C and tailing to further than 500 ◦C. This H2-TPD
peak is because of the H2 adsorption in the subsurface layers of Ni or/and to the spillover
of H2 [47].
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Figure 7. H2-TPD profiles of 5Ni/CeO2 catalysts. Figure 7. H2-TPD profiles of 5Ni/CeO2 catalysts.

In order to meticulously understand the difference in the capability of hydrogen
activation between three various catalysts, quantitative assessment of the desorption of
H was conducted and the results are given in Table 3. From Table 3, the amount of H2
desorption for the Ni/CeO2-R specimen is superior to other samples (such as interface-
adsorbed Hβ, vacancy-adsorbed Hα, and chemically adsorbed Hβ on free Ni). The higher
amount of H2 uptake for the Ni/CeO2-R explains it possesses higher dispersion and tinier
size of Ni particle, which is in compliance with the results of XRD. Regarding the attribution
of the peaks of H2-TPD, the dispersion of Ni could be quantified by the metal-related
hydrogen activation (sum of γ- and β-H2), which is distinct from the total amount of H2
activation for the catalysts. As given in Table 3, the values of Ni dispersion for the 5Ni/CeO2
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catalysts are shown to be diminishing according to the following order: 5Ni/CeO2-R >
5Ni/CeO2-P > 5Ni/CeO2-C. The results are in a favorable agreement with the TPR and
Raman assessments. Furthermore, by means of comparative evaluations of H2-TPD and
H2-TPR for three catalysts, we can deduce that the catalyst of Ni/CeO2-R represents more
active sites for reversible adsorption/desorption of H-species, leading to fast conversion
between H2 and the dissociated H species on the catalyst in MAH process and thus
facilitating the MA conversion rate. Consequently, it can be estimated that the catalyst
Ni/CeO2-R with rod shape has more activity in the reaction of hydrogenation.

Table 3. H2 uptake and Ni dispersion on the 5Ni/CeO2 catalysts.

Sample Hα (µmol/g) Hβ (µmol/g) Hγ (µmol/g) Ni Dispersion (%)

5Ni/CeO2-P 29.8 29.7 84.5 25.7
5Ni/CeO2-R 48.8 56.3 208.6 66.1
5Ni/CeO2-C 21.7 30.6 13.5 10.9

Hα, Hβ, Hγ represent the amount of H2 desorbed at different temperatures. The Ni dispersion = (Nisurf/Nitotal),
Nitotal implies the total amount of Ni in the catalysts, and Nisurf demonstrates the amount of surface-exposed Ni
on the catalysts, considering H/Ni = 1 and Ni = 2 × (amount of H2 desorption).

3.2. Catalytic Performance

Figure 8A shows the conversion of MA (XMA) along the courses of hydrogenation
on Ni/CeO2 catalysts in a batch reactor at 180 ◦C and the pressure of hydrogen was
considered of about 5.0 MPa. As shown in Figure 8A, the 5Ni/CeO2-R catalyst is shown
to present the highest activity for the conversion of MA, obtaining ~98% conversion of
MA in 1 h. In the meantime, the conversion of MA on 5Ni/CeO2-C and 5Ni/CeO2-P
in the same duration only obtains 90% and 92%, respectively. It is worth mentioning that
the MA is completely converted into succinic anhydride (SA) on all three Ni/CeO2 catalysts
(not shown) and exhibits 100% selectivity to SA within the 1.0 h continuous MAH without
other products observed in the reaction, indicating it is inert for SA hydrogenolysis to other
products in the current condition. The considerable difference of the MA conversion on
three kinds of 5Ni/CeO2 catalysts can be attributed to the morphology and particle size,
which can cause the difference of Ni dispersion and Ovac amount.
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From the above results, it can be seen that the surface structure, namely the 
morphology (crystal plane) of CeO2, is the key parameter influencing the interaction 
between Ni and CeO2 support. As shown in TEM images (Figures 1 and 2), the CeO2-C, 
CeO2-R, and CeO2-P samples expose predominantly the (100), (110 or 220), and (111) 

Figure 8. The conversion of maleic anhydride (MA) over 5Ni/CeO2 catalysts (A) and their
−ln(1 − XMA) plots versus reaction time (B) at 180 ◦C and under 5 MPa of H2.

Figure 8B represents the −ln(1 − XMA) curves vs. time during the first 1 h, which
are well-fitted conforming to the first-order kinetic law in respect of the conversion of
MA on the metal-based catalysts [48]. The linear kinetic diagrams over three catalysts
of Ni/CeO2 define that the hydrogenation of C=C obeys the quasi-first order reaction
in respect of the conversion of MA. The MA hydrogenation rate coefficients (k) on these
catalysts are determined according to the gradients of their linear plots and summarized
in Figure 8B. The k values for 5Ni/CeO2-R, 5Ni/CeO2-P, and 5Ni/CeO2-C are around
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0.0692, 0.0534, and 0.0415, respectively. The greater k value for 5Ni/CeO2-R specimen
in comparison with others indicates that the 5Ni/CeO2-R is more reactive than other
two catalysts.

Furthermore, the influence of the reaction temperature (393–453 K) on the activity
of three catalysts in the hydrogenation of MA is carefully investigated. An Arrhenius
diagram illustrating lnk vs. reaction temperature (1/T) is depicted in Figure 9. According
to Figure 9, the constants of pseudo-first reaction rate lay entirely to the straight line,
and an increase in activity with increasing temperature from 393 K to 453 K is observed.
The apparent activation energies (Ea), evaluated from the slope of the Arrhenius plot
straight line (shown in Figure 9), are revealed to be 47.93 ± 4.95 kJ/mol for 5Ni/CeO2-R,
50.69 ± 3.33 kJ/mol for 5Ni/CeO2-P and 58.22 ± 7.92 kJ/mol for 5Ni/CeO2-C, respectively.
The values of Ea follow the order of: 5Ni/CeO2-R < 5Ni/CeO2-P < 5Ni/CeO2-C, which
implies that the 5Ni/CeO2-R can represent the higher ability for MA hydrogenation.
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From the above results, it can be seen that the surface structure, namely the morphol-
ogy (crystal plane) of CeO2, is the key parameter influencing the interaction between Ni and
CeO2 support. As shown in TEM images (Figures 1 and 2), the CeO2-C, CeO2-R, and CeO2-
P samples expose predominantly the (100), (110 or 220), and (111) planes, respectively.
Because the typical CeO2 could be regarded as an array of cations creating a face-centered
cubic lattice with oxygen ions situating at the tetrahedral interstitial sites, the Ni2+ is capa-
ble of penetrating easily into the lattices of (220) and (111) planes by placing in these sites,
along with the capping oxygen atom to compensate the charge. This structural impact may
lead to the differences in the synergistic interactions between CeO2 and Ni, thus affecting
the catalytic behavior of Ni/CeO2 catalysts. The above analysis reasonably explained
why Ni/CeO2-R shows a higher catalytic property compared to that of Ni/CeO2-P and
Ni/CeO2-C.

Besides the interaction between CeO2 support and Ni, the oxygen vacancy (Ovac) is
considered as another factor for enhancing the hydrogenation of C=C since the oxygen
vacancy is capable of enriching the electron density of active metals, which promotes
the electron donating capability and the dissociation of H2 [4,49]. In this study, the catalyst
of Ni/CeO2-R possesses richer oxygen vacancies and hence can donate more electrons to
the metallic nickel compared with the Ni/CeO2-C and Ni/CeO2-P, which shows higher
activity of Ni/CeO2-R in the hydrogenation of MA. Thus, it can be concluded that the rod-
shape of CeO2 can enhance the dispersion of metallic nickel, presenting stronger interaction
between support and Ni and more oxygen vacancies, as a result the catalyst of 5Ni/CeO2-R
shows higher reactivity in MAH compared with other two samples.

4. Conclusions

In this study, we have prepared three kinds of the catalysts of Ni/CeO2 with various
morphologies of CeO2 support, namely cube-like, rod-like, and particle-like, and investi-
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gated the crystal-plane and morphology influences on catalytic behaviors in the reaction of
maleic anhydride hydrogenation (MAH). The results of characterization demonstrate that
nickel species can incorporate into the lattice of CeO2, and cause an increase in oxygen va-
cancies by occupying the empty sites. The catalytic features relate to the exposed plane and
shape of the CeO2 supports. For all considered catalysts, the MA is able to be completely
converted into succinic anhydride (SA), and represent 100% selectivity to SA in the current
conditions. Among three catalysts, the Ni/CeO2-R exhibits excellent catalytic performance
in stability and catalytic behavior, which is because of the stronger anchoring influence
of CeO2 to nickel species. The oxygen vacancies concentration as well as the mobility of
lattice oxygen within the Ni/CeO2 indicate the morphology dependencies. With the aid of
reactivity assessments, the redox features and crystal structures of the catalysts achieved
from various characterization methods, it can be deduced that the desirable behavior of
5Ni/CeO2-R is strongly associated with the higher dispersion of metallic nickel species,
the higher availability of oxygen vacancies, and the stronger interaction between CeO2
and Ni. The obtained findings confirm that the catalytic performances and structures of
Ni/CeO2 catalysts could be modulated through modifying the CeO2 support morphology.
This investigation provides a deep understanding of the reaction MA hydrogenation by
means of Ni/CeO2 catalysts.
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Abstract: A series of Mg-Zr composite oxide catalysts prepared by the hydrothermal process were
used for the transesterification of glycerol (GL) with dimethyl carbonate (DMC) to produce glycerol
carbonate (GC). The effects of the preparation method (co-precipitation, hydrothermal process) and
Mg/Zr ratio on the catalytic performance were systematically investigated, and the deactivation of
the catalyst was also explored. The Mg-Zr composite oxide catalysts were characterized by XRD,
TEM, TPD, N2 adsorption-desorption, and XPS. The characterization results showed that compared
with the co-precipitation process, the catalyst prepared by the hydrothermal process has a larger
specific surface area, smaller grain size, and higher dispersion. Mg1Zr2-HT catalyst calcined at 600 ◦C
in a nitrogen atmosphere exhibited the best catalytic performance. Under the conditions of reaction
time of 90 min, reaction temperature of 90 ◦C, catalyst dosage of 3 wt% of GL, and GL/DMC molar
ratio of 1/5, the GL conversion was 99% with 96.1% GC selectivity, and the yield of GC was 74.5%
when it was reused for the fourth time.

Keywords: glycerol carbonate; transesterification; hydrothermal process; Mg-Zr oxides

1. Introduction

With the increasing consumption of fossil fuels and the consequent environmental
problems, especially the threat of global warming, China has put forward the strategic
goal of “carbon peaking and carbon neutralization”. The realization of this goal needs to
accelerate clean energy substitution and energy transformation. Biodiesel is a promising
clean and renewable energy, and has become a hot spot for the sustainable development
of global energy and the environment [1]. Biodiesel is obtained by transesterification of
vegetable oil and waste oil with methanol or ethanol and will produce by-product glycerol
(GL). By 2024, the global biofuel market is expected to reach US $153.8 billion, but for every
1000 kg biodiesel produced, there will be 100 kg GL [2].

In order to solve the problem of crude glycerol utilization, scientists have explored and
developed different synthetic procedures to convert GL into high value-added derivatives,
such as the steam reforming of glycerol [3–7], catalytic esterification of glycerol, catalytic
hydrogenolysis of glycerol and among others. Among various GL derivatives, glycerol car-
bonate (4-hydroxymethyl-1,3-dioxolane-2-one, GC) has the advantages of low flammability,
low toxicity, high boiling point, and biodegradability [8]. It is widely used as a solvent
in the cosmetics industry, and can also be used in the manufacture of paint, fiber, plastic,
coating, cement curing agent, biological lubricant, and so on [9].

At present, the routes for the synthesis of GC using GL as raw material mainly include
phosgenaion [10], oxidative carbonylation [11], urea alcoholysis [12], and transesterifica-
tion [13]. Among them, transesterification (Scheme 1) has the advantages of mild reaction
conditions and simple operation, which is considered to be one of the most direct and
feasible ways in the industry [14].
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In recent years, alkali catalysts such as MgO [15,16] and CaO [17] have been widely
used in GC synthesis by transesterification. However, CaO can be dissolved into the
reactant GL and form a calcium-glycerin bond [18]. Moreover, CaO may produce CaCO3
with DMC in the presence of water [19], which reduces the catalytic activity, limiting the
reuse of catalysts. In addition, single metal oxides such as MgO and CaO will react with
water and CO2 in the air during preparation and storage, and then deactivate [20]. In
general, composite oxides have stronger acidity and basicity and larger specific surface
areas than single metal oxides; the lattice structure can also be changed by doping metal
cations with different electronegativity, thereby changing the acidity and basicity of the
catalyst surface [21]. So it shows good application prospects in heterogeneous alkali
catalytic reactions [22]. Zhang [23] prepared a large specific surface area CaO-ZrO2 catalyst
with the mesoporous structure for continuous transesterification synthesis of GC in a fixed
bed reactor. Under the optimized conditions, the yield of GC can reach 90%. However,
the catalysts prepared by the co-precipitation process have some disadvantages, such as
easy loss of active components and deactivation due to carbon species deposited on the
surface [24]. The hydrothermal process has been widely used in the synthesis of oxide
nanoparticles in recent years. Compared with other preparation processes, hydrothermally
synthesized nanoparticles have high purity, good dispersibility, and controllable grain
size [25]. Cui prepared MgO nanosheets with a two-dimensional flaky porous structure
by simple hydrothermal process, which has a larger specific surface area than commercial
MgO nanoparticles [26]. The ZrO2 nanocrystals prepared by hydrothermal synthesis of
Akune [27] show high catalytic activity due to their high specific surface area and high
crystallinity. Wang compared the Mg/Sn/W composite oxide catalysts prepared by co-
precipitation process and hydrothermal process, and pointed out that the catalysts prepared
by the hydrothermal process had smaller particles, higher thermal stability, and catalytic
activity [28].

In this article, Mg-Zr composite oxide catalysts with different Mg/Zr molar ratios were
prepared by hydrothermal process for the transesterification of GL and DMC to synthesize
GC. The effects of the preparation method and Mg/Zr molar ratio were systematically
investigated. The catalysts were characterized by XRD, N2 adsorption-desorption, TEM,
TPD, and XPS, and the structure-activity relationship of the Mg-Zr oxide catalysts was
discussed. In addition, the transesterification reaction conditions were optimized, the
reusability of the catalyst was investigated, and the deactivation reasons of the catalysts
were explored.

2. Materials and Methods
2.1. Materials

Glycerol (99%, AR); methanol (99.5%, AR); magnesium nitrate hexahydrate (99%, AR)
and sodium hydroxide were purchased from Kemio Reagent Co, Ltd. (Tianjin, China).
Zirconium oxychloride octahydrate (99%, AR); dimethyl carbonate (99%, AR), and n-
butanol (99%, AR) were purchased from Damao Chemical Reagent Factory (Tianjin, China).
Glycidyl (98%) and glycerol carbonate (90%) were purchased from Aladdin Biochemical
Technology Co, Ltd. (Shanghai, China).
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2.2. Catalyst Preparation

A series of Mg-Zr composite oxide catalysts with different Mg/Zr ratio were prepared
by hydrothermal process. Briefly, the typical preparation route could be described as
follows: Mg (NO3)2·6H2O (0.64 g, 2.5 mmol) and ZrOCl2·8H2O (1.61 g, 5 mmol) were
dissolved in the deionized water at room temperature, and the solution was added drop
by drop to the 500 mL flask with the suitable amount of 2 mol/L NaOH solution at the
same time by the co-current-precipitation process under vigorous stirring. Until the pH
of the solution reached 11, and then stirred continuously for 30 min. Subsequently, the
suspension was hydrothermally treated in a Teflon-lined stainless-steel autoclave at 150 ◦C
for 6 h, and then calcined at 600 ◦C in flowing nitrogen atmosphere for 3 h. Depending
on the molar ratio of Mg/Zr used in the preparation step, the catalysts were marked as
Mg1Zr3, Mg1Zr2, Mg1Zr1, Mg2Zr1 and Mg3Zr1. Single metal oxide catalysts ZrO2 and
MgO were synthesized in the same way as above composite oxide catalysts. The difference
between co-precipitation process and hydrothermal process is that the mixture after stirring
is allowed to stand at room temperature for 6 h without high-temperature treatment, and
other steps remain unchanged. The catalyst samples prepared by hydrothermal method
and coprecipitation method were named MgxZry-HT and MgxZry-CP respectively, where
x/y was n(Mg)/n(Zr) molar ratio.

2.3. Characterization

The crystal phases of all samples were identified by powder X-ray diffractometer using
D8 FOCUS (German Brook AXS Company, Karlsruhe, Germany) with Cu Kα radiation
(40 kV) and a secondary beam graphite monochromator (SS/DS = 1◦, RS 0.15 mm, counter
SC). Talos F200s field emission transmission electron microscope (FEI company, Hillsboro,
OR, USA) was used to observe the morphology and grain size of the catalysts. The strength
and distribution of the basic/acid sites of the catalyst were determined by temperature
programmed desorption of preadsorbed CO2 or NH3, which was performed using Auto
Chem 2920 instrument. (Micromeritics, Norcross, GA, USA). The texture properties in-
cluding the specific surface area, pore volume, and pore size of the catalysts were derived
from N2 adsorption-desorption technique using 3H-2000PS2 (Beishied, Beijing, China) at
−196 ◦C. The catalysts were pretreated by outgassing in vacuum at 200 ◦C for 3 h before
measurement. X-ray photoelectron spectroscopy (XPS) data were collected on a Thermo
Scientific K-Alpha electron spectrometer (Thermo Fisher, Waltham, MA, USA) equipped
with Al Kα radiation (hv = 1486.6 eV).

2.4. Catalytic Activity Test

Transesterification of GL to GC was carried out in a round bottom flask with reflux
condenser at atmospheric pressure. A total of 3.3 g of GL and 16.3 g of DMC were added
into a 100 mL round-bottomed flask, the reaction mixture was heated to 90 ◦C while
stirring in oil bath, then the catalyst of 3 wt% of GL was added to the reaction mixture.
After the desired time, the products were separated by centrifugation and analyzed by
gas chromatography using an Agilent 7890B gas chromatograph equipped with a DB-wax
capillary column (30 m × 0.32 mm × 0.25 µm) and a hydrogen flame detector. The injector
and detector temperatures were 250 ◦C and 300 ◦C, respectively. The yield of GC was
calculated using internal standard method, in which N-butanol was the internal standard.
The GL conversion, GC selectivity and yield were calculated by the following equations:

GL conversion(%) =
mole of GL, feed − mole of GL, final

mole of GL, feed
× 100 (1)

GC selectivity(%) =
mole of GC, produced

mole of GL, feed − mole of GL, final
× 100 (2)

GC yield(%) =
GL conversion × GC selectivity

100
(3)
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3. Results and Discussion
3.1. Effect of Preparation Method

The XRD patterns of Mg1Zr2-HT catalyst prepared by hydrothermal process and
Mg1Zr2-CP catalyst prepared by co-precipitation are shown in Figure 1. It can be seen from
the figure that the diffraction peaks at 30.2◦, 34.9◦, 50.7◦ and 60.2◦ belong to tetragonal ZrO2
(t-ZrO2, JCPDS No. 50-1089), and there is no monoclinic ZrO2. t-ZrO2 has a unique bridging
hydroxyl group and strong surface basicity, which is conducive to transesterification
reaction [29]. Compared with ZrO2, the diffraction peak intensity of MgO is relatively
weak, which is not due to the low content of Mg, but due to the low atomic scattering factor
(atomic number) of Mg [30]. In addition, the grain sizes of Mg1Zr2-CP and Mg1Zr2-HT
calculated by Scherrer formula are 13.4 nm and 13.1 nm respectively, and there is little
difference between them.
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The textural properties and surface basicity of Mg1Zr2-HT and Mg1Zr2-CP are sum-
marized in Table 1. It can be seen that the Mg1Zr2-HT has a larger specific surface area
and pore volume than Mg1Zr2-CP. This is because the intense collision between colloidal
particles promotes the secondary pore formation of composite oxides under hydrothermal
conditions, whereas the condensation between colloidal particles is a very slow process at
room temperature. Therefore, the hydrothermal process is conducive to the formation of a
more developed pore network structure, thereby improving the specific surface area and
pore volume of Mg1Zr2-HT [31]. In addition, the dissolution deposition/crystallization
process also occurs in the hydrothermal process [32]. Due to the dissolution of some precur-
sors under hydrothermal conditions, the local solubility at the junction (neck) of the two
colloidal particles will be lower than that at the nearby surface. Therefore, the deposition
process will occur preferentially in the neck, resulting in the reinforcement of the colloidal
network structure. During the subsequent calcination, the specific surface area and pore
volume of the xerogel prepared by co-precipitation decrease rapidly due to the collapse of
the gel skeleton and the sintering and growth of the catalyst particles [33].

Table 1. Texture properties and surface basicity of Mg1Zr2-HT and Mg1Zr2-CP.

Catalyst
ZrO2

Crystallite
Size a (nm)

MgO
Crystallite
Size b (nm)

SBET
c

(m2/g)
DP

d

(nm)
VP

e

(cm3/g)
Basicity f (µmol/g)

W M + S Total

Mg1Zr2-HT 13.1 13.2 68.8 24.0 0.41 57.1 88.2 145.3
Mg1Zr2-CP 13.4 14.9 42.8 26.9 0.28 53.2 82.6 135.8

a Calculated by Scherrer formula using the full width at half maximum of ZrO2 (011) plane. b Calculated by
Scherrer formula using the full width at half maximum of MgO (200) plane. c SBET was measured by the multi-
point BET method. d Average pore size was calculated from the desorption branch of the isotherm using the BJH
method. e Total pore volume was measured at P/P0 = 0.99. f Calculated by the results of CO2-TPD.
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The catalytic performance of the above two catalysts for GL transesterification was
investigated, and the results are shown in Table 2. As can be seen from the data in Table 2,
Mg1Zr2-HT and Mg1Zr2-CP both have good catalytic performance for GL transesterifi-
cation, with GL conversion greater than 90% and GC selectivity of about 95%. Because
Mg1Zr2-HT catalyst has a larger specific surface area, reactant molecules are more easily in
contact with active sites, therefore have higher catalytic activity.

Table 2. Catalytic performance of Mg1Zr2-HT and Mg1Zr2-CP for transesterification of GL
with DMC.

Catalyst GL Conversion (%) GC Selectivity (%) GC Yield (%)

Mg1Zr2-HT 96.0 95.1 91.3
Mg1Zr2-CP 91.0 94.0 85.5

Reaction condition: GL/DMC molar ratio = 1/5, catalyst loading = 3 wt% of GL, 90 ◦C, 60 min.

3.2. Effect of Mg-Zr Molar Ratio

The XRD patterns of catalysts with different Mg/Zr molar ratios are shown in Figure 2.
It can be seen that with the increase of the Mg/Zr ratio, the diffraction peak of t-ZrO2 at
2θ of 30◦ gradually shifts to a high angle, which may be due to the doping of Mg2+ into
the lattice of ZrO2, and some Zr4+ ions are replaced by Mg2+, resulting in the distortion
of the crystal structure. Because the ion radius of Mg2+ is smaller than that of Zr4+ (the
ion radius of Mg2+ and Zr4+ is 0.780 Å and 0.840 Å, respectively), the lattice shrinks, and
the cell parameters decrease, so the corresponding 2θ shifts to high angle [34]. At a low
Mg/Zr molar ratio, no diffraction peak of MgO is observed, indicating the formation of
a solid solution. With the increase of Mg content, the characteristic diffraction peaks of
periclase MgO (JCPDS No. 45-0946) were detected at 2θ of 43.2◦ (200) and 62.5◦ (220), and
the intensity and sharpness gradually increased with the increase of Mg content, indicating
that the particle size of MgO increased significantly. The lattice parameters and crystal
plane spacing of Mg-Zr catalysts were analyzed by Jade, and the results are listed in Table 3.
It was found that the lattice constant “a” and crystal plane spacing of (011) crystal plane
of Mg-Zr catalyst decreased with the increase of Mg content, indicating that a stable and
uniform Mg-Zr composite oxide structure was generated after the introduction of Mg2+

into t-ZrO2.
Figure S1a displays the Mg 1s spectra of Mg-Zr composite oxides catalysts, and the

XPS spectrum of a single MgO is also presented for comparison. All the catalysts exhibited
a broad and intense band centered at 1360 eV related to the emission from Mg 1s of Mg2+

in the oxide state. More importantly, the binding energies of Mg 1s in all the mixed oxides
were lower than that of pure MgO, because the Mg-Zr oxides possessed a solid solution
structure. The typical Zr 3d spectra are presented in Figure S1b. For pristine ZrO2, there
appeared two peaks at 184.8 and 182.4 eV with a high intensity, which were associated with
Zr 3d3/2 and Zr 3d5/2 energy states of Zr (IV) oxide species, respectively. The intensity of
these two reflections gradually decreased with an increase in Mg content. Meanwhile, it is
worth noting that adding Mg into ZrO2 support could give rise to a continuous increase
of Zr 3d binding energy. These observations also support that Mg2+ had entered into the
t-ZrO2 lattice, creating a solid solution. Dis-cussing the peak fitted O 1s spectra from Figure
S1c. The peak at 531 eV, 533 eV, and 534 eV can be attributed to the presence of lattice
oxygen species (OL), oxygen vacancies (OV), and chemisorbed oxygen species (OC). In
general, the chemical valence of Zr ion is 4, but the Mg ion has only 2 valence, thus some
vacancies are generated when substitution in order to keep charge neutrality in the ionic
crystal, and these vacancies are favorable for heterogeneous catalysis [35]. It is worth noting
that the Mg1Zr2 catalyst has the highest concentration of oxygen vacancies.

199



Nanomaterials 2022, 12, 1972

Nanomaterials 2022, 12, x FOR PEER REVIEW 6 of 18 
 

 

20 30 40 50 60 70



§

In
te

n
si

ty
 (

a
.u

.)

2 Theta (degree)

Mg1Zr3

Mg2Zr1

Mg3Zr1

MgO

ZrO2

§



§ MgO  t-ZrO2 (a)

Mg1Zr1

Mg1Zr2

29 30 31 32

In
te

n
si

ty
 (

a
.u

.)

(b)

ZrO2

Mg1Zr3

Mg1Zr2

Mg2Zr1

Mg3Zr1

Mg1Zr1

2 Theta (degree)

 

Figure 2. (a) XRD patterns of Mg-Zr composite oxides with different Mg/Zr ratios; (b) same as (a) 

but in region 2θ = 29–32. 

Figure S1a displays the Mg 1s spectra of Mg-Zr composite oxides catalysts, and the 

XPS spectrum of a single MgO is also presented for comparison. All the catalysts exhibited 

a broad and intense band centered at 1360 eV related to the emission from Mg 1s of Mg2+ 

in the oxide state. More importantly, the binding energies of Mg 1s in all the mixed oxides 

were lower than that of pure MgO, because the Mg-Zr oxides possessed a solid solution 

structure. The typical Zr 3d spectra are presented in Figure S1b. For pristine ZrO2, there 

appeared two peaks at 184.8 and 182.4 eV with a high intensity, which were associated 

with Zr 3d3/2 and Zr 3d5/2 energy states of Zr (IV) oxide species, respectively. The intensity 

of these two reflections gradually decreased with an increase in Mg content. Meanwhile, 

it is worth noting that adding Mg into ZrO2 support could give rise to a continuous in-

crease of Zr 3d binding energy. These observations also support that Mg2+ had entered 

into the t-ZrO2 lattice, creating a solid solution. Dis-cussing the peak fitted O 1s spectra 

from Figure S1c. The peak at 531 eV, 533 eV, and 534 eV can be attributed to the presence 

of lattice oxygen species (OL), oxygen vacancies (OV), and chemisorbed oxygen species 

(OC). In general, the chemical valence of Zr ion is 4, but the Mg ion has only 2 valence, 

thus some vacancies are generated when substitution in order to keep charge neutrality 

in the ionic crystal, and these vacancies are favorable for heterogeneous catalysis [35]. It 

is worth noting that the Mg1Zr2 catalyst has the highest concentration of oxygen vacan-

cies. 

In order to observe the microstructure and morphology of the catalyst, the Mg-Zr 

composite oxides with different Mg/Zr ratios were characterized by TEM, and the results 

are shown in Figure 3. It can be seen from the TEM image of ZrO2 that its particle size is 

relatively uniform, with an average particle size of 23 nm (based on the statistics of 91 

particles in the TEM image), but its dispersion is poor, and a large number of particles 

agglomerate together. After adding a small amount of Mg, the uniformity of particle size 

of Mg1Zr3 becomes worse, indicating that the addition of Mg affects the crystallization 

and growth process of ZrO2. In addition, compared with ZrO2, there are some substances 

between the Mg1Zr3 particles, which may be extremely small MgO particles according to 

the preparation process and XRD results. With the increase of Mg content, the uniformity 

of ZrO2 particle size becomes worse, and the particles with a size of about 50 nm appear 

in Mg1Zr2. When Mg content exceeds Zr, ZrO2 particles gradually become smaller. Espe-

cially in Mg3Zr1, flake particle aggregates appear, and the large particle ZrO2 disappears 

completely. Sádaba et al. [30] prepared the Mg-Zr catalyst by co-precipitation method. 

They pointed out that in the preparation process, Zr4+ preferentially precipitated to form 

Zr(OH)4 or ZrO2(H2O)X. When most of Zr4+ was precipitated, Mg2+ formed Mg(OH)2 pre-

cipitation at pH 8~10. Therefore, Mg-Zr catalyst has an embedded structure with ZrO2 as 

Figure 2. (a) XRD patterns of Mg-Zr composite oxides with different Mg/Zr ratios; (b) same as (a) but
in region 2θ = 29–32.

Table 3. Texture properties and surface basicity of various Mg-Zr composite oxides.

Catalyst
ZrO2 (011) Lattice

Parameter (nm)
Particle
Size a

(nm)

SBET
b

(m2/g)
Dp c

(nm)
Vp d

(cm3/g)

Basicity e

(µmol/g)

2θ (◦) d (nm) a c W M + S Total

ZrO2 30.25 0.2952 0.3622 0.5112 12.3 46.4 22.9 0.27 72.9 20.4 93.3
Mg1Zr3 30.30 0.2947 0.3601 0.5097 9.6 86.8 19.5 0.42 65.3 64.1 129.4
Mg1Zr2 30.33 0.2945 0.3596 0.5116 13.1 68.8 24.0 0.41 57.1 88.2 145.3
Mg1Zr1 30.36 0.2942 0.3594 0.5119 8.0 78.5 27.0 0.46 38.6 86.1 124.7
Mg2Zr1 30.38 0.2940 0.3593 0.5102 7.6 87.0 22.5 0.49 31.2 89.3 118.5
Mg3Zr1 30.45 0.2933 0.3586 0.5106 9.7 112.0 18.3 0.52 19.8 92.6 112.4

MgO - - - - - 114.0 27.5 0.78 10.5 96.1 106.6
a Calculated by Scherrer formula using the full width at half maximum of ZrO2 (011) plane. b SBET was measured
by the multi-point BET method. c Average pore size was calculated from the desorption branch of the isotherm
using the BJH method. d Total pore volume was measured at P/P0 = 0.99. e Calculated by the results of CO2-TPD.

In order to observe the microstructure and morphology of the catalyst, the Mg-Zr
composite oxides with different Mg/Zr ratios were characterized by TEM, and the results
are shown in Figure 3. It can be seen from the TEM image of ZrO2 that its particle size
is relatively uniform, with an average particle size of 23 nm (based on the statistics of 91
particles in the TEM image), but its dispersion is poor, and a large number of particles
agglomerate together. After adding a small amount of Mg, the uniformity of particle size
of Mg1Zr3 becomes worse, indicating that the addition of Mg affects the crystallization
and growth process of ZrO2. In addition, compared with ZrO2, there are some substances
between the Mg1Zr3 particles, which may be extremely small MgO particles according to
the preparation process and XRD results. With the increase of Mg content, the uniformity
of ZrO2 particle size becomes worse, and the particles with a size of about 50 nm appear in
Mg1Zr2. When Mg content exceeds Zr, ZrO2 particles gradually become smaller. Especially
in Mg3Zr1, flake particle aggregates appear, and the large particle ZrO2 disappears com-
pletely. Sádaba et al. [30] prepared the Mg-Zr catalyst by co-precipitation method. They
pointed out that in the preparation process, Zr4+ preferentially precipitated to form Zr(OH)4
or ZrO2(H2O)X. When most of Zr4+ was precipitated, Mg2+ formed Mg(OH)2 precipitation
at pH 8~10. Therefore, Mg-Zr catalyst has an embedded structure with ZrO2 as core and
MgO as a shell. According to the conclusion of Sádaba et al. [30] and TEM results, it can be
inferred that MgO was formed in the outer layer of ZrO2 in the Mg-Zr catalysts prepared
in this paper, which can be regarded as MgO wrapping ZrO2. Guan et al. [36] also believed
that Mg2+ could enter the ZrO2 lattice to form Mg-Zr solid solution. When Mg content is
large, MgO which cannot enter the lattice of ZrO2 can appear as an independent crystal
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phase and attach to the surface of magnesium-zirconium solid solution. The EDX spectrum
and Elemental composition (Figure S2) show the presence of Mg and Zr. Even though
several random areas were selected for the EDX test, the detected Mg/Zr molar ratio was
almost the same as the theoretical value. The existence of all the elements in the oxide forms
can be confirmed due to the presence of the high amount of oxygen and also the presence
of Mg in Mg-Zr composite oxides enhances the basicity and stability of the catalyst.
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imental results of Guan [36]. As the Mg content increased, the specific surface area of Mg-
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The N2 adsorption-desorption isotherms of Mg-Zr composite oxide catalysts are
shown in Figure 4. There are obvious type IV adsorption equilibrium isotherms in the
range of P/P0 = 0.5~1.0, indicating that the catalysts had mesoporous structures. ZrO2,
Mg1Zr3, Mg1Zr2, and Mg1Zr1 catalysts all have H2 type hysteresis loops, indicating that
the catalyst internal pore structure is ink bottle; The N2 adsorption-desorption isotherms
of Mg2Zr1, Mg3Zr1, and MgO catalysts have no obvious saturated adsorption platform,
accompanied by H3 hysteresis loop, indicating that the pore structure of the catalyst is very
irregular, combined with the TEM results, it can be seen that there is the slit hole formed by
the accumulation of flake particles.
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The specific surface area, pore diameter, and pore volume of the catalysts are listed
in Table 3. It can be seen that the specific surface area of Mg1Zr2 is 68.8 m2/g, and then
the specific surface area increases with the addition of Mg, which is consistent with the
experimental results of Guan [36]. As the Mg content increased, the specific surface area of
Mg-Zr oxide catalysts has an upward trend, which may be due to the multi-layer dispersion
of MgO attached to the surface of magnesium-zirconium solid solution, resulting in the
increase of specific surface area. MgO has the largest specific surface area, but the catalytic
performance is not the best, indicating that although the structure of the catalyst has a
certain impact on the catalytic performance, it is not a completely decisive factor.

To better understand the intrinsic acid-base functionalities and correlate the catalysts
with their catalytic behavior, CO2-TPD and NH3-TPD measurements were performed to
quantitatively determine the distribution of surface acidity and basicity and the number of
acidic and basic sites of MgO-ZrO2 catalysts. The CO2-TPD characterization of Mg-Zr oxide
catalysts was carried out, and the influence of the Mg/Zr molar ratio on the basicity of the
catalyst was investigated. The results are shown in Figure 5 and Table 3. It can be seen from
Figure 5 that the Mg/Zr molar ratio has a significant effect on the basicity of Mg-Zr oxide
catalysts. When the Mg content is 0 (ZrO2), there are mainly weak basic sites on the surface
of the catalyst with a CO2 desorption temperature lower than 200 ◦C. With the addition of
Mg, the number of medium strong basic sites (CO2 desorption temperature is in the range
of 200–600 ◦C) on the catalyst surface gradually increases, while the number of weak basic
sites decreases. Among them, Mg1Zr2 has the largest number of total basic sites, because
it has more weak sites and medium and strong sites at the same time. With the further
increase of Mg content, the number of weak basic sites decreased rapidly. The surface of the
Mg3Zr1 catalyst is mainly composed of medium and strong basic sites, while the weak sites
almost disappear. Its CO2-TPD curve is similar to that of MgO. The results showed that the
weak basic sites on the surface of Mg-Zr oxide catalysts were mainly provided by ZrO2,

202



Nanomaterials 2022, 12, 1972

while the medium and strong sites were mainly related to MgO. Zhang et al. [34] believed
that the weak basic sites of the MgO-ZrO2 catalyst were related to its surface hydroxyl
group, while the medium and strong basic sites were related to metal-oxygen pairs (Mg-O
and Zr-O) and low coordination oxygen atoms (O2−). In addition, according to the data in
Table 3, the total number of surface basic sites of ZrO2 and MgO is similar, but the number
of Mg-Zr oxide catalysts increases significantly. In particular, the number of total basic
sites of Mg1Zr2 catalyst reaches 145.3 µmol/g, which is 55.7% and 36.3% higher than that
of the two single metal oxides, respectively. It is considered that Mg2+ and Zr4+ are fully
mixed during the hydrothermal preparation of the catalyst, and part of Zr4+ in the lattice
of ZrO2 is replaced by Mg2+ after calcination. Due to that Zr4+ is more positive than Mg2+,
the electron density of O2− in Mg-Zr oxide catalysts increases, thus increasing the number
of medium and strong basic sites of the catalyst [28].
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Table 3. Texture properties and surface basicity of various Mg-Zr composite oxides. 
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As shown in Figure S3, in the NH3-TPD curve of bare ZrO2, there are two NH3
desorption peaks at 130 ◦C and 530 ◦C, corresponding to weak acidic sites and strong acidic
sites respectively. With the increase of MgO content, the medium-strength acid sites of the
catalyst increased, while the weak and strong acid sites decreased. The results showed that
there was no strong correlation between catalyst acidity and glycerol conversion. Although
the role of acid sites in the activation of DMC cannot be completely ruled out, the effect of
acid sites is less clear and predictable compared to the evident effect of basic sites [37].

The effect of the Mg/Zr ratio on the transesterification of GL and DMC to GC over
Mg-Zr composite oxide was studied, and the results are shown in Figure 6. As can be seen
from the figure, ZrO2 and MgO alone are active for the transesterification of GL, and GL
conversion is 67.2% and 73.8%, respectively. The activity of the Mg-Zr oxide catalysts was
higher than that of the two single metal oxides, indicating the interaction between ZrO2
and MgO and improving the performance of the catalyst. When Mg1Zr3 was used, the GL
conversion was 84.0%. With the increase of Mg content, the catalyst activity increased first
and then decreased. Among them, Mg1Zr2 has the highest activity for transesterification
of GL, with GL conversion of 96.0% and GC selectivity of 95.3%. The Mg/Zr ratio had
little effect on the selectivity of GC. The byproduct was glycidyl, and no other products
were detected. According to the characterization results, Mg1Zr2 has the highest number
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of total basic sites. Moreover, the order of GL conversion is basically the same as that of
the number of basic sites on the catalyst surface. This indicates that the influence of the
Mg/Zr ratio on catalyst performance lies in the change in the number of catalyst basic
sites. In this transesterification reaction, the main function of the solid catalyst is to support
the abstraction of H+ from glycerol by the basic sites so as to form glycerol anion. The
higher the basicity of the catalyst, the more negative the charge of the glyceroxide anion
(C3H7O3

−), and consequently, the lower the free energy of the reaction [38]. In other words,
the deprotonation of glycerol (on basic sites) is likely more important than the activation
of dimethyl carbonate (on acidic sites) for the transesterification of glycerol and dimethyl
carbonate [39].
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(Reaction conditions: GL/DMC molar ratio = 1/5, catalyst loading = 3 wt% of GL, 90 ◦C, 60 min).

3.3. Effect of Reaction Conditions on Transesterification of GL over Mg1Zr2-HT

Using Mg1Zr2-HT as a catalyst, the effects of reaction time, reaction temperature,
catalyst amount, and GL/DMC molar ratio on the transesterification of GL with DMC to
GC were investigated.

3.3.1. Effect of Reaction Time

As shown in Figure 7a, the effect of reaction time on the transesterification of GL with
DMC was investigated. It can be seen that GL conversion increased gradually with the
increase in reaction time. When the reaction time was 90 min, the GL conversion was
99.0% and GC selectivity was 96.1%; With the continuous extension of reaction time, GL
conversion remained unchanged and GC selectivity decreased. This was caused by the
decomposition of GC into glycidyl.

3.3.2. Effect of Reaction Temperature

It can be seen from Figure 7b that increasing temperature before 90 ◦C is conducive to
promoting the reaction. This is because the reaction equilibrium constant of this reaction
increases with the increase of temperature, so heating is conducive to the reaction. At
90 ◦C, GL conversion was 99.0% with GC selectivity of 96.1%. When the temperature
continues to rise, the decomposition of GC into glycidyl occurs more readily [40], so GC
selectivity decreases.
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Figure 7. Effect of reaction conditions on the GL transesterification over Mg1Zr2-HT catalyst: (a) 

effect of reaction time (GL/DMC molar ratio = 1/5, catalyst amount = 3 wt% of GL, 90 °C), (b) effect 
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of reaction time (GL/DMC molar ratio = 1/5, catalyst amount = 3 wt% of GL, 90 ◦C), (b) effect
of reaction temperature(GL/DMC molar ratio = 1/5, catalyst amount = 3 wt% of GL, 90 min),
(c) effect of catalyst amount(GL/DMC molar ratio = 1/5, 90 ◦C, 90 min), (d) effect of GL/DMC molar
ratio(catalyst amount = 3 wt% of GL, 90 ◦C, 90 min).

3.3.3. Effect of Catalyst Amount

The transesterification reaction of glycerol was highly influenced by the catalyst
amount (wt% based on GL) and presented in Figure 7c, the increase of the amount of
catalyst from 1 wt% to 3 wt%, the GL conversion and GC yield gradually increased, which
was attributed to the increase in the basic sites of the transesterification catalyst. However,
the amount of catalyst increased from 3 wt% to 7 wt%, and the GC yield decreased slowly,
which may be due to the agglomeration of catalyst at a higher amount, which makes the
reactants unable to enter the active center of the catalyst. The higher the amount of catalyst
is, the greater the mass transfer resistance is, which may hinder the transesterification of
GL with DMC [41].

3.3.4. Effect of the Molar Ratio of GL/DMC

The molar ratio of GL/DMC has a great influence on the GL conversion and GC yield
during the transesterification. Since the transesterification reaction is essentially reversible,
excessive DMC is needed to shift the reaction equilibrium to GC. From Figure 7d, it is clear
that with the increase of the molar ratio of DMC/GL, the conversion of GL showed an
upward trend, and when the molar ratio was 1/5 (GL/DMC), the maximum conversion
was 99.0% and the GC selectivity was 96.1%. If the molar ratio of DMC/GL continues to
increase, the conversion of GL and GC yield decreases. This may be due to the excessive
DMC diluting the catalyst and limiting the contact between GL and the catalyst, thus
reducing the reaction rate [40].
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3.4. Catalyst Stability

The reusability of a catalyst is an important index to evaluate the performance of
the catalyst. In this study, the reusability of Mg1Zr2-HT and Mg1Zr2-CP catalysts for
transesterification of GL with DMC is compared, as shown in Figure 8. After the reaction,
the catalyst was centrifuged, washed three times with methanol, dried at 100 ◦C, and then
calcined at 600 ◦C in air for 3 h. As can be seen from the figure, GC selectivity was little
affected by repeated use and was almost constant. However, GL conversion gradually
decreased, and there were significant differences between the Mg1Zr2-HT and Mg1Zr2-CP
catalysts. When a fresh catalyst was used, the GL conversion over Mg1Zr2-HT and Mg1Zr2-
CP catalysts was 99.0% and 95.2%, respectively. Moreover, when repeated for the fourth
time, GL conversions were 80.1% and 58.2%, respectively. The stability of Mg1Zr2-HT is
much better than that of Mg1Zr2-CP.
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Figure 8. Reusability of Mg1Zr2-HT and Mg1Zr2-CP (Reaction condition: GL/DMC molar ratio = 
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Figure 8. Reusability of Mg1Zr2-HT and Mg1Zr2-CP (Reaction condition: GL/DMC molar
ratio = 1/5, catalyst loading = 3 wt%, 90 ◦C, 90 min).

In order to explore the reasons for the differences between the two catalysts, Mg1Zr2-
HT and Mg1Zr2-CP catalysts after four times of reused were characterized by XRD, N2
adsorption-desorption, CO2-TPD, TEM, and XPS.

The XRD patterns of Mg1Zr2-HT-used and Mg1Zr2-CP-used catalysts after the fourth
cycle are presented in Figure 9. It can be seen that there are obvious characteristic diffraction
peaks at 2θ of 30.2◦, 34.8◦, 50.7◦, 60.2◦, and 62.9◦, corresponding to (011), (110), (020), (121)
and (202) crystal planes of tetragonal ZrO2, respectively. The characteristic diffraction peaks
appear at 2θ of 43.2◦ and 62.5◦, corresponding to the (200) and (220) crystal planes of MgO,
respectively. Based on the diffraction peaks of ZrO2 (011) and MgO (200) crystal planes, the
grain sizes of ZrO2 and MgO in Mg1Zr2-HT-used are 15.8 nm and 15.0 nm by the Scherrer
formula, respectively; The grain sizes of ZrO2 and MgO in Mg1Zr2-CP-used are 16.6 nm
and 31.4 nm, respectively. Compared with the fresh catalyst, the particle sizes of the two
catalysts after repeated use both increased, but the grain size of MgO in Mg1Zr2-CP-used
increased by about double, while the grain size of MgO in Mg1Zr2-HT-used increased by
only 14%. Under hydrothermal conditions, ions in the solution automatically aggregate to
form the most stable chemical structure that cannot be decomposed in the system during
the temperature change, so they have good grain stability.
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Figure 9. XRD patterns of Mg1Zr2-HT-used and Mg1Zr2-CP-used.

It can be seen from Figure 10 that after transesterification, the particle sizes of both
two catalysts increased significantly and the particle sizes became uneven, indicating that
the catalyst particles appeared aggregate and sintering, resulting in the gradual increase
of grain size and the decrease of dispersion. The Mg1Zr2-CP-used catalyst had serious
agglomeration, while the Mg1Zr2-HT-used catalyst had slight sintering but no obvious
agglomeration, indicating that the catalyst prepared by the hydrothermal process had
strong sintering resistance. This is because under hydrothermal conditions, the compounds
in the solution may renucleate and restructure, so that the particles after hydrothermal treat-
ment have better dispersion and grain stability than those particles only by neutralization
precipitation [42].
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Figure 10. TEM images of Mg1Zr2-HT-used (a) and Mg1Zr2-CP-used (b).

Compares the deconvoluted Mg 1s, Zr 3d, and O 1s XPS spectra of fresh and used
Mg1Zr2-HT. The relative abundances of the Mg 1s, Zr 3d, and O 1s of the samples from
Figure S4 showed that the content of the oxygen vacancy decreased from 26.5% to 23.1% and
the content of the chemisorbed oxygen species increased from 1.1% to 3.9%, respectively,
indicating that irreversible deactivation was caused.

As can be seen from Table 4 that the Mg1Zr2-HT-used catalyst has a larger specific
surface area than the Mg1Zr2-CP-used catalyst, and more active sites can be retained. This
may be because the colloidal network structure formed in the hydrothermal process is more
stable through dissolution-deposition, which alleviates the collapse of the structure and the
sintering of particles, so that it still maintains a large specific surface area in the reaction
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process [43]. Since the catalytic reaction occurs on the surface of active components, the
agglomeration and growth of grains lead to the decrease of active surface area, the decrease
of active sites, and the reduction in catalytic activity [44]. Compared with fresh catalysts, the
number of weak basic sites of Mg1Zr2-HT and Mg1Zr2-CP catalysts decreased by 12% and
13%, respectively, but the number of medium and strong basic sites decreased by 25% and
50%, respectively. Moreover, it was observed that Mg1Zr2-CP-used suffered a greater loss
of basic sites than Mg1Zr2-HT-used. This is probably the reason why Mg1Zr2-HT showed
better catalytic performance than Mg1Zr2-CP after four cycles. Mg1Zr2-HT possesses a
more stable crystal structure to avoid the irreversible reduction of basic sites amount.

Table 4. Texture properties and surface basicity of Mg1Zr2-HT-used and Mg1Zr2-CP-used.

Catalyst
ZrO2

Crystallite
Size a (nm)

MgO
Crystallite
Size b (nm)

SBET
c

(m2/g)
DP

d

(nm)
VP

e

(cm3/g)
Basicity f (µmol/g)

W M + S Total

Mg1Zr2-HT-used 15.8 15.0 40.1 30.3 0.30 50.3 66.2 116.5
Mg1Zr2-CP-used 16.6 31.4 25.5 29.7 0.19 46.2 42.0 88.2

a Calculated by Scherrer formula using the full width at half maximum of ZrO2 (011) plane. b Calculated by
Scherrer formula using the full width at half maximum of MgO (200) plane. c SBET was measured by the multi-
point BET method. d Average pore size was calculated from the desorption branch of the isotherm using the BJH
method. e Total pore volume was measured at P/P0 = 0.99. f Calculated by the results of CO2-TPD.

4. Conclusions

In this work, Mg-Zr composite oxide catalysts with different Mg/Zr molar ratios were
prepared by hydrothermal process and their activity and stability towards GC synthesis
were studied. The results showed that the catalysts prepared by the hydrothermal process
had larger specific surface area, smaller grain size, and higher dispersion than those
prepared by the co-precipitation process. The Mg1Zr2-HT catalyst calcined at 600 ◦C in
a nitrogen atmosphere showed the best catalytic performance, with GL conversion of
99% and GC selectivity of 96.1% under mild reaction conditions. This is attributed to
the balanced strong and weak basic sites and highly dispersed MgO. Moreover, the GL
conversion was demonstrated to increase in parallel with the total amount of basic sites.
Compared with the Mg1Zr2-CP catalyst, the Mg1Zr2-HT catalyst has good thermal stability
and reproducibility. The conversion of GL is still up to 80.1% and the selectivity of GC is
93.0% in the fourth reuse, while the regenerated Mg1Zr2-CP catalyst is 58.2% and 94.8% in
the fourth reuse. The reason for the difference may be that in the cyclic reaction process,
Mg1Zr2-HT has good grain stability and small growth amplitude, but the grain growth of
active species in Mg1Zr2-CP is large, which will greatly reduce the effective active surface
area of the catalyst, resulting in a significant decrease in the catalytic performance.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nano12121972/s1, Figure S1: X-ray photoelectron spectra of
Mg-Zr composite oxides. Regions: Mg 1s (a), Zr 3d (b) and O 1s (c); Figure S2: EDX spectrum and
Elemental composition of Mg-Zr composite oxides with different Mg/Zr ratio; Figure S3: NH3-TPD
of Mg-Zr composite oxides with different Mg/Zr ratio; Figure S4: X-ray photoelectron spectra of
fresh and used Mg1Zr2 composite oxides. Regions: Mg 1s (a), Zr 3d (b) and O 1s (c).
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Alternative Controlling Agent of Theobroma grandiflorum Pests:
Nanoscale Surface and Fractal Analysis of Gelatin/PCL Loaded
Particles Containing Lippia origanoides Essential Oil
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Henrique Duarte da Fonseca Filho 2,4 , Jaqueline de Araújo Bezerra 5 , Alessandra Ramos Lima 6 ,
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Abstract: A new systematic structural study was performed using the Atomic Force Microscopy
(AFM) reporting statistical parameters of polymeric particles based on gelatin and poly-ε-caprolactone
(PCL) containing essential oil from Lippia origanoides. The developed biocides are efficient alternative
controlling agents of Conotrachelus humeropictus and Moniliophtora perniciosa, the main pests of Theo-
broma grandiflorum. Our results showed that the particles morphology can be successfully controlled
by advanced stereometric parameters, pointing to an appropriate concentration of encapsulated es-
sential oil according to the particle surface characteristics. For this reason, the absolute concentration
of 1000 µg·mL−1 (P1000 system) was encapsulated, resulting in the most suitable surface microtexture,
allowing a faster and more efficient essential oil release. Loaded particles presented zeta potential
around (–54.3 ± 2.3) mV at pH = 8, and particle size distribution ranging from 113 to 442 nm. The
hydrodynamic diameter of 90% of the particle population was found to be up to (405 ± 31) nm in the
P1000 system. The essential oil release was evaluated up to 80 h, with maximum release concentrations
of 63% and 95% for P500 and P1000, respectively. The best fit for the release profiles was obtained
using the Korsmeyer–Peppas mathematical model. Loaded particles resulted in 100% mortality of
C. humeropictus up to 48 h. The antifungal tests against M. perniciosa resulted in a minimum inhibitory
concentration of 250 µg·mL−1, and the P1000 system produced growth inhibition up to 7 days. The
developed system has potential as alternative controlling agent, due to its physical stability, particle
surface microtexture, as well as pronounced bioactivity of the encapsulated essential oil.

Keywords: Lippia origanoides; Theobroma grandiflorum; controlling agent; nanoscale surface; fractal
analysis; controlled release; Conotrachelus humeropictus; Moniliophtora perniciosa
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1. Introduction

The increasing interest in biodegradable particles has accelerated their development
process for new technological applications [1–5], particularly in environmentally friendly
polymeric particles containing encapsulated essential oils [6–13].

The combination of biomaterials with different physicochemical properties has al-
lowed the development of layered particles, to protect and release secondary metabo-
lites [14–17]. The evaluation of surface nanotexture and fractal analyses through Atomic
Force Microscopy (AFM) technique has been useful to investigate the influence of tex-
ture parameters on the controlled release mechanism and concentration of encapsulated
bioactive compounds [18,19].

Essential oils have long been considered as alternative natural agents for pest con-
trol [20–22]. Lippia origanoides Kunth [23] is popularly known as “Erva-de-Marajó” in north-
ern Brazil. Carvacrol and thymol (the major constituents of its essential oil) present signifi-
cant chemopreventive properties [24–26], antimicrobial activity against several pathogen
groups [27], as well as repellency and a low toxicity [28]. The encapsulation of essential oils
for controlled release formulations can improve their efficiency and reduce environmental
damage [29,30].

The cupuaçu tree (Theobroma grandiflorum (Willd. ex Spreng.) K. Schum.) (Malvaceae)
is one of the main fruit trees cultivated in the Brazilian Amazon. The high commercial
value of the cupuaçu pulp derives from the food industry, mainly as juice, liqueur, and
jelly, as well as in the manufacture of chocolate (“cupulate”) from its almonds [31–33].
Conotrachelus humeropictus Fiedler, 1940 (Coleoptera: Curculionidae), known as “Broca-do-
Cupuaçu”, is the main pest of this culture in the Amazon region, especially in Rondônia
and Amazonas [34]. This pest is difficult to control, as both the egg and larva are lodged in
galleries inside the fruits. Infested fruits fall off before ripening or have the pulp completely
destroyed [35]. Moreover, from the phytosanitary point of view, the disease caused by
the fungus Moniliophtora perniciosa (known as “Vassoura-de-Bruxa”) [36] represents the
main limiting factor to the expansion of this fruit tree. This pest significantly reduces the
economic production, and phytosanitary pruning is the main economic tool to control this
pest [37].

The use of nanotechnology to control pests in agriculture has resulted in nanoscale
materials able to enhance the stability and activity of natural controlling agents [38,39].
Reports on the encapsulation of L. origanoides essential oil in biodegradable particles to
control C. humeropictus and M. perniciosa have not been found in the scientific literature. For
this reason, particles based on gelatin and poly-ε-caprolactone (PCL) were loaded with this
essential oil, aiming at the development of a controlled release formulation.

The AFM technique allowed understanding the influence of the essential oil concen-
tration on statistical parameters (based on nanoscale surface and fractal analyses), such
as roughness, peak/height distributions, and nanotexture homogeneity. Size distribution
measurements and nanoparticle surface charge were evaluated, respectively, by nanopar-
ticle tracking analysis (NTA) and zeta potential. Laser Scanning Confocal Microscopy
(LSCM) and fluorescence measurements were applied to confirm the essential oil encap-
sulation. Encapsulation Efficiency (EE%) was measured by UV-VIS spectroscopy, and the
release kinetics of the essential oil was analyzed as a log cumulative percentage of released
essential oil versus log time by fitting the data according to the Higuchi [40] and Korsmeyer–
Peppa’s [41] mathematical models. Finally, the insecticidal and fungicidal efficiency of
the developed formulation was assessed in vitro, respectively, against C. humeropictus
and M. perniciosa.

2. Materials and Methods
2.1. Nanoparticle Development and Essential Oil Encapsulation

Colloidal system development was based on previous reports with marginal mod-
ification [14]. L. origanoides (SISGEN authorization code AD0C7DB) essential oil was
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encapsulated at absolute concentrations of 500 µg·mL−1 (P500) and 1000 µg·mL−1 (P1000).
Unloaded particles (P0) were also prepared.

Encapsulation Efficiency (EE%) was evaluated on a Epoch2 Microplate Reader Biotek
(Agilent, CA, USA) [42]. From the calibration curve, the unknown concentration of essential
oil was obtained by measuring the absorbance values at 278 nm. Particles were separated
by centrifugation (Daiki Sciences, Seoul City, Republic of Korea) (20,000 rpm) and the
supernatant absorbance allowed obtaining the percentage of free essential oil. Then, EE%
was calculated using the formula: (EE%) = (amount of encapsulated essential oil/total
amount of essential oil used in the formulation) × 100. Experiments were carried out
in triplicate.

2.2. Zeta Potential and Nanoparticle Tracking Analysis (NTA)

Zeta potential values (in mV) were obtained from pH = 1 to 10 at 25 ◦C. Measurements
were performed in triplicate. Size characterization was performed on a NanoSight NS300
device (Malvern Instruments, Malvern, UK), equipped with a green laser type and a
SCMOS camera. Data collection and analysis were performed using the software NTA 3.0
(Malvern Instruments, Malvern, UK). Samples were diluted in MilliQ water (1:100 v/v).
A standard operating procedure was created using 749 frames for 30 s. Measurements
were performed in triplicate. The evaluation of the particle size distribution (PSD) was
performed using the parameters Mean, Mode, SD, D10, D50 (Median), and D90, which
indicate, respectively, the average, most frequent particle class size, standard deviation,
and the 10%, 50%, and 90% percentiles of the analyzed particles.

2.3. Laser Scanning Confocal Microscopy (LSCM) and Fluorescence Measurements

Images were taken on a Carl Zeiss microscope (inverted model LSM 780) (ZEISS
Research Microscopy Solutions, Jena, Germany), with a Ti: Sapphire LASER, a 40× objective
lens, 1.2 NA, and a 0.28 mm work distance. Systems containing unloaded (P0) and loaded
particles (P500 and P1000) were centrifuged. A volume of the supernatant was discarded
for visualization of the largest particles. Then, a few drops were placed on a microscopy
glass slide. Measurements of fluorescence were carried out with a 63× objective and SPAD
(single photon avalanche diode) detector, with a temporal resolution of 70 ps. A Coherent
Chameleon tunable 690–1100 nm laser was used as the excitation source. Measurements
were taken at 800 nm.

2.4. Atomic Force Microscopy (AFM)

Colloidal systems containing unloaded (P0) or loaded particles ((P500 and P1000); 1 µL)
were dripped on a glass slide and dried using liquid nitrogen. Then, the glass slides
containing the formed films were fixed on a sample holder using a double-sided adhesive
tape. Measurements were performed at room temperature (296 ± 1 K) and (40 ± 1)% R.H.
on a Innova equipment (Bruker, MA, USA) operated in tapping mode and equipped with a
silicon tip and Al coated cantilever with a spring constant of 42 N/m (Tap190AL-G) (Budget
Sensors, Sofia, Bulgaria). Scans were performed using (10× 10) µm2 with (256 × 256) pixels
at a scan rate of 1 Hz.

2.4.1. Nanoscale Surface Analysis

Topographic images obtained were processed using the commercial MountainsMap®

software version 8.0 (Besançon, France) [43]. Stereometric parameters of height, Sk, and
volume were obtained. In addition, quantitative parameters obtained from qualitative
renderings (such as furrows and contour lines) were also obtained.

2.4.2. Fractal Analysis

Fractal analysis was carried out based on the following superficial statistical param-
eters: fractal dimension (FD), surface entropy (H), fractal succolarity (FS), and fractal
lacunarity (FL). Fractal dimension (FD) is commonly used for quantification of surface
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texture homogeneity, as well as for surface complexity evaluation. However, an analysis
based only on the FD parameter is not sufficient to evaluate aspects of general texture [44],
because the surface irregularity usually increases as a function of FD [45]. The free software
Gwyddion 2.55 [46] (Brno, Czech Republic) was used to perform calculations.

Surface entropy (H) values quantify the uniformity of the height distribution by
relating pixels and heights as a function of intensity. Measurements are based on the
Shannon’s entropy (Equation (1)) [47]:

H(2) = −∑N
i=1 ∑N

j=1 pij · log pij (1)

where pij represents the probability of finding accessible pixels on the evaluated pixel set.
The AFM image (pixel matrix) was converted into a binary height matrix using the free
software WSXM (Madri, Spain) [48]. Results were normalized using Equation (2) [49]:

Hmatralt =
H(2) − H(2)

min

H(2)
max − H(2)

min

(2)

where H(2)
max and H(2)

min represent, respectively, the uniform and non-uniform pattern surface
(adopting the symbol H as the normalized value of surface entropy). A R language
algorithm was programmed for H calculation using the free software RStudio 1.2.503
(Boston, MA, USA).

Additional algorithms in R language and Fortran 77 were developed to obtain fractal
succolarity (FS) and fractal lacunarity (FL). Percolation can be quantified through the FS
evaluation (Equation (3)) [50], while FL measures the texture homogeneity by dimensioning
gaps on the fractal object surface [51].

FS(T(k), dir) =
∑n

k=1 P0(T(k)) · PR(T(k), pc)

∑n
k=1 PR(T(k), pc)

(3)

where dir represents the liquid entrance direction; T(k) are boxes of equal size T(n); P0(T(k))
is the occupancy percentage; PR represents the occupancy pressure, and pc is the centroid
position (x,y). FL was obtained from a previous report [52]. Calculations were focused on
the lacunarity coefficient according to Equation (4) [53]:

L(r) = α · rβ (4)

where L(r) is the lacunarity, α represents an arbitrary constant, and r is the box size. The
lacunarity coefficient (β) was estimated by log(r) vs. log [1 + L(r)]. The free software Force
3.0 (Maribor, Slovenia) [54] was applied for compiling the FL algorithm. Displacement of
one unit was applied, due to the small FL values.

2.5. Essential Oil Release

A colloidal system containing loaded particles (15 mL) was inserted in dialysis tubing
cellulose membrane and suspended in water (85 mL) at 25 ◦C. The system was maintained
under continuous magnetic stirring (100 rpm). A 3 mL aliquot was withdrawn from
flask at regular time intervals (up to 80 h). Absorbance was measured at 278 nm on a
Epoch2 Microplate Reader Biotek. The amount of released essential oil was calculated
from a standard curve [55]. The cumulative release (%) of essential oil was obtained with
the following equation: [Cumulative release (%) = (amount of essential oil released after
time t/total amount of encapsulated essential oil) × 100]. Experiments were carried out
in triplicate.
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2.6. Insecticidal and Fungicidal Bioassays
2.6.1. Conotrachelus humeropictus

C. humeropictus individuals were obtained from stock colonies at the EMBRAPA
Amazônia Ocidental, Manaus/AM, Brazil, without any pesticide exposure. Borers were
reared on a diet of sugarcane and kept at 25 ◦C, with 70–85% R. H., and a 10:14 h light:dark
photoperiod. Glass Petri plates (150 mm in diameter × 20 mm in height) were used
as chambers.

Filter paper (150 mm in diameter) was placed in the glass Petri dishes. Each con-
centration (1 mL) of essential oil in natura/acetone solution (125, 250, 500, 625, 750, and
1000 µg·mL−1) was uniformly applied on filter paper disk. The treated filter paper disks
were air-dried for 1 min to remove solvent. Five adults were transferred from stock to the
paper disk, allowing direct contact with the essential oil. Then, chambers were sealed to
prevent essential oil evaporation. Acetone (1 mL) was used as negative control. Mortality
was evaluated after 24 h of exposure. Individuals were considered dead if they did not
move when prodded with a fine paintbrush. The experimental design was completely
randomized, with three replicates. Mortality data were subjected to PROBIT analysis [56].
Then, the LD50 (lethal dosage that kills 50% of the exposed borers), LD90 (lethal dosage that
kills 90% of the exposed borers), LCL (lower confidence limit) and UCL (upper confidence
limit) were estimated [57], with a fiducial limit of 95%.

The toxicity of the encapsulated essential oil was also tested against C. humeropictus.
Filter paper (150 mm in diameter) was placed in the glass Petri dishes. A volume of 1 mL
of loaded particles (P1000) was uniformly applied on the filter paper disk. Five adults were
transferred from stock to the paper disk, allowing direct contact with the loaded particles.
Then, chambers were sealed to prevent loss of essential oil. Unloaded particles (P0) were
used as negative control. The number of live borers was counted after 24 h of application.
The experimental design was completely randomized based on three replicates.

2.6.2. Moniliophtora perniciosa

M. perniciosa isolates were provided by the EMBRAPA Amazônia Ocidental, Manaus/
AM-Brazil. Bioassays were performed by the disk diffusion method (DDM) adapted from
previous report [58]. The culture medium was prepared with potato-dextrose-agar (PDA;
15.6 g) and sucrose (8.0 g), using 400 mL of distilled water, and kept under heating until
complete solubilization. Essential oil was diluted in DMSO (1:9 v/v). Different volumes (1,
0.75, 0.5, 0.25, and 0.125 mL) were added to 100 mL of culture media and then transferred to
Petri dishes (90 mm in diameter × 10 cm in height). All Petri dishes were inoculated with
a mycelial disc (5 mm diameter) of M. perniciosa. Then, the Petri-dishes were incubated
for 7 days at 25 ◦C and the colony diameter was measured. DMSO was used in the
bioassays instead of essential oil as a negative control. Four replicate plates were used for
each treatment.

The Minimum Inhibitory Concentration (MIC) was interpreted as the lowest concen-
tration that inhibited visual growth. Only plates with positive growth and quality control
for purity and colony counts were considered. The mycelial growth index was obtained as
the ratio of the final average growth diameter to the number of days after inoculation. The
relative mycelial growth percentage (RMG%) at each tested concentration was calculated
by comparing the growth on amended media (GOA) compared with the growth on the
nonamended control (GOC), as follows: RMG% = (GOA/GOC) × 100. The percentage
inhibition of mycelium growth at each tested concentration (I) was also calculated as the
difference between the radial growth of nonamended control (C) and the radial growth of
each tested concentration (T), as follows: I (%) = (1 − T/C) × 100 [59].

The efficiency of the loaded particles (P1000) was tested against M. perniciosa, according
to the same procedure as describe above. Unloaded particles (P0) were used as negative
control. Four replicate plates were considered for each treatment.
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3. Results and Discussion
3.1. AFM Analysis

The morphology of gelatin/PCL particles has been extensively studied in controlled
release systems for pest control [14,15,17], scaffolds [60,61], and curatives [62]. Here we
focused on the particles surface morphology (unloaded and loaded with L. origanoides
essential oil), which previously showed significant larvicidal, acaricidal, and insecticidal
potential [8,14,15].

Figure 1 shows the 3D topographic images of the unloaded particles (P0), as well
as the particles loaded with 500 µg·mL−1 (P500) and 1000 µg·mL−1 (P1000) of essential
oil. The P0 surface presented spherical-conical grains (Figure 1a). A thinning of the
rough peaks in the loaded particles (Figure 1b,c) was observed due to the encapsulation
of essential oil. Furthermore, the formation of a large spherical protuberance on the P500
and P1000 surfaces was observed, probably due to the formation of air bubbles during the
drying procedure. This phenomenon was also previously observed [63]. In addition, the
topography qualitative analysis revealed a different surface morphology: the increasing of
the essential oil concentration promoted a smoothing on the particles surface. This behavior
was confirmed by the related height surface parameters analysis (Sa and Sq), as shown in
Table 1.

The results were expressed as the mean value and standard deviation, where signifi-
cant difference was observed (p-value < 0.05). The highest roughness value was observed
in P0 (Sq = (20.301 ± 3.030) nm). However, the Tukey test showed that both P500 and
P1000 presented similar roughness values. Lower-roughness particles can present higher
adhesion energy and be faster adsorbed on another surface [64]. This result indicates that
the developed loaded systems represent a viable alternative to decrease particles surface
roughness through the encapsulation of essential oil.

The P0, P500, and P1000 systems presented positive asymmetric height distributions,
with Rsk values slightly greater than zero. However, the asymmetric height distribution
increased in P1000, showing that the height distribution was affected by the increase of the
essential oil concentration (although the Tukey test also revealed no significant difference
between P500 and P1000). Greater asymmetry, whether positive or negative, suggests that
a particle is more likely to be anchored or adsorbed onto another surface (probability
because skewness is an index). This fact was observed because the particle created a
preferential slope direction of its rough peaks (as observed in P1000). In addition, all
systems also showed a non-platykurtic pattern (Leptokurtic), as the Rku values were
greater than 3. Consequently, the data distribution tended to deviate from the normal
Gaussian behavior [65]. As shown in Table 1, the P1000 system presented the highest Rsk
value, differing from P500 (p-value < 0.05). These data showed that P1000 presented a sharper
distribution, confirming its greater tendency to be easily adsorbed on another surface.

Table 1. Surface parameters (Sa, Sq, Rsk, and Rku).

Parameters
Samples

P0 P500 P1000

Sa (nm) 27.208 ± 3.030 8.032 ± 0.664 6.163 ± 1.352
Sq (nm) 20.301± 5.248 10.546 ± 1.244 8.941 ± 2.120

Rsk 0.164 ± 0.572 0.542 ± 0.064 1.406 ± 0.456
Rku 4.183 ± 0.363 4.168 ± 0.353 6.944 ± 1.009
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bution (mainly in P1000). On the other hand, the cumulative curve of Figure 2b (in red) 

showed better height distribution in P500, since approximately 90% of the relative heights 

were found between 0 and 0.2568 nm. 

Figure 1. Two-dimensional and three-dimensional AFM micrographs: (a) unloaded particles
(P0), (b) loaded particles using 500 µg·mL−1 of essential oil (P500), and (c) loaded particles using
1000 µg·mL−1 of essential oil (P1000).

Figure 2 shows the Sk values and volume parameters concerning the height distribu-
tion of the particle surface [66,67].

Figure 2a–c indicates that the particle surface of all systems (P0, P500 and P1000) pre-
sented a heavy-tailed distribution (Leptokurtic), with great tapering of the height distri-
bution (mainly in P1000). On the other hand, the cumulative curve of Figure 2b (in red)
showed better height distribution in P500, since approximately 90% of the relative heights
were found between 0 and 0.2568 nm.

Figure 2g–i shows the graphic behaviors considering the volume parameters of the
particles surface. As a result of the decrease of surface roughness, especially in P0 and
P500, the volume of material forming the surface topography decreased, as observed by the
peak material volume (Vmp), core material volume (Vmc), dale void volume (Vvv), and
core void volume (Vvc) parameters. Statistical similarity between P500 and P1000 was also
identified in all parameters. This result confirms that the topography was affected by the
encapsulation of essential oil. Furthermore, the particle morphology could be controlled
from the observation of advanced stereometric parameters, which could be useful for
quality control of the developed material, since they accurately determined the amount of
material on the particle surface in different aspects [67].
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Figure 2. Sk values and volume parameters concerning the height distribution of the particle
surface. (a–c) Particle surface of all systems (P0, P500, and P1000) presenting a heavy-tailed distri-
bution (Leptokurtic) with great tapering of the height distribution; (d–f) thickness of material on
the particles surface, evaluated by the height distribution according to the Sk parameter family;
(e,f) displacements of the Sk curve; and (g–i) graphic behaviors considering the volume parameters
of the particles surface.

The thickness of material on the particles surface was evaluated by the height dis-
tribution according to the Sk parameter family (Figure 2d–f and Table 2). Most of the
thickness and volume stereometric parameters exhibited a statistically significant difference
(p-value < 0.05), except the valley material portion (Smr2). However, the Tukey test showed
that the core thickness (Sk) values were similar to those of P500 and P1000, while the highest
Sk value was observed in P0, whose behavior followed that of the surface roughness.

Similarly, the reduced peak height (Spk) and reduced valley depth (Svk) also exhibited
similar behavior for P500 and P1000, showing that the thickness of the material forming the
particle topography did not change from P500 to P1000. Figure 2e,f shows the displacements
of the Sk curve. In addition, they also suggested that the peak material portion (Smr1)
was similar in P500 and P1000. These results indicated that the surface microtexture of the
particles loaded with essential oil was similar, but still without considering the complexity
of the spatial patterns.
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Table 2. Sk and volume parameters of the particles surface.

Parameters
Systems

P0 P500 P1000

Sk (µm) 50.398 ± 10.360 23.140 ± 1.829 15.067 ± 2.938
Spk (µm) 39.308 ± 5.400 14.609 ± 0.269 19.946 ± 5.278
Svk (µm) 35.393 ± 13.872 8.009 ± 0.776 6.935 ± 3.758
Smr1(%) 17.842 ± 1.779 12.566 ± 1.217 14.687 ± 1.106

Smr2 (%) * 89.646 ± 1.928 90.028 ± 0.799 90.623 ± 0.703
Vmp (µm/µm2) 0.001 ± 0.000 0.001 ± 0.000 0.001 ± 0.000
Vmc (µm/µm2) 0.020 ± 0.003 0.009 ± 0.001 0.006 ± 0.001
Vvc (µm/µm2) 0.036 ± 0.001 0.012 ± 0.002 0.010 ± 0.003
Vvv (µm/µm2) 0.003 ± 0.001 0.001 ± 0.000 0.001 ± 0.000

* Samples without significant difference ANOVA one-way and Tukey test (p-value > 0.05).

3.2. Surface Microtexture

Renderings of the particles surface microtexture are shown in Figure 3. Images based
on furrows and contour lines were obtained for each system. This type of image has
been widely used to explain the surface behavior in fluid flooding [68,69], as qualitative
renderings that simulate the entrance of fluids and particle arrangement on a nanoparticle
surface [52]. A significant reduction in particle size, due to the encapsulation of essential
oil, was observed, which was also associated with the decreasing roughness.

Particles presented similar shapes in P0 (Figure 3a), while P500 and P1000 (Figure 3c)
acquired smaller and more randomized sizes. These results showed that the essential oil
encapsulation reduced the particle size, which could result in a better and faster adsorption
of the particles on their external environment.

The regions of the images presenting more intense colors are associated with rough
peaks, and the darker regions are related to valleys. All parameters associated to furrows
presented statistically significant differences (p-value < 0.05). However, the Tukey test
showed that P500 and P1000 presented a similar behavior, exhibiting shallower furrows.
These data showed the decrease of the surface roughness.

A similar configuration was also observed for the mean depth of furrows (Table 3).
However, P0 exhibited a lower mean density than those of P500 and P1000, showing that the
thinning of the rough peaks promoted a greater density of furrows, and suggesting that
fluids may have a greater mobility across the particle. In addition, the contour lines of the
renderings revealed that the thickness of the central part of the image affected the lines
distribution, probably due to the irregular relief of those surfaces.

Table 3. Furrow parameters (maximum depth, mean depth, and mean density).

Furrow Parameters
Systems

P0 P500 P1000

Maximum depth (µm) 78.973 ± 5.331 33.127 ± 1.762 29.623 ± 3.243
Mean depth (µm) 51.470 ± 3.118 17.722 ± 0.201 17.788 ± 1.506

Mean density (cm/cm2) 31,933.762 ± 1044.323 42,288.498 ± 433.281 42,358.011 ± 643.838

According to these results, P500 e P1000 can be more easily penetrated by fluids, ex-
plaining the greater empty material volume in the central part of that surface.

All systems presented similar microtexture (Figure 4), because the direct texture
parameters (Table 4) did not show a statistically significant difference (p-value > 0.05).
Although the particles presented different morphologies, the texture distribution of the
topographic patterns was similar. However, such analysis is still too qualitative to propose
a specific system presenting the most uniform texture, because it does not take into account
the evaluation of the spatial complexity of the surface roughness distribution, which was
explored by the fractal parameters.
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Figure 4. Surface texture directions for (a) P0, (b) P500, and (c) P1000. All systems presented a similar
microtexture, as the direct texture parameters did not show any statistically significant differences
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Table 4. Surface texture isotropy (STI) and the respective directions.

Time (s) First Direction (◦) * Second Direction (◦) * Third Direction (◦) * STI (%) *

P0 134.995 ± 77.938 112.501 ± 38.974 88.624 ± 49.674 61.817 ± 19.551
P500 165.995 ± 9.578 135.321 ± 0.453 37.626 ± 7.138 64.913 ± 7.4248
P1000 67.503 ± 74.616 123.749 ± 37.310 112.511 ± 38.965 49.691 ± 17.423

* Samples without significant difference ANOVA One-Way and Tukey Test (p-value < 0.05).

3.3. Advanced Fractal Parameters

The fractal behavior of the particle surface was also evaluated, to obtain more quanti-
tative information on the homogeneity of the microtexture. Microtexture evaluation using
fractals and other related parameters has been extensively reported [70,71]. Since a fractal
behavior has been attributed to objects in nature [44], several reports have focused on
fractal theory to evaluate texture behavior in micro and nanoscales [72–74].

Table 5 presents the parameters fractal dimension (FD), surface entropy (H), fractal
succolarity (FS), and lacunarity coefficient (β). FD is the first quantitative parameter
associated with texture homogeneity. The fractal dimension presented similar values
(p-value > 0.05), suggesting similar spatial complexity in all systems. For this reason, the
surface microtexture was similar in P500 and P1000, although showing different morphology.
However, βwas smaller in P1000, suggesting more homogeneous surface microtexture. It
is likely that the decrease of the surface roughness promoted the organization of surface
gaps, resulting in a more homogeneous surface pattern for the system containing higher
concentrations of essential oil. This homogeneity of the surface texture can allow a uniform
mobility of fluids, improving its adsorption and release of essential oil.

Table 5. Fractal dimension (FD), surface entropy (H), fractal succolarity (FS), and lacunarity coefficient
(β). Average results are expressed as mean values and standard deviations.

Time (s) P0 P500 P1000

FD * 2.30 ± 0.03 2.266 ± 0.006 2.29 ± 0.04
H * 0.93 ± 0.04 0.95 ± 0.03 0.90 ± 0.02
FS 0.61 ± 0.04 0.52 ± 0.01 0.59 ± 0.03
|β| 5.74 × 10−4 ± 2.79 × 10−5 2.93 × 10−4 ± 6.43 × 10−5 1.18 × 10−4 ± 1.53 × 10−5

* Samples without significant difference ANOVA One-Way and Tukey Test (p-value < 0.05).

On the other hand, the surface entropy analysis revealed that, although P500 presented
more uniform height distribution (H~0.95), all particles exhibited H ≥ 0.9 (p-value > 0.05).
According to a previous report [49], surfaces with a H higher than 0.9 are significantly
uniform, indicating that both P500 and P1000 can present similar adhesion and adsorption
properties, although only P1000 presented a more homogeneous microtexture.

Although the FS values presented a significant difference (p-value < 0.05), the Tukey
test revealed that P500 and P1000 were similar and could be equally penetrated by fluids.
These values were close to 0.5, which is considered the ideal surface percolation value [50].
Adsorption and adhesion processes on other surfaces can also be influenced, as the en-
trances (allowing the interaction of ligand receptor sites between surfaces) are highly
dependent on the surface texture [64]. Thus, it is important to obtain an FS value lower
or close to 5, so that the encapsulated systems can release the essential oil in a controlled
manner (as found in P500 and P1000). These results revealed that the fractal parameters
corroborated the results found in the stereometric parameters. However, the fractal lacu-
narity showed that P1000 presented the most suitable surface microtexture for adhesion to
another surface, suggesting that this system could release the essential oil faster and more
efficiently. For this reason, only the system P1000 was considered in further analyses.

3.4. Zeta Potential and Nanoparticle Tracking Analysis (NTA)

Zeta potential as a function of pH and NTA analysis was evaluated for the systems P0
and P1000. Zeta potential represents an important parameter for the evaluation of surface
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charge; besides, it is directly related to the colloidal system, influencing the particle size
distribution and stability [15]. Furthermore, higher values (in module) of zeta potential are
related to significant repulsion and reduction of aggregation/agglomeration [75].

A higher surface charge was found from pH ≥ 7 in the P0 system (data not shown),
allowing formulation stability. The surface charge ranged from (–5.0 ± 0.3) mV in pH = 7
to (–12.0 ± 0.8) mV in pH = 10. The isoelectric point was verified as close to pH = 4 and
was related mainly to the type B gelatin carrier. It is known that two types of gelatin (A or
B) can be produced, depending on the collagen pre-treatment [76].

The particles loaded with essential oil (P1000) presented zeta potential values around
(–54.3 ± 2.3) mV in pH = 8. The higher surface charge (in module) of the loaded particles
can be attributed to the presence of the essential oil. The increased charges may be related
to the compounds used to produce the particles and also to rearrangements among the
essential oil constituents. The presence of these constituents probably resulted in an
improved stabilization, due to new intermolecular interactions [15]: the surface electrostatic
charge of particles can be influenced by several factors, including surface functional groups
and solution ions [77]. On the other hand, electrostatic stability occurs due to the repulsion
between particles, resulting from their high surface charge, never reaching the isoelectric
point [78]. Thus, values equal to or greater than 30 mV (in modulus) are important for
formulation stability [79]. For this reason, the surface charge of the P1000 system was found
in a range that guarantees its stability as a colloidal system.

Unloaded (P0) and loaded particles (P1000) were characterized for number and size
distribution by NTA (Figure 5). Table 6 shows the average particle size of P0 and P1000.
The developed colloidal systems were compared, in terms of both size and concentration
(particles/mL) as a function of encapsulated essential oil. No significant change in number
of particles or in their size was observed, as registered by all the size descriptors.
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Figure 5. NTA particle size distribution analysis of P0 and P1000 systems. Representative histograms
of the average size distribution (black line) from three measurements of a single sample. Red areas
specify the standard deviation (SD) between measurements, and blue numbers indicate the maxima
of individual peaks.

The developed systems presented a polydisperse particle size distribution, ranging
from 113 nm to 442 nm. Moreover, 90% of the particle population in the P0 and P1000
systems presented a size up to (442 ± 12) nm and (405 ± 31) nm, respectively.

The mode parameter shows the particle size (or size range) most commonly found
in the population distribution, and it is helpful to describe the midpoint for nonsymmet-
ric distributions [80]. The value that best represents the encapsulated particle size was
(128 ± 8) nm.
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Table 6. Average particle size measured by NTA considering the P0 and P1000 systems.

Parameters P0 P1000

Mean (nm) 215 ± 14 202 ± 7
Mode (nm) 122 ± 12 128 ± 8

SD (nm) 161 ± 1 134 ± 15
D10 (nm) 113 ± 10 113 ± 3
D50 (nm) 135 ± 11 141 ± 8
D90 (nm) 442 ± 12 405 ± 31

Concentration (particles/mL) (6.0 ± 0.9) × 1010 (5.0 ± 0.6) × 1010

Parameters D10, D50, and D90 indicated that 10%, 50%, or 90% of the particle’s population, respectively, presented
a diameter of less than or equal to the specified value.

Our results showed that the particle size distribution profile was not significantly
influenced after the encapsulation of the essential oil. However, the presence of the essential
oil in the P1000 system positively influenced its stability through the increase of the particle
surface charge.

3.5. Laser Scanning Confocal Microscopy (LSCM) and Fluorescence Measurements

Figure 6 shows the particles images of the loaded particles, P1000. Larger particles
(µm) were selected. According to the NTA measurements, 10% of the loaded particles were
larger than (405 ± 31). The essential oil was homogeneously located within the loaded
particles/capsules. Moreover, an absence of essential oil was observed in the unloaded
system (data not shown), as expected.
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Figure 6. Confocal microscopy images of the particles from loaded system (P1000).

Since the fluorescent properties of various molecules are highly dependent on the
environment, this is a potentially useful method for determining material complexation [81].

Fluorescence measurements were performed on the unloaded and loaded particles.
Emission spectra are presented in Figure 7 and show that the fluorescence intensity was
mainly dependent on the essential oil. The luminance phenomenon of essential oil is caused
by the π-electron conjugated system present in its constituents.
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The loaded particles presented a sensitive fluorescence response, under the same wave-
length as the free essential oil. The emission spectrum of the P1000 system (regions 1 and 2)
presented similar peaks, mainly at 480 nm, 515 nm, 530 nm, 560 nm, 620 nm, 670 nm, and
678 nm, confirming the essential oil encapsulation. In these cases, the fluorescence of the
loaded particles was observed at a definite excitation length, owing to the fluorescent of
secondary metabolites encapsulated within the polymeric particles. However, the fluores-
cence intensity of the loaded particles increased from 515 nm to 650 nm. In this system,
well-defined and more intense emission peaks were assigned to the carriers (such as gelatin
and PCL) and observed mainly at 678 nm. A blue shift of this peak was observed from
678 nm to 670 nm, due to the presence of essential oil. In conclusion, the results suggested
weak interactions of an electrostatic nature that connected essential oil molecules with
polymeric carriers. These interactions did not cause chemical changes in the essential oil.
The emission peaks of the essential oil were not observed in the P0 system, as expected.

Fluorescence measurements have been widely applied to evaluate chemical interac-
tions in material complexation [82]. Similar results were observed elsewhere [83]. The
composite of bis-eugenol/mesoporous silica presented a sensitive fluorescence response
similar to that of free bis-eugenol obtained from clove oil. The authors suggested a weak
hydrogen bond connecting the bis-eugenol molecules with the Si–OH groups of the silica
porous wall. On the other hand, a significant enhancement of the fluorescence intensity of
Salvia sclarea L. essential oil (SEO), due to its complexation with β-cyclodextrin (β-CD), was
also investigated [82].

3.6. Controlled Release

The release kinetics were investigated, to understand the mechanisms of release of
essential oil from the gelation/PCL particles as a function of the encapsulated concentration.
Encapsulation efficiency (EE%) was found to be higher than 99% in both the P500 and
P1000 systems.

Figure 8a shows the profile of release of essential oil. A significant difference was
observed in the released concentration of essential oil in the P500 and P1000 systems. The
essential oil release was evaluated up to 80 h, with maximum release concentrations of
63% and 95% for P500 and P1000, respectively. These results agree with the fractal lacunarity
values from AFM, which suggested that the P1000 system presented the most suitable
surface microtexture for a more efficient release of essential oil. As also observed, the
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decrease of the surface roughness of P1000 resulted in a more homogeneous surface pattern.
Thus, this observed homogeneity favors uniform mobility of fluids on the surface particle,
as well as the solubilization of the gelatin carrier, improving its adsorption and the release
of the bioactive compound. This is a possible reason for the lower concentration of essential
oil released from the P500 system. A similar behavior of the encapsulated systems was also
observed previously for gelatin/PCL particles containing essential oil from Piper aduncum
and Piper hispidinervum [14].
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Figure 8. Controlled release curves of the P500 and P1000 systems: (a) concentration of released
essential oil (µg·mL−1), and (b) kinetic essential oil release (µg·mL−1 h−1).

After 24 h, the P1000 system released (51.5 ± 0.3)% of the total amount of encapsulated
essential oil and, after 48 h, the released concentration reached (90.2 ± 0.4)%.

Figure 8b shows the derived curves from controlled release. All curves show a large
release peak, representing a rapid release of essential oil in the first minutes of evaluation,
resulting in the flow of essential oil into the solution. A rapid initial release followed by
more sustained release was previously reported considering the essential oil of oregano
in chitosan nanoparticles [84]: approximately 82% of the encapsulated essential oil was
released up to 3 h. A rapid release of essential oil favors its high concentration in the
medium, maintaining its effectiveness for a longer period [85].

The concentration of released essential oil observed in Figure 8a suggests that only
the P1000 system may show effectiveness in controlling C. humeropictus and M. perniciosa,
because their lethal dosages were reached (as shown in the next section). The profile of
release of essential oil from the loaded particles was analyzed by applying the Higuchi [40]
and Korsmeyer-Peppas [41] mathematical models. Linear regression was used to calculate
the values of the release constants (k) and the correlation coefficients (R2). The results are
summarized in Table 7.

Table 7. Coefficients obtained from the controlled release according to the Higuchi and Korsmeyer–
Peppas mathematical models.

Model Coefficient P500 P1000

Higuchi K 31.1 12.46
R2 0.95 0.95

Korsmeyer–Peppas
K 57.0 14.4
n 0.36 0.47

R2 0.99 0.99

The mathematical models presented good adjusted to the experimental curves, re-
sulting in a R2 from 0.95 to 0.99. The best fit to the release profiles of both P500 and P1000
was obtained using the Korsmeyer–Peppas mathematical model. Release profile curves
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were analyzed using a simple empirical model, [f = ktn] [86–88]. The kinetic constant k is a
characteristic of a particular system considering structural and geometrical aspects; n is
the release exponent representing four different mechanisms (Fickian diffusion, anoma-
lous transport, Case-II transport, and Super Case-II transport) [89], considering spherical
particles, and t is the release time.

The release mechanism by Fickian diffusion is the mechanism in which the active
diffusion through the particle is exclusively determined by Fickian diffusion. In the
case of anomalous transport, the active release is due both to Fickian diffusion and
swelling/relaxation of the carrier. Case-II transport is controlled by the swelling and
relaxation of carriers and it is independent of time. In Super Case-II transport, the release is
ruled by the macromolecular relaxation of the polymeric chains [86].

In general, the n value determines the dominant release mechanism. Considering
spherical particles, n≤ 0.43 represents a Fickian diffusion (Case I); 0.43≤ n≤ 0.85 represents
an anomalous transport. When n = 0.85, the release is governed by Case-II transport, and n
> 0.85 is related to Super Case-II transport [40].

The release assays showed that for the same period (80 h), there was a greater release
of essential oil from the P1000 system. However, the release constant (k) values obtained
for both P500 and P1000 systems (based on the Korsmeyer–Peppas mathematical model)
showed that the release rate of the P1000 system (14.4 h−1) was slower. Furthermore, the
concentration of the encapsulated essential oil influenced the release mechanism. Particles
containing a higher concentration of encapsulated essential oil (P1000) were released accord-
ing to the non-Fickian transport (n = 47). On the other hand, the P500 system presented a
Fickian diffusion (Case-I) (n = 0.36) [90,91].

3.7. Insecticidal and Fungicidal Bioassays

The bioactivity of the L. origanoides essential oil against various pests can occur in
different ways, causing mortality, deformation at different stages of development, as well
as repellency [92]. Secondary metabolites have shown insect toxicity in the vapor phase,
being reported as more toxic to microorganisms than in the contact form [14].

Our results indicated that the essential oil in natura presented an insecticidal activity
against C. humeropictus. The LD50 was found to be around (240 ± 25) µg·mL−1 after
24 h of exposure, with a lower confidence limit (LCL) and upper confidence limit (UCL),
respectively, of 131 µg·mL−1 and 350 µg·mL−1. The fiducial limit was considered as 95%.

The P1000 system was submitted to bioassays against C. humeropictus. Particles contain-
ing L. origanoides showed 100% mortality up to 48 h. About 80% of the borers were killed
within 24 h. These results agree with the released concentration of essential oil from the
controlled release curves and show that P1000 system was efficient against this tested pest,
resulting in their control for up to 24 h. Similar works were found in the scientific literature
considering other borer species [93,94].

The repellent activity of Lippia origanoides, L. alba, Tagetes lucida, Rosmarinus officinalis,
Cananga odorata, Eucalyptus citriodora, and Cymbopogon citratus essential oils from Columbia
were previously tested against the borer Sitophilus zeamais [95]. The authors observed
that L. origanoides was found to be the most effective, causing (92 ± 3)% repellency at a
0.503 µL.cm−2 dose. The insecticidal activity of essential oils from Thymus vulgaris (thyme)
and Cymbopogon citratus (lemongrass) against the devastating pest Tuta absoluta was also
reported [96]. The resultant biological parameters for lemongrass and thyme oils were
LD50 of 1479 µL·mL−1 and 3046 µL·mL−1 for lemongrass and thyme oils, respectively,
considering their fumigant toxicity.

The antifungal activity of L. origanoides has been extensively reported [97]. Considering
the concentrations of essential oil added to the culture medium (0.125, 0.25, 0.5, 0.75, and
1 mg·mL−1), the mycelial growth of M. perniciosa was observed only at 0.125 µg·mL−1. For
this reason, the tested concentration of 250 µg·mL−1 was considered as the MIC value.
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The bioassays presented statistically significant differences (p-value < 0.05) between
the essential oil and control. The treatments resulted in a percentage inhibition of mycelium
growth of (57 ± 8)%, as shown in Table 8.

Table 8. Growth and inhibition parameters of M. perniciosa, considering the L. origanoides essential oil
and the tested control.

Diameter (mm) RGM (%) I (%) MGI (mm/day)

L. origanoides 32 ± 6 43 ± 8 57 ± 8 4.6 ± 0.8
Control 74.8 ± 0.5 100.00 0.00 10.7 ± 0.1

RGM: relative mycelial growth percentage; I: percentage inhibition of mycelium growth; MGI: mycelial growth
index. Negative control: DMSO.

The efficiency of the P1000 system was evaluated against M. perniciosa. After 7 days of
incubation, no mycelial growth percentage was observed. Carvacrol has been reported as
the major constituent of the essential oil from L. origanoides [23] and has shown efficiency
in controlling bacteria [98,99], fungi [98,100], and insects [23,101]. The inhibition of Phy-
tophthora infestans, a phytopathogen of potato, was reported with MIC = 150 µg mL−1,
confirming the efficiency of this essential oil in controlling pathogenic fungi [102].

4. Conclusions

The present study successfully developed gelatin/PCL-based particles as useful carri-
ers of the essential oil from L. origanoides. The proposed colloidal system can release lethal
dosage concentrations to control C. humeropictus and M. perniciosa for up to 24 h, which are
the main pests of Theobroma grandiflorum. The AFM data also showed that the encapsulation
of essential oil affected the particle’s surface morphology. The surface roughness decreased
as a function of the concentration of encapsulated essential oil. The homogeneity of the
surface texture observed in the P1000 system allowed a uniform mobility of fluids on the
surface, improving its adsorption and release of essential oil. These results were observed
in the controlled release assays. The nanoscale surface and fractal analysis based on AFM
technique represent an useful tool for quality standards in manufacturing particles contain-
ing encapsulated essential oil. For this reason, our results suggested that the developed
particles containing encapsulated essential oil could be applied as a sustainable alternative
controlling agent for the tested pests, combined with their biodegradability and adequate
controlled release, with promising future applications.
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Abstract: Gene therapy, which aims to cure diseases by knocking out, editing, correcting or com-
pensating abnormal genes, provides new strategies for the treatment of tumors, genetic diseases
and other diseases that are closely related to human gene abnormalities. In order to deliver genes
efficiently to abnormal sites in vivo to achieve therapeutic effects, a variety of gene vectors have
been designed. Among them, peptide-based vectors show superior advantages because of their
ease of design, perfect biocompatibility and safety. Rationally designed peptides can carry nucleic
acids into cells to perform therapeutic effects by overcoming a series of biological barriers including
cellular uptake, endosomal escape, nuclear entrance and so on. Moreover, peptides can also be
incorporated into other delivery systems as functional segments. In this review, we referred to the
biological barriers for gene delivery in vivo and discussed several kinds of peptide-based nonviral
gene vectors developed for overcoming these barriers. These vectors can deliver different types
of genetic materials into targeted cells/tissues individually or in combination by having specific
structure–function relationships. Based on the general review of peptide-based gene delivery systems,
the current challenges and future perspectives in development of peptidic nonviral vectors for clinical
applications were also put forward, with the aim of providing guidance towards the rational design
and development of such systems.

Keywords: peptide; gene delivery; nonviral vector; self-assembly; gene therapy

1. Introduction

Gene therapy refers to the introduction of exogenous genes into target cells to correct
defective and abnormal genes for the purpose of treating diseases. With the development
of modern molecular biology and progress of human genome project, gene therapy has
become a promising strategy to treat cancer, gene diseases, infectious diseases, cardio-
vascular diseases and nervous system diseases [1]. The therapeutic nucleic acids used in
gene therapy include plasmid DNA, siRNA and other free nucleic acids [2]. However, it is
difficult for these nucleic acids to reach the target tissue due to their large molecular weight
and huge number of negative charges [3]. Therefore, developing safe and effective gene
delivery vectors is essential for gene therapy.

Generally, gene delivery vectors are categorized into two types, that is, viral vectors
and nonviral ones. Typically, viral vectors use modified viruses including retroviruses,
lentiviruses, adenoviruses and adeno-associated viruses to carry genes into cells due to
their advantages of high infection level of host cells [4]. Their accurate programmed
infection characteristics and efficient delivery ability of exogenous gene into host cells make
them the most widely used gene vectors in clinical trials. However, viral vectors have
inherent disadvantages such as potential carcinogenic effects, limited DNA encapsulation
ability, lack of targeting ability and difficulty in production [5]. Moreover, they may
also activate the host’s immune system and reduce the effectiveness of subsequent gene
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delivery [6]. These defects greatly limit the usage of virus vectors in clinical treatment and
further promote the development of nonviral gene delivery systems [7]. Compared with
viral vectors, nonviral vectors are usually easier to synthesize and operate, having lower
immune response, larger loading capacity of genetic material and better targeting ability.
Recently, a large number of efficient and safe nonviral vectors have been designed for gene
therapy. When using nonviral vectors to deliver nucleic acids such as DNA [8], messenger
(m)RNA [9], short interfering (si)RNA [10] and micro (mi)RNA into cells [11], they need to
overcome several biological barriers (Figure 1). First, the vectors should protect the nucleic
acids from degradation by endonucleases and exonucleases and help them evade immune
detection [12–14]. Second, the vectors need to contain specific groups and ligands both
to make nucleic acid molecules exude from the bloodstream to the target tissue and to
mediate cell entry. Third, siRNA and miRNA mimics must be loaded into the RNA-induced
silencing complex, while mRNA must bind to the translational machinery and DNA must
be further transported to the nucleus to play its function (Figure 2) [15]. The commonly
used nonviral vectors include cationic liposomes, cationic polymers, dendrimers, peptides
and so on [16]. Among them, peptides have been considered as unique tools for delivering
nucleic acid drugs due to their excellent biocompatibility and biodegradability, ease of
production and modification as well as being able to respond to external stimuli [17–19].

Nanomaterials 2022, 12, 4076 2 of 24 
 

 

further promote the development of nonviral gene delivery systems [7]. Compared with 
viral vectors, nonviral vectors are usually easier to synthesize and operate, having lower 
immune response, larger loading capacity of genetic material and better targeting ability. 
Recently, a large number of efficient and safe nonviral vectors have been designed for 
gene therapy. When using nonviral vectors to deliver nucleic acids such as DNA [8], mes-
senger (m)RNA [9], short interfering (si)RNA [10] and micro (mi)RNA into cells [11], they 
need to overcome several biological barriers (Figure 1). First, the vectors should protect 
the nucleic acids from degradation by endonucleases and exonucleases and help them 
evade immune detection [12–14]. Second, the vectors need to contain specific groups and 
ligands both to make nucleic acid molecules exude from the bloodstream to the target 
tissue and to mediate cell entry. Third, siRNA and miRNA mimics must be loaded into 
the RNA-induced silencing complex, while mRNA must bind to the translational machin-
ery and DNA must be further transported to the nucleus to play its function (Figure 2) 
[15]. The commonly used nonviral vectors include cationic liposomes, cationic polymers, 
dendrimers, peptides and so on [16]. Among them, peptides have been considered as 
unique tools for delivering nucleic acid drugs due to their excellent biocompatibility and 
biodegradability, ease of production and modification as well as being able to respond to 
external stimuli [17–19]. 

 
Figure 1. Biological barriers to overcome when using nonviral vectors to deliver nucleic acids in 
vivo. Nucleic acids bind to peptides through electrostatic interactions, transferring them across the 
cell membrane via endocytosis, providing endosome escape, and ultimately releasing the associated 
nucleic acids in the cytoplasm or nucleus. Reprinted with permission from Ref. [20]. Copyright 2018, 
Elsevier. 
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brane via endocytosis, providing endosome escape, and ultimately releasing the associated nucleic
acids in the cytoplasm or nucleus. Reprinted with permission from Ref. [20]. Copyright 2018, Elsevier.
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Nowadays, many peptides have been incorporated as functional components into
nonviral gene delivery systems to overcome various biological obstacles and deliver nucleic
acid drugs to target sites with high efficiency. Peptides used as non-viral gene vectors can
be divided into the following types according to their functions: cell penetrating peptides
(CPPs), membrane active peptides, targeting peptides, and nuclear localization signal
(NLS) peptides (Table 1). In this review, we first talk about the strategies for constructing
peptide–nucleic acid complexes, and then summarize the applications of these peptides
in gene delivery, as well as how to combine these peptides with other nonviral vectors to
achieve the purpose of improving transfection efficiency.

Table 1. Types of peptides designed for use in gene delivery.

Peptide Type Name Sequence a Reference

CPPs CHAT CHHHRRRWRRRHHHC [22]

LH2

Ac, T, C-LHHLCHLLHHLCHLAG
Ac-GALHCLHHLLHCLHHL

Ac -LHHLCHLLHHLCHLGA
Ac -LHHLCHLLHHLCHLGA

[23,24]

SRCRP2-11
SRCRP2-11-R

GRVEVLYRGSW
GRVRVLYRGSW [25]

R8 RRRRRRRR [26–29]
Penetratin RQIKIWFQNRRMKWKK [30]
WTAS PLKTPGKKKKGKPGKRKEQEKKKRRTR [31]
PF14 Stearyl-AGYLLGKLLOOLAAAALOOLL-NH2 [32]
CPP CGRRMKWKK [33]
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Table 1. Cont.

Peptide Type Name Sequence a Reference

Targeted peptides circular NGR CNGRCG [28]
NGR NGR [33,34]
RGD RGD [29,35–37]
Trivalent cRGD HCACAE[cyclo(RGD-D-FK)]E[cyclo(RGD-D-FK)]2 [38]
cRGD cyclo(RGD-D-FK) [39,40]
cyclic iRGD cyclo (CRGDKGPDC) [41]

Membrane active
peptides

RALA WEARLARALARALARHLARALAHALHACEA [42–44]
HALA2 WEARLARALARALARHLARALAHALHACEA [45]
(LLHH)3 CLLHHLLHHLLHH [46]
(LLKK)3-H6 LLKKLLKKLLKKCHHHHHH [46]
LAH4 KKALLALALHHLAHLALHLALALKKA [47]
KH27K KHHHHHHHHHHHHHHHHHHHHHHHHHHHK [48,49]
G3 GIIKKIIKKIIKKI [50]
Melittin GIGAVLEVLTTGLPALISWIEEEEQQ [51]
CMA-1 EEGIGAVLKVLTTGLPALISWIKRKRQQC [52]
CMA-2 GIGAVLKVLTTGLPALISWIHHHHEEC [53,54]
CMA-3 GIGAVLKVLTTG LPALISWIKRKREEC [54]
CMA-4 EEGIGAVLKVLTTG LPALISWIHHHHQQC [52]
NMA-3 CGIGAVLKVLTTGLPALISWI KRKREE [52,53]
acid-Melittin GIGAVLKVLTTGLPALISWIKRKRQQ [51]
Mel-L6A10 GIGAIEKVLETGLPTLISWIKNKRKQ [55]
RV-23 RIGVLLARLPKLFSLFKLMGKKV [53]

NLS peptides SV40 T antigen PKKKRKV [56–60]
Mouse FGF3 RLRRDAGGRGGVYEHLGGAPRRRK [61]
NLSV404 PKKKRKVGPKKKRKVGPKKKVGPKKKRKVGC [62]
Ku7O2 CKVTKRKHGAAGAASKRPKGKVTKRKHGAAGAASKRPK [63]

Other peptides Smart peptide Nap-FFGPLGLAG(CKm)nC [64]
24-mer β-annulus peptide INHVGGTGGAIMAPVAVTRQLVGS [65,66]
β-annulus-GGGCG peptide INHVGGTGGAIMAPVAVTRQLVGSGGGCG [67]
H4K5HCBZlCBZlH HHHHKKKKKC12LLHCBZlCBZlHLLGSPD [68]
K3C6SPD KKKC6WLVFFAQQGSPD [69,70]
CC REGVAKALRAVANALHYNASALEEVADALQKVKM [71]
Surfactant-like peptide IIIVVVAAAGGGKKK [72]

a All peptide sequences are given in the one-letter code amino acid name (Table A1, Appendix A).

2. Construction of Peptide–Nucleic Acid Complexes for Gene Delivery

To achieve the purpose of gene delivery, the functional peptides should be first fused
with nucleic acids to form complexes so as to play the roles of gene condensing, protection,
and delivery. Three main strategies can be adopted to achieve peptide/nucleic acid fusion.
The first is to link the peptide segment covalently with nucleic acid to produce a conjugated
molecule. For this strategy, the functional peptide segments are conjugated to the to-
be-delivered nucleic acid via chemical bonds (e.g., ester bond, disulfide bridge, thiol-
maleimide linkage) [73]. The superior advantage of this strategy is that the peptide–nucleic
acid conjugated molecule has defined structure and stoichiometry as well as high stability,
which can lead to repeatable delivery performance. This approach is particularly suitable
for charge-neutral nucleic acid analogs such as phosphonodiamidate morpholino oligomer
(PMO) and peptide nucleic acid (PNA) [74,75]. The peptide–nucleic acid conjugate can
easily cross the cell membranes and enter the nucleus and fulfill its biological functions.
Currently, this strategy has exhibited promise in clinical trials. For example, peptide-PNA
conjugates have been utilized in preclinical studies targeting c-myc for severe combined
immunodeficiency, while peptide-PMO conjugates have been employed for Duchenne
muscular dystrophy [76,77]. However, for this strategy, the covalent bond formation may
reduce the biological activity of nucleic acids or inhibit their release and expression in cells,
which may hinder their application. The second is the noncovalent complexation strategy,
which is to complex peptides with nucleic acids directly via noncovalent forces. For this
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strategy, the peptides are usually designed to have various positive charges, which can fist
bind with negatively charged nucleic acids to result in charge neutralization and then induce
hydrophobic collapse of the nucleic acid molecules into condensed nanoparticles [78]. This
strategy has superior advantages including ease of vector construction, high loading
amount of gene drug, and controllable genome release by introducing stimuli responsibility.
It is suitable for delivery of most nucleic acids involving plasmid DNA, siRNA, mRNA and
so on. Peptide–nucleic acid nanocomposites obtained by this method are easy to prepare
and have been attempted to treat a series of diseases including cancer and cardiovascular
diseases [79,80]. However, it should be noted that the peptide should be well designed
to endow the peptide carrier with high functionality and avoid loss of peptide function
because of its electrostatic binding with nucleic acids. The third strategy is to modify
functional peptide segments on the surface of specific nanoparticles to produce composite
nanoplatforms, which can further be used to complex with nucleic acids for delivery
purposes. This strategy can take advantage of the nanoparticles to facilitate cellular uptake
as well as to give multifunctionalities [81], which is especially suitable for development of
systems for combined therapy. In summary, the above three strategies, each having specific
features in peptide/nucleic acid fusion, have been extensively used in gene delivery.

3. Application of CPPs in Gene Delivery

Composed of 10–20 amino acids, CPPs are one class of peptides which have the
potential to penetrate bio-membrane and transport bioactive substances into cells [82]. In
recent years, a variety of substances such as hydrophilic proteins, nucleic acids and even
nanoparticles have been carried by CPPs across cell membrane into the cytoplasm to serve
specific functions. This rapid intracellular transport is not destructive to cell membranes,
and the active substances can be delivered into a variety of cells regardless of the cell type.
Use of CPPs to deliver nucleic acids and drugs for gene therapy and disease treatment has
therefore attracted extensive attention. For example, Emma et al. designed a new 15-amino
acid linear peptide CHAT that contains six arginine residues, the minimum number of
residues required for cell uptake [22]. The cysteine residues located at both ends can
enhance the stability of the delivery system and achieve cargo release in cells. Experiments
demonstrated that CHAT peptide can transfect plasmid (p)DNA into various cell lines,
resulting in successful reporter-gene expression in vivo in 4T1 and MDA-MB-231 breast
xenograft models (Figure 3a). The transfection efficiency in tumor sites is comparable to
that of commercial transfectants, making it a low-cost, easily formulated delivery system
for the administration of nucleic acid therapeutics. However, some inherent properties
of CPPs limit their clinical application. First, when CPPs are administered in vivo, they
are penetrable only at concentrations above micromoles, which will cause many systemic
side effects. In this case, designing new CPPs and improving their ability to penetrate cell
membranes are of great importance for enhancing the safety of CPP application. Recently,
a pH-active CPP called dimer LH2 was designed by Dougherty and co-workers because
they found that amphiphilic CPPs in dimeric form showed higher cell-penetrating activity
compared with the monomeric ones [23]. As expected, dimer LH2 can effectively deliver
nucleic acid drugs to triple-negative breast cancer cell MDA-MB-231 with only tens of
nanomolar concentration, showing strong membrane penetrating ability and antitumor
effects [24]. In addition to using CPPs as carriers to deliver pDNA into cells, naked siRNA
must be protected and delivered by carriers to enter the cell, because it is unstable, and
readily degraded by nucleases in the serum environment and absorbed by tissues [83].
To solve this problem, Martina et al. used DMBT1-derived peptides with membrane
penetrating ability as carriers to prepare siRNA delivery nanoparticles, which can complex
with siRNA and transfect human breast metastatic adenocarcinoma MCF7 cells [25]. The
delivered siRNA exhibited effective gene silencing in MCF7-recombinant cells. The study
laid the foundation for developing a new vector for therapeutic siRNA delivery.

Second, most CPPs can be internalized by all cell types and lack the ability to target
specific tissues as particular objectives. This imprecise feature will lead to their low stability
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in blood, poor tissue penetration and limited cell uptake, thus greatly reducing their
targeting efficiency towards specific tissues. To solve this problem, several strategies
have been developed to improve the specificity of CPPs to pathological tissues. Among
them, combing targeting molecules such as RGD (Arginine-Glycine-Aspartic acid), NGR
(Asparagine-Glycine-Arginine) peptide, folic acid (FA) and hyaluronic acid with CPPs is
a very effective strategy [84–86]. These targeting molecules are usually overexpressed in
tumor types, but not in normal cells. Therefore, they can improve the targeting effect for
pathological tissues, whilst healthy tissues are not affected by drug delivery. For example,
Qi-ying Jiang conjugated the target ligand of FA and the CPP segment of octaarginine (R8)
to an existing vector (PEI600-CD) composed of β-cyclodextrin and low-molecular-weight
polyethylenimine (PEI) to produce a new gene vector FA-PC/R8-PC [26]. This vector can
form ternary nanocomplexes with pDNA, and further deliver it to tumor sites in vivo with
excellent gene transfection efficiency (Figure 3b). Moreover, hyaluronic acid coupled with
CPPs can effectively deliver siRNA to macrophages within the atherosclerotic plaques
and enhance gene delivery to macrophages in antiatherosclerotic therapy [30], which is a
promising nanocarrier for efficient macrophage-targeted gene delivery and antiatherogen
(Figure 3c).

In addition to being used as vectors for gene delivery alone, CPPs can also be combined
with other non-viral vectors such as liposomes and cationic polymers to achieve high gene
transfection efficiency. Integrating different types of functional vectors into one gene
delivery system can exert a synergistic effect between the components, improving the low
permeability and poor selectivity of CPPs, and so enhance the gene delivery efficiency.
Ikramy et al. developed an efficient gene delivery system by combining a CPP segment
(R8) and pH-sensitive cationic lipid (YSK05) [27]. Positive nanoparticles can be formed by
attaching high density R8 to the surface of YSK05 nanoparticles. The particles can further
encapsulate pDNA to produce complexes that can lead to high gene transfection efficiency
due to the synergistic effect between R8 and YSK05. Obdulia and co-workers also developed
a gene delivery vector by co-assembly of CPP (WTAS) and a poly β-amino ester (PBAE)
polymer [31]. The WTAS-PBAE vector showed high transfection rate, and the results of cell
transfection experiments with GL26 cells revealed that WTAS-PBAE vector loaded with GFP
pDNA led to virtually complete transfection (> 90%). This excellent transfection efficiency
makes it a very promising gene delivery vector for delivering a variety of genetic materials.
In addition, the combination of CPPs and inorganic nanoparticles also shows great potential
in the application of delivering nucleic acid drugs. For example, Dowaidar et al. found
that the conjugation of CPPs-oligonucleotides with magnetic iron oxide nanoparticles can
promote cellular uptake of the plasmid and improve the transfection efficiency, which
opens up a new way for selective and efficient gene therapy [32].

4. Application of Targeted Peptides in Gene Delivery

During gene delivery, an off-target effect may occur when the therapeutic nucleic
acids bind to non-specific cells, which is undesirable and will decrease the therapeutic
effect of gene therapy. Therefore, selectively delivering vector-nucleic acid complexes to
the target cells and exerting the therapeutic effect at specific sites are critical to improve
the transfection efficiency of gene therapy [87]. Conjugating targeting ligands such as FA,
hyaluronic acid and biomolecules including peptides and proteins can greatly increase the
targeting of the gene delivery systems because they can specifically bind to the receptors
on cells. Among them, peptides are excellent gene delivery targeting ligands due to their
good biocompatibility, ease of synthesis and modification as well as their high response
to stimuli. Thus far, more than 700 targeted peptides have been discovered for targeting
different cells. The most widely used target peptides among them are NGR and RGD which
can specifically recognize tumor angiogenic markers and provide new venues for exploring
tumor targeting agents [84].

The NGR motif, whose tumor-targeting ability relies on its specific interaction with
CD13 (aminopeptidase N), was identified from a tumor homing peptide. It is often selec-
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tively overexpressed in neovascular and some tumor cells, but seldom expressed in quiet
vascular endothelial cells. NGR peptides have now been used to promote the targeted
delivery of therapeutic agents and enhance antitumor effects [88]. A bi-functional peptide,
NGR-10R, which consists of an N-terminal circular NGR motif (CNGRCG) and a C-terminal
R8 sequence was designed for gene therapy. The R8 sequence at the end of NGR-10R can
bind to siRNA through electrostatic interaction to form NGR-10R/siRNA nanoparticles.
Thanks to the NGR motif, NGR-10R/siRNA nanoparticles can be specifically delivered to
MDA-MB-231 cells and localized around the nucleus, thus robustly repressing gene expres-
sion in MDA-MB-231 and HUVEC (a CD13+/αvβ3

+ cell) (Figure 4a) [28]. In the study of
Yang, as a targeted peptide, NGR plays a navigational effect, enabling the pcCPP/NGR-LP
dual-modified liposomes vector to accumulate at the tumor site. Finally, with the aid of
CPPs, the siRNA-loaded vector enters target cells efficiently [33]. In addition to targeting
siRNA to MDA-MB-231 cells, the NGR motif can effectively deliver siRNA to HT-1080
cells and downregulate target genes with the synergistic effect of other vectors. Chen et al.
designed the LPD-poly(ethylene glycol) (PEG)-NGR vector by modifying PEGylated LPD
using the NGR motif. It can target CD13 expressed in the tumor cells or tumor vascular
endothelium, effectively delivering siRNA to the cytoplasm of HT-1080 cells and silence
the target gene [34].

Different from NRG, the RGD peptide can specifically bind to integrin in tumor en-
dothelial cells and act as ligand to target tumor cells that overexpress αvβ3 integrin [89,90].
As an attractive tumor cell receptor, integrin plays a major role in promoting the prolifera-
tion, migration, invasion and survival of tumor cells. Therefore, gene vectors modified by
RGD peptide can block cell–cell and cell-matrix adhesions by competing with adhesion
proteins for cell surface integrins, thus achieving targeted selectivity to tumor cells and
improving the efficiency of gene transfection. In view of this, a large number of RGD
peptide-based gene vectors have been developed. Recently, lung cancer and bronchial
cancer have become the most deadly cancers due to the aggravation of air pollution. In
order to develop new targeted, effective and less painful therapies, Yang et al. synthesized
the RRPH (RGD-R8-PEG-HA) which is composed of peptide (RGD-R8) and PEGylation on
HA to coat PFC (plasmid complex). The obtained RRPHC nanoparticles (RRPH coated PFC
complex) achieve long-term circulation and tumor tissue-penetration while maintaining
the high transfection efficiency of PFC [29]. Kim et al. designed a targeted gene vector,
RGD/PEI/WSC, which can combine the RGD to chitosan and PEI, for αVβ3 integrin-
overexpressing tumor cells [35]. In vivo experiments show that the vector can suppress
the growth of PC3 prostate tumor cell xenograft model by silencing BCL2 mRNA, which
is expected to be a good candidate for a specific targeted gene vector without cytotoxicity
(Figure 4b).

Oncolytic adenovirus has been widely used in clinical trials of cancer gene ther-
apy [91,92]. Moreover, tumor targeted gene virus therapy (CTGVT) may be an effective
strategy for the treatment of advanced or metastatic cancer [93]. In a previous study, Luo
et al. found that replicating adenovirus (AD-ZD55-miR-143) showed specific anti-rectal can-
cer efficacy in vitro. However, its anti-tumor effect in vivo is not ideal, because the vector
does not increase the chance of reaching target cells. To solve this problem, they developed
AD-RGD-survivin-ZD55-miR-143, a novel triple regulatory oncolytic adenovirus which
significantly enhanced the anti-tumor effect and directly broadened the treatment options
for colorectal cancer [36]. RGD peptides with a circular structure, i.e., cyclic (c)RGDs can
also be used for tumor targeting studies—being more active due to their conformation-less
assembly than linear RGD oligopeptides. Moreover, (c)RCDs are resistant to proteoly-
sis and have higher affinity to integrin receptors [94]. Therefore, many five membered
ring RGDs containing pentapeptides have been used to endow gene vectors with tumor
targeting [95]. Alam et al. reported that cRGDs can selectively enter cancer cells overex-
pressing αvβ3 integrin carrying siRNA for gene silencing [38]. A further study indicated
that cRGDs can specifically guide siRNA to cells expressing αvβ3, resulting in effective
knocking out of selected genes and significantly reducing tumor growth [39]. In addition,
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cRGDs were employed to promote cellular internalization of polyplex micelles encapsulat-
ing anti-angiogenic pDNA by tumor vascular endothelial cells, which abundantly express
RGD-specific αvβ3 and αvβ5 integrin receptors and thereby exhibit anti-tumor activity
against pancreatic adenocarcinoma upon systemic injection [96,97]. Moreover, liposomes
modified with cRGD peptide can be used to deliver drugs to targeted cancer cells [40].
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Our group is also devoted to designing peptide carriers with targeting functions.
Recently, we have designed an amphiphilic peptide Ac-RGDGPLGLAGI3GR8-NH2 with
two charged chain segments distributed at the end and a hydrophobic chain segment in
the middle [37]. It can selectively kill cancer cells through the specific recognition and
binding of RGD fragments to cancer cell membranes and cleavage of PLGLA fragments by
tumor-overexpressed matrix metalloproteinase-7 enzymes. The R8 sequence can induce
efficient condensation of DNA into dense nanoparticles, resist enzymatic degradation of
DNA, ensure successful delivery of DNA into cells, and improve the expression level as
well as transfection rate of target genes [87]. Moreover, we also combined the cRGD peptide
to gold nanoparticles (AuNPs) which has been widely used in the delivery of nucleic acid
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molecules due to its good biocompatibility and easy surface functionalization [98,99]. We
designed the peptide of sequence (CRGDKGPDC)GPLGLAGIIIGRRRRRRR-NH2 (CPIR28)
which was grafted onto the surface of AuNPs by the one-pot synthesis method [41]. The
CPIR28-AuNPs nanocomposite can effectively condense DNA and improve the intracellular
transport of genes (Figure 4c).
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which can enter cells by receptor αvβ3 and CD13 mediated endocytosis. After escaping from the
endosomes/lysosomes, siRNA is released into the cytoplasm and loaded by the RISC. Reprinted with
permission from Ref. [28]. Copyright 2015, Biomaterials Science. (b) RPgWSC-pDNA complexes can
suppress solid tumor growth by silencing BCL2 mRNA. Reprinted with permission from Ref. [35].
Copyright 2017, Elsevier. (c) CRIP28-AuNPs form nanocomplexes with nucleic acids by electrostatic
interaction for cellular delivery. Reprinted with permission from Ref. [41]. Copyright 2022, Elsevier.

5. Application of Membrane Active Peptides in Gene Delivery

After cell uptake, successful release of vector/nucleic acid complexes from endosomes
is a major obstacle for effective gene therapy. After the vector/nucleic acid complexes
cross the membrane barrier into the cell through endocytosis, vesicles will enclose them
and develop into early endosomes, which then mature to form late endosomes and then
fuse with lysosomes. In order to exert the therapeutic effect of nucleic acid drugs, the
complexes need to escape from the endosomes and enter into the cytoplasm. Otherwise,
the nucleic acid drugs will be degraded by hydrolases [46]. Therefore, developing vectors
with endosomal escape ability is essential for efficient gene delivery. There are two ways to
achieve endosomal escape. First, considering the acidic environment inside the endosomes,
materials with a buffer effect in the acidic environment, such as chlorine and calcium, can be
added to assist endosomal escape. These buffer agents can prevent endosomes from binding
to lysosomes, vacuolate endosomes and then decrease the membrane stability. However,
these chemicals are generally only used in vitro and not suitable for clinical applications due
to their potential cytotoxicity. Nevertheless, the acidic endosomal environment suggests
that we can introduce amino acids with a acidic buffering effect into the carrier to destroy
the endosome membrane by proton pump for the purpose of endosomal escape. Since only
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histidine has a buffering effect among the 20 common amino acids due to its imidazole
group, it is often embedded into the carrier to improve endosomal escape during delivery of
nucleic acids. RALA, which is a 30-mer cationic amphipathic helical peptide, contains seven
hydrophilic arginine residues on one side of the helix, and hydrophobic leucine residues on
the other side. When the pH drops, the α-helicity of RALA increases to achieve endosomal
escape and release of the cargo [42]. Therefore, Vimal K et al. used RALA peptides to
condense mRNA and effectively deliver them to dendritic cells [43]. Subsequently, the
RALA-mRNA nanocomplexes successfully escaped from endosomes and expressed mRNA
in the cell cytosol to promote antigen specific T cell proliferation as well as evoking T cell
immunity in vivo (Figure 5a). In addition to delivering mRNA, RALA can also deliver
siRNA with high efficiency. Eoghan J. Mulholland et al. reported that RALA is an effective
siRNA carrier targeting the FK506-binding protein and has great potential in promoting
angiogenesis for advanced wound healing applications (Figure 5b) [44]. Recent studies
have found that the introduction of histidine into RALA peptide can further improve the
endosomal escape ability of the vectors, thereby increasing the transfection efficiency. For
example, Liu et al. designed a new peptide-based vector HALA2 with ability of endosomal
escape and high cell transfection efficiency by adjusting the ratio of histidine and arginine
in the RALA peptide [45]. HALA2 replaced two arginines close to the C-terminal of RALA
with histidine, which reduced the number of positively charged amino acids in HALA2
from 7 to 5, resulting in a better transfection rate than RALA. In addition, introducing
histidine fragments into other kinds of vectors can also improve their endosomal escape
ability. Chitosan has the advantages of non-toxicity, non-immunogenicity, biodegradability
and good biocompatibility as a gene vector. However, chitosan cannot mediate the escape
of endosome due to its low endosomal escape rate and poor buffer capacity. For this reason,
Liu et al. introduced histidine into chitosan and obtained a new vector with good solubility,
strong binding ability to siRNA and excellent endosomal escape performance [100].

Secondly, using membrane active peptides with membrane destruction capability
to destroy the endosomal membrane can also realize endosomal escape and release the
vector/nucleic acid complex into the cytoplasm. Recently, a series of membrane active
peptides have been designed. For example, (LLHH)3 and (LLKK)3-H6 are two typical am-
phiphilic membrane active peptides that can destroy endosomal membranes and regulate
the “proton sponge effect”. Introducing them into vectors containing rigid acyl and pol-
yarginine, Yang et al. designed two multifunctional peptide vectors, C18-C(LLKK)3-H6-R8
and C18-C(LLHH)3C-R8. They found that each functional fragment showed a synergistic
effect, and the presence of membrane active peptide significantly improved the endosomal
escape efficiency and transfection rate, which greatly promotes the application of peptide-
based vectors in the treatment of genetic diseases [46]. In the past few years, Bechinger
and co-workers have been devoted to developing pH-responsive cationic amphiphilic
membrane active peptides rich in histidine residues for gene delivery. They have designed
a variety of LAH4-based peptides which have been proven to be able to bind to plasmid
DNA and facilitate its cellular uptake and endosomal escape [47,101–103]. Among them,
some derivative peptides of LAH4 not only have the ability to bind to plasmid DNA, but
also have strong siRNA and mRNA delivery capabilities [47]. To date, the interactions
of LAH4-based peptides and bio-membrane have been studied in detail by biophysical
methods, and the results indicate that these peptides show strong delivery capacity for a
variety of cargoes, including nucleic acids, peptides and proteins [104]. The histidine-rich
amphiphilic peptide KH27K has also been developed as a “proton sponge” escape endoso-
mal agent. Unlike LAH4, KH27K is currently mainly used to deliver virus particles into the
cell to achieve the intracellular release of the virus, and this “membrane release” activity is
consistent with its pH dependent hemolysis activity. However, there is no clear study on
the intracellular delivery of nucleic acid molecules [48,49].
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Antibacterial peptides (AMPs) with an α-helical amphiphilic structure can also effec-
tively promote endosomal escape. They are primarily found in bacteria and have activities
against a variety of microorganisms. Most of them are composed of nearly 50% hydropho-
bic residues and are usually positively charged due to the presence of lysine and arginine
fragments. The spatially separated hydrophobic and charged regions endow them with
membrane interaction activity. In view of the characteristics of AMPs, Cirillo et al. designed
a short cationic amphiphilic α-helical peptide G(IIKK)3I-NH2 with endosomal escape abil-
ity and high affinity towards colon cancer cells [50]. They report that when interacting
with negatively charged DPPG small unilamellar vesicles, the peptides fold into α-helical
structure helping to carry nucleic acids across the cell membrane and achieving endoso-
mal escape, thus enabling the protection and selective delivery of siRNA to cancer cells
(Figure 5c). Melittin is a multifunctional AMP that can inhibit many Gram-negative and
Gram-positive bacteria. It is widely used to facilitate the endosomal escape of nanoparticles
because of its significant cleavage activity in mammals both in vivo and in vitro. However,
this amphiphilic peptide from bee venom has obvious toxicity to mammalian cells. If it
is directly used to deliver nucleic acids, the transfection efficiency will be reduced due
to the increase of cytotoxicity [105]. Therefore, melittin analogues have been designed in
order to reduce the toxicity while promoting the ability to promote endosomal escape [106].
Glutamic acid and histidine residues on peptides are negatively charged due to deprotona-
tion in the extracellular medium; however, in endosomes with a pH of about 5, the two
amino acids are protonated, which reduces the hydrophilicity of the peptide and exposes
its cleavage activity. Therefore, the method of replacing the basic amino acids in melittin
with glutamic acid or histidine can be used to enhance the cleavage ability of the pH
sensitive peptide. In views of this principle, a series of novel pH-sensitive peptides have
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been developed. Melittin analogues such as CMA-1, CMA-2, CMA-3, CMA-4, NMA-3 [52]
and acid-melittin [51] have been obtained and used to conjugate with PEI to improve the
intracellular endosomal escape of the PEI/DNA complex. Compared with CMA-1-PEI and
CMA-4-PEI that covalently linked PEI to the N-terminal of peptide, C-terminal modified
CMA-2-PEI, CMA-3-PEI and acid-melittin-PEI complexes showed strong cleavage activity
at pH 5. The transfection experiments also showed that CMA-2-PEI and CMA3-PEI com-
plexes induced significant gene expression [53,54]. Not all N-terminal modified melittin
analogues have poor cleavage ability. For example, Kloeckneret al. proved that the trans-
fection efficiency can be significantly improved by introducing N-terminal PEI-coupled
melittin analogue NMA-3 into the EGF/OEI-HD-1 complex gene vector [52]. In addi-
tion, considering the effect of glutamate replacement location on peptide cleavage activity,
Tamemoto et al. designed four melittin analogues and studied the optimal position of glu-
tamate substitution. The results showed that a novel attenuated cationic cleavage peptide
MEL-L6A10 with higher delivery activity, relatively lower cytotoxicity and higher endolytic
activity can be designed by placing Glu on the boundary of the hydrophobic/hydrophilic
region [55]. RV-23 is a pH-sensitive endolytic peptide extracted from Rana Linnaeus. Zhang
et al. obtained a pH-sensitive endolytic peptide by replacing the positive charge residues
in RV with glutamate. This substituted RV-23 peptide can promote the obvious destruction
of cell intima and promote the entry of the carrier/nucleic acid complex into the cytoplasm.
Thus, the gene transfection rate was significantly increased and the PEI-mediated cell
transfection rate promoted [53].

6. Application of NLS Peptides in Gene Delivery

In gene delivery, some nucleic acid drugs, such as siRNA and mRNA, can directly play
a therapeutic role in the cytoplasm after endosomal escape. However, for pDNA, DNA
needs to be further transferred into the nucleus to realize its therapeutic effect. In such cases,
whether DNA can be assisted to enter the nucleus is a key factor to evaluate the delivery ca-
pacity of non-viral gene vectors [56]. Macromolecules such as proteins cannot directly enter
the nucleus due to the strong impedance from the nuclear envelope, and their transport into
the nucleus must be regulated by the nuclear pore complex (NPC) [107,108]. When the pro-
tein enters the nucleus, the NLS (a short cationic peptide sequence) on the proteins can be
recognized by the corresponding nuclear transporter, which helps them reach the nucleus
through NPC with the assistance of transporter and nucleoporin [109,110]. Based on this,
introducing NLS peptide sequences into non-viral vectors may achieve efficient delivery of
the therapeutic DNA into the nucleus. Generally, NLS peptides can be divided into two
categories, termed monopartite NLS (MP NLS) and bipartite NLS (BP NLS). The MP NLS
is a single cluster composed of 4–8 basic amino acids, and the most common MP NLS is
the basic heptad-peptide derived from SV40 virus large T antigen. Since this NLS is only
related to nuclear transport and has no effect on improving cell uptake, it needs to enter
the cytoplasm first to assist gene drugs to enter the nucleus [57]. The MP NLS peptides are
often combined with CPPs to fabricate vectors which can promote transmembrane trans-
port, nuclear localization and further realize targeting delivery of pDNA. For example, Yan
et al. constructed a new nucleus-targeted NLS (KALA-SA) vector by combining MP NLS,
KALA (a cationic CPP) and stearic acid (SA). Besides enhancing cytoplasmic transport, this
vector realized targeting localization and provided a promising strategy for the treatment
of lung cancer [56]. Moreover, conjugating MP NLS peptide with targeted peptide RGD can
also achieve an excellent therapeutic effect. Following this strategy, Ozcelik modified MP
NLS peptide and RGD peptide onto AuNPs with radio-sensitizer ability to initiate X-ray
radiation-induced cell death and achieve the effect of killing or inhibiting cancer cells while
retaining the normal cells. Interestingly, the results indicated that AuNPs with both cancer
cell targeting and nuclear targeting capabilities are far more specific and lethal than AuNPs
modified by NLS or RGD alone [58]. In order to significantly improve the delivery capacity,
Hao et al. integrated NLS with CPPs (TAT) and RGD (REDV) with a selectively targeting
function for endothelial cells to obtain the REDV-TAT-NLS triple tandem peptides [59].
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By inserting glycine sequences with different repeats into the triple tandem peptides, the
functions of each peptide were synergistically performed. The peptide complexes can be
used as vector to deliver pZNF580 plasmid in endothelial cells, which can significantly
improve the revascularization ability of human umbilical vein endothelial cells in vitro
and in vivo, thus providing a promising and effective delivery option for angiogenesis
treatment of vascular diseases (Figure 6a). Recent studies revealed that Mice Fibroblast
Growth Factor 3 (FGF3) is a peptide containing multiple NLS peptides. RLRR and RRRK
are two peptide sequences that can induce nuclear localization in this NLS. Introducing
the RRRK peptide fragment into PAMAM non-viral vectors can significantly improve the
transfection efficiency and gene expression of the vectors [61]. In addition, using four NLS
derived from SV40 virus with glycine residues as spacers, Ritter synthesized the NLS
tetramer of SV40 large T antigen. This lysine-rich peptide solves the past problem of
NLS interfering with gene expression by covalent binding to nucleic acid molecules: it
binds and concentrates nucleic acid molecules by electrostatic interaction to form stable
polymers with nuclear transport properties [62]. More importantly, NLS has also been used
in clustered regularly interspersed short palindromic repeats (CRISPR)/CRISPR-associated
protein 9 (Cas9) gene editing technology which is widely studied nowadays. As a nuclear
targeting peptide, NLS can specifically transport the vector into the nucleus, so that the
Cas9/sgRNA plasmids can be accurately delivered to the tumor sites. Studies have shown
that combination of NLS peptides with other non-viral vectors can significantly improve
the gene editing ability of Cas9/sgRNA. For example, using NLS peptide and AS1411
aptamer as delivery vector, Cas9/sgRNA can achieve effective genome editing in targeted
tumor cells [60], down-regulate the expression of FAK protein in tumor cells, and thus lead
to tumor cell apoptosis (Figure 6b).
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and endosomal escape, the complexes enter the nucleus by the action of NLS to promote the ex-
pression of pZNF580 plasmid and enhance the revascularization ability of cells. Reprinted with
permission from Ref. [59]. Copyright 2017, American Chemical Society. (b) The Cas9/sgRNA plasmid
gene delivery system was prepared by the self-assembly method, which can specifically deliver the
plasmid to the nuclei of tumor cells by the targeting of NLS, and knock down the protein tyrosine
kinase 2 (PTK2) gene to the down-regulated local adhesion kinase (FAK). Reprinted with permission
from Ref. [60]. Copyright 2019, American Chemical Society.

In addition to adding MP NLS to various nonviral vectors to achieve efficient nuclear
delivery of therapeutic DNA, BP NLS composed of two or more positively charged amino
acid clusters have also been developed and used for gene delivery. Matschke synthesized
a modified NLS dimer structure, NLS-Ku7O2. Highly efficient nuclear transport and
transgenic expression were realized by co-assembling this BP NLS-Ku7O2 with PEI and
DNA into a ternary gene carrier complex [63].

7. Application of Other Peptides in Gene Delivery

To date, great success has been achieved in developing nonviral vectors using materials
including peptides, proteins, dendrimer and liposomes. Although the gene transduction
efficiency has been improved, the gene expression level is still far lower than that of
viral vectors and cannot meet the clinical requirements. However, the inherent toxicity,
immunogenicity and complex preparation process of viral vectors greatly limit their clinical
application [64]. Therefore, great efforts have been devoted to building supramolecular
assemblies that can simulate both the viral structure and function. The therapeutic nucleic
acids are encapsulated into these supramolecular assemblies and delivered into cells, in
the hope of obtaining efficient gene delivery vectors while reducing the inherent risk of
viruses [111–113]. Recently, because of the good biocompatibility and low cytotoxicity of
peptides, more and more research has been focused on imitating the virus structure through
the co-assembly of peptide and nucleic acid [114,115]. Spherical viral capsids have discrete
nanospace, good cell transfection ability and biodegradability, and can therefore be used
as nanocarriers for nucleic acid drug delivery [116–118]. Inspired by the spherical virus,
Matsuura found that the 24-mer β-annulus peptide involved in dodecahedral skeleton
formation of tomato bushy stunt virus can spontaneously assemble into a “spherical
artificial virus-like capsid” with a size of 30–50 nm. The cationic interior of the artificial
viral capsid is hollow, allowing DNA molecules to be effectively encapsulated [65,66].
Based on the above, Matsuura K. used β-cyclic GGGCG peptide as the binding site of
AuNPs, which finally self-assembled into nanocapsules with a diameter of 50 nm. This
strategy extends the design of artificial viral capsids and can be further used for the
delivery of nucleic acid molecules [67]. The short peptide H4K5HCBZlCBZlH obtained
by rational design is also a spherical viral capsid. Compared with the past research on
spherical artificial viruses, this spherical viral capsid has a low aspect ratio because of
adding the cysteine in the center of the short peptide H4K5HCBZlCBZlH. This nanostructure
can not only mimic the sequential decomposition of spherical viruses in response to stimuli,
but also simulate the complex morphology and intracellular transformation of spherical
viruses, making it an effective DNA delivery vector [68]. In addition to spherical artificial
virus particles, filamentous, rod-shaped and cocoon-like virus particles have also been
developed as artificial viruses. For example, the short peptide K3C6SPD which contains
three fragments including N-terminal cationic fragment, β-sheet forming fragment and
C-terminal hydrophilic fragment can be co-assembled to obtain cocoon-like artificial virus
particles (Figure 7a) [69,70]. Ruff designed triblock molecules SP-CC-PEG which can self-
assemble into mushroom nanostructures [71]. Using self-assembled non-centrosymmetric
nanostructures similar to supramolecular mushrooms as caps, virus-like particles with a
certain length are created and then wrapped on DNA to generate filamentous particles
(Figure 7b). Marchetti designed a triblock peptide C−S10−B containing a segment of
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artificial lysine capsid using a de novo design method. Through electrostatic interaction,
it interacted with the phosphate of single stranded or double stranded DNA and co-
assembled into coronavirus-like particles, mimicking the corresponding function of viral
capsid proteins [119]. These theoretical studies provide new ideas for current nucleic acid
delivery.
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fective nanocomplexes with pDNA. The nanocomplexes can release pDNA effectively un-
der reducing conditions and show high level of gene expression [121]. However, for PLL, 
its in vitro transfection efficiency is poor in the absence of any covalently attached func-
tional moieties to promote gene targeting or uptake [120]. To solve this problem, research-
ers have discovered a new cationic poly-amino acid, that is, poly(L-ornithine) (PLO). Com-
pared to PLL that contains a tetramethylene spacer, PLO possesses a trimethylene unit in 
the side chain. It can complex with pDNA or mRNA and enhance transfection efficiency 
[122]. One big issue of nonviral gene delivery is unnecessary uptake by the reticuloendo-
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(b) The mushroom shaped nanostructures SP-CC-PEG created by the synergistic self-assembly of
three functional fragments, which has high affinity with DNA by electrostatic interaction, is used
to prepare synthetic filamentous viruses. Reprinted with permission from Ref. [71]. Copyright
2013, American Chemical Society. (c) The dumbbell-like peptide, I3V3A3G3K3, binds onto the DNA
chain through electrostatic interactions, and then self-associates into β-sheets under hydrophobic
interactions and hydrogen bonding, the resulting final formed structure being able to imitate the
essence of viral capsid to condense and wrap DNA. Reprinted with permission from Ref. [72].
Copyright 2018, American Chemical Society. (d) NapFFGPLGLAG(CKm)nC peptides, containing
the multifunctional segment, self-assemble into stable nanospheres which can encapsulate DNA by
interacting with DNA in the interior, and finally realize intracellular delivery and release of genome.
Reprinted with permission from Ref. [64]. Copyright 2022, Elsevier.

The efficient delivery of nucleic acids has been achieved by constructing new nonviral
delivery systems using single or several lysines as functional fragments. Furthermore,
many studies have shown that cationic poly(L-lysine) (PLL) can also be used to achieve
efficient nucleic acid transport in vivo. PLL can mediate condensation of anionic nu-
cleic acids to form smaller nanoparticles and protect them from enzymatic and physical
degradation [120]. Yugyeong Kim et al. synthesized a new cationic AB2 miktoarm block
copolymer consisting of two cationic PLL blocks and one PEG block, which can form effec-
tive nanocomplexes with pDNA. The nanocomplexes can release pDNA effectively under
reducing conditions and show high level of gene expression [121]. However, for PLL, its
in vitro transfection efficiency is poor in the absence of any covalently attached functional
moieties to promote gene targeting or uptake [120]. To solve this problem, researchers have
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discovered a new cationic poly-amino acid, that is, poly(L-ornithine) (PLO). Compared to
PLL that contains a tetramethylene spacer, PLO possesses a trimethylene unit in the side
chain. It can complex with pDNA or mRNA and enhance transfection efficiency [122]. One
big issue of nonviral gene delivery is unnecessary uptake by the reticuloendothelial system,
mainly the liver. In general, 60–70% of nucleic acid molecules are taken up by scavenger
receptors on liver Kupffer cells when being injected into the body without the protection of
carrier molecules. This nonspecific scavenging behavior results in a significant reduction
in the efficiency of drug entry into target tissues [123]. Lysine polymer exhibits excellent
potential in solving this problem by avoiding unwanted uptake by the reticuloendothelial
system. Recently, Anjaneyulu Dirisala et al. found that oligo(L-lysine) conjugated linear
or two-armed PEG can transiently and selectively mask liver scavenger cells, effectively
inhibiting sinusoidal clearance of nonviral gene carriers, thereby increasing their gene
transduction efficiency in target tissues [124].

The formation of artificial viruses is based on the non-covalent interaction of pep-
tide/peptide or peptide/DNA. By rational design of the peptide structure, the morphology,
stability and transfection efficiency of the peptide/DNA hybrid structure can be regulated
to construct artificial viruses [125]. In recent years, our group has been focusing on the
design and study of different surfactant-like peptides to induce effective DNA condensation
and so produce artificial viruses for protecting DNA from enzymatic degradation. For
example, we designed six surfactant-like peptides with the same amino acid composition
but different primary sequences. Because the peptide residues have different side chain size
and hydrophobicity, this can lead to different self-assembled structures [126]. Among them,
I3V3A3G3K3 is a dumbbell-like peptide which can effectively induce DNA condensation
into a virus-like structure through non-covalent interactions such as electrostatic inter-
action, hydrophobic interaction and hydrogen bonding [72]. The final formed structure
can imitate the essence of a viral capsid to condense and wrap DNA, which is conducive
to effective gene delivery in the later stage (Figure 7c). AKAEAKAE, another peptide
segment we designed, has strong β-sheet forming capability and can co-assemble with
PNA to obtain peptide nucleic acid-peptide conjugate, T′3(AKAE)2. It can condense DNA
at low micromole concentrations, which suggests it can be a gene delivery vector [112,127].
NapFFGPLGLAG(CKm)nC peptides have been developed by introducing several func-
tional segments, that is, an aromatic segment of Nap-FF to promote peptide assembly by
providing hydrophobic interaction, an enzyme-cleavable segment of GPLGLA to target
cancer cells, and several positively charged K residues for DNA binding. These peptides
can self-assemble into homogenous capsid-like nanospheres with high stability under the
synergy of functional segments [64]. Moreover, they can further co-assemble with DNA to
protect the genome from enzymatic digestion and greatly improve the efficiency of gene
delivery (Figure 7d).

8. Concluding Remarks and Future Perspectives

Developing versatile vectors to deliver therapeutic nucleic acids into target cells/tissues
is critical for gene therapy. As promising candidates, peptide-based vectors have been
widely used for delivering therapeutic nucleic acids. In addition to condensing nucleic
acids to form nanoparticles for protecting them from being degraded by enzymes, the
rationally designed functional peptides can also help to overcome a series of biological
barriers including crossing cell membrane, escaping from endosome, entering the nucleus,
etc., and finally release the therapeutic nucleic acids at the target sites. These functional
peptides can not only be used alone to overcome such biological barriers in gene delivery,
but also can be combined to form multifunctional peptide vectors. Moreover, they can also
be introduced into other nonviral gene delivery systems as functional elements to enhance
the delivery capacity, which greatly expands the application of peptides in gene therapy.
However, it is worth noting that although there have been a large number of reports on
peptide-based gene delivery systems, most of them are still in the stage of theoretical
research and animal experiments, and there are still many challenges before peptide vectors
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being considered for clinical use. First, the peptide-based vectors often suffer from short
circulating half-time and poor chemical/physical stability, which greatly hinder the use
of peptide–nucleic acid complexes in clinical trials. Effective strategies such as modifying
the peptides with unnatural amino acids should be developed to improve the structural
stability of the peptide-based gene delivery systems. Secondly, although peptide sequences
with different functions can be combined to overcome various barriers for efficient gene
delivery, this approach carries the risk of reducing individual functions. Therefore, the
combination of peptide with other components without affecting the function of each part
is still a problem to be solved. Thirdly, how to precisely control the microstructures of
the peptide–nucleic acids complexes so as to achieve effective cellular uptake and gene
transfection at targeted sites is another important issue. Modifying the peptidic vectors
with stimulus-responsive fragments to design smart delivery systems so that they can
perceive changes in the disease microenvironment and trigger gene release may be an
effective way to solve this problem. In summary, although there has been much study
and great success in the field of peptide-based gene vectors, researchers still need to move
forward to find solutions for promoting peptidic gene delivery systems for them to become
a gene therapy product that can be approved for clinical applications. Such research would
not only promote the rapid development of peptide-based gene delivery systems, but also
enable some emerging gene therapy strategies, such as CRISPR/CAS9 technology and
mRNA vaccines to be applied in the human body at an early date.
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Appendix A

Table A1. Full names and corresponding one-letter codes of the amino acids.

Full Amino Acid Names One-Letter Codes

Alanine A
Arginine R
Asparagine N
Aspartic acid D
Cysteine C
Glutamine Q
Glutamic acid E
Glycine G
Histidine H
Isoleucine I
Leucine L
Lysine K
Methionine M
Phenylalanine F
Proline P
Serine S
Threonine T
Tryptophan W
Tyrosine Y
Valine V
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Abstract: The use of fluidization assistance can greatly enhance the fluidization hydrodynamics of
powders that exhibit poor fluidization behavior. Compared to other assistance techniques, pulsed
flow assistance is a promising technique for improving conventional fluidization because of its energy
efficiency and ease of process implementation. However, the inlet flow configuration of pulsed
flow can significantly affect the bed hydrodynamics. In this study, the conventional single drainage
(SD) flow strategy was modified to purge the primary flow during the non-flow period of the pulse
to eliminate pressure buildup in the inlet flow line while providing a second drainage path to the
residual gas. The bed dynamics for both cases, namely, single drainage (SD) and modified double
drainage (MDD), were carefully monitored by recording the overall and local pressure drop transients
in different bed regions at two widely different pulsation frequencies of 0.05 and 0.25 Hz. The MDD
strategy led to substantially faster bed dynamics and greater frictional pressure drop in lower bed
regions with significantly mitigated segregation behavior. The spectral analysis of the local and global
pressure transient data in the frequency domain revealed a pronounced difference between the two
flow strategies. The application of the MDD inlet flow strategy eliminated the disturbances from the
pulsed fluidized bed irrespective of the pulsation frequency.

Keywords: fluidization; pulsation; frequency; flow strategy; flow spike; disturbances

1. Introduction

Fluidized bed technology holds great promise for improving the process efficiency in
the petrochemical and chemical industries. Its key strength lies in efficient solid dispersion
that ensures effective utilization of the solids’ surface area and significantly enhances the
surface-based rate processes. In the fluidized bed mode of contact, lower pressure drop,
greater interfacial contact, efficient gas–solid mixing, and higher heat and mass transfer
rates provide a substantial advantage over fixed bed or packed bed processes [1–5].

Particle properties have a strong bearing on fluidization behavior, as pointed out by
Geldart, who classified the powders into different groups based on physical properties [6].
The fluidization of fine and ultrafine particles of group C classification is difficult because
of their cohesiveness caused by strong inter-particle forces (IPF) [7,8], which often result
in poor interphase phase mixing and severe bed non-homogeneities [9–12]. In particular,
ultrafine powders display agglomerate bubbling fluidization (ABF) due to the formation of
large multi-level agglomerates, leading to low bed expansion and high minimum fluidiza-
tion velocity. As a result, the high surface area characteristics of ultrafine particles become
severely compromised. Moreover, size-based segregation often occurs along the height
of the bed during ABF [13–17]. The size of hydrophobic silica agglomerates in the lower
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bed region was 5–10 times larger than the ones in the upper layer [18]. Zhao et al. [19]
reported more severe size segregation, where an order of magnitude agglomerate size
difference between the upper and lower layers occurred, such that agglomerates as large
as 2000 µm were found in the lower region. Although higher gas flow tends to mitigate
the effect of IPFs, other problems, such as elutriation and entrainment, occur at high ve-
locities. Therefore, various assistance strategies have been suggested in the literature to
provide additional energy to overcome cohesive IPFs and improve the hydrodynamics
of the fluidized bed. One such strategy is vibration assistance, which can be employed
either internally or externally. External vibrations involve oscillating, shaking, or vibrating
the complete test section by using a vibrator or an electric motor [19,20]. Despite their
proven capability, the implementation of external vibration-based fluidization assistance
techniques, whether at a laboratory scale or large-scale units, is challenging and expensive.
On the other hand, internal vibrations directly transfer energy to the solid phase in the bed
through techniques such as acoustic perturbation and high-shear mixer [21–27]. Similar
to external vibrations, these techniques require additional equipment, leading to higher
costs. In some cases, the premixing of the resident solid phase with inert or magnetic
particles has been suggested to alter the interparticle force equilibrium of ultrafine particles
in the bed [15,28–31]. The compatibility and post-processing issues, however, limit the
application of particle premixing.

An important prerequisite for large-scale applications of any assisted technique is
its amenability to scale up and easy implementation without being energy intensive and
any major process modification requirement. One such technique is the pulsation of inlet
fluid flow to the fluidized bed [32–34]. The flow pulsation shortened the drying time
and improved the bed homogeneity in drying porous pharmaceutical granules [35]. The
constant and falling drying rates of the fluidized biomass particles were enhanced by using
optimal pulsation frequency [36]. The flow pulsation also promoted the density-based
segregation of coal particles [37,38]. During the fluidization of ultrafine nanoparticles using
the square wave pulsation strategy, the channeling and plug formation were suppressed,
leading to improved bed homogeneity [16,33,39–41]. Moreover, the minimum fluidization
velocity significantly decreased, indicating the deagglomeration of large-sized nanoag-
glomerates [16,39,40]. Besides promoting uniform bed expansion, pulsed flow also helped
decrease the bubble velocity and size [40].

The efficacy of pulsed flow strongly depends on inlet flow and deaeration configu-
rations. The effect of the deaeration strategy has been extensively studied in the context
of bed collapse [42–44]. Once the inlet flow is stopped, the deaeration of the residual air
critically affects the bed collapse process, which is clearly reflected in the evolution of
pressure transient profiles in different regions of the bed [43,44]. The ratio of the distributor
to bed pressure drop showed a pronounced effect on the collapse process. As this ratio
was increased from 0.005 to 0.03, the difference between the two deaeration strategies was
substantially mitigated [43]. When the residual air escapes only from the top of the bed,
known as single drainage (SD) deaeration, the collapse process is slow. Providing the
residual air dual pathways (i.e., from the top as well as from the bottom of the bed through
the plenum), also called dual drainage (DD) deaeration, leads to faster bed transients [42].
Of equal importance is the design of the inlet flow configuration because the line pressure
inevitably builds up during the no-flow phase of the pulse when the bed collapses. There-
fore, once the valve opens to allow the inlet flow, the line pressure leads to a flow spike.
This phenomenon leads to intense size segregation of nanoagglomerates along the height of
the fluidized bed, thereby affecting the collapse dynamics monitored in different regions of
the bed. To suppress the initial flow spike by eliminating the line pressure buildup, Ali et al.
suggested to vent the inlet flow to the atmosphere during the no-flow phase of the pulse
while allowing dual deaeration routes to residual gas. This modified dual drainage (MDD)
strategy significantly suppressed the size segregation of agglomerates and improved the
bed homogeneity [18].
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The foregoing discussion, although mainly in the context of bed collapse, is of great
importance for pulsed fluidized beds. The flow spike resulting from the pressure buildup
during the no-flow phase of the square pulse could severely compromise the efficacy of
pulsation assistance. This phenomenon could be complicated by pulsation frequency. At
a shorter pulsation frequency, the line pressure builds up because of the longer duration
of the no-flow phase of the pulse. Therefore, a careful investigation has been undertaken
using the MDD strategy for the fluidized bed pulsed with two widely different square
wave frequencies, namely, 0.05 and 0.25 Hz. The local and global bed dynamics for both
frequencies were monitored using highly sensitive pressure transducers with a response
time of 1 ms. The results were compared with SD pulsed bed to obtain a greater under-
standing of the pulsed fluidized bed. The present study substantially extends the scope of
the conventional bed collapse to examine how the regular intermittency of bed collapse
affects the evolution of local and global bed transients in the presence of two different
deaeration strategies. Modifying the inlet configuration to suppress the initial peak adds
another dimension to the problem, that is, how the occurrence of a short-term event affects
the subsequent development of fluidization hydrodynamics.

2. Experimental

The experimental setup consisted of a test section that was a 1.6 m long transparent
perplex column with a 0.07 m internal diameter (Figure 1). A calming section with a length
of 0.3 m was attached beneath the test section to eliminate the effects of the entry of the
fluidizing air. A distributor with 0.025 fractional open area and 2 mm perforations on a
circular pitch was used to ensure a uniform distribution of the fluidizing gas across the
cross-sectional area of the test section. The perforations of the distributor were covered by
a fine nylon mesh filter of 20 µm to prevent the falling of particles through the distributor.
A disengagement section with a length of 0.5 m and a diameter of 0.14 m was attached
above the test section to suppress particle entrainment with the exiting gas. The test section
was washed with an anti-static fluid prior to the experiments.

The overall and local pressure drop transients in four different regions of the bed
were measured by positioning the pressure taps along the bed height (Table 1). Five highly
sensitive bidirectional differential-pressure transducers (Omega PX163-005BD5V; 1 ms
response time; range: ±2.5′′ H2O) recorded the pressure transients at a rate of 100 Hz
by using data acquisition system (DAQ) and Labview software. The lower and upper
ports of pressure transducers were located diametrically opposite sides of the column to
ensure reliable monitoring of cross-sectionally averaged local bed dynamics in different
bed regions (Figure 1).

Table 1. Pressure tap positions used to record region-wise pressure transients.

Pressure Drop Bed Region Pressure Tap Positions (from the Distributor)

∆P1 Lower 0.5–0.1 m
∆P2 Lower middle 0.1–0.2 m
∆P3 Upper middle 0.2–0.3 m
∆P4 Upper 0.3 m–open
∆Pg Overall 0.05 m–open
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The primary dimension of hydrophilic nanosilica (Aerosil 200) reported by the man-
ufacturer (Evonik, GmBH) was 12 nm with a density of 2200 kg/m3 [45]. However, the
dry particle size analysis (Malvern Panalytical Mastersizer 2000) yielded an average size
of 12.5 µm due to the multi-level agglomeration of particles under the effect of IPFs [1,24].
This behavior was clearly evident in the morphological characterization of the nanopowder
sample by SEM [13,16]. The specific surface area of the powder was 0.62 m2/g, which was
several orders of magnitude smaller than the reported value of 200 ± 25 m2/g [45].

Three different two-way solenoid valves (Model: Omega SV 3310) were used (Figure 1).
These valves were controlled using digital IO signals from the DAQ to provide two different
inlet flow strategies during pulsation [18].

2.1. Single Drainage (SD) Configuration

In this configuration, only the primary inlet valve, marked as SV1 in Figure 1, was em-
ployed. When energized, SV1 allowed the inlet airflow and stopped it when de-energized.
The other two valves, namely, SV2 and SV3, remained closed throughout the experiment.
This strategy provided only one passage, that is, the top of the bed, for the escape of
the trapped residual air during the collapse process. Since the square wave flow pulsa-
tions were implemented in our experiments, the closing of the valve during the no-flow
phase of the square wave led to the buildup of the line pressure across SV1. This pressure
buildup led to an initial airflow spike when the valve opened to allow the inlet flow to the
test section.
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2.2. Modified Dual Drainage (MDD) Configuration

In this configuration, SV1 was kept open during inlet flow to the test section, while the
two other valves (SV2 and SV3) remained closed. However, when SV1 closed, cutting off
the airflow, SV2 and SV3 were energized to remain fully open. SV2 provided an alternate
passage for the residual air to escape through the plenum, while SV3 vented the primary
airflow to the atmosphere, thereby preventing the buildup of the pressure drop. This
strategy completely eliminated the initial airflow spike when SV1 opened to allow the inlet
flow to the test section.

The opening and closing frequency of the solenoid valves was controlled using a
digital IO signal from DAQ and Labview. High-pressure air under ambient conditions
was used as the fluidizing gas. Gilmont flowmeters were used to set the initial airflow in
the column. The particle bed was allowed to achieve a steady state before the start of the
pulsation experiments using two different frequencies, namely 0.05 and 0.25 Hz. Whereas
0.05 Hz pulsations with a time period of 20 s allowed the complete collapse of the bed
between two successive pulsations [13], 0.25 Hz pulsations with a much shorter time period
of 4 s allowed only partial bed collapse before the occurrence of another pulsation event [1].
Local and global bed dynamics were monitored for four identical pulses of 0.05 Hz and six
pulses of 0.25 Hz pulsation.

3. Results and Discussion
Evolution of Local Pressure Drop Transients

Figure 2 shows the local bed dynamics of the 0.05 Hz pulsed fluidized bed under
different inlet and deaeration strategies (i.e., SD and MDD). The broken red vertical line
indicates the start of the flow pulse, while the collapse process theoretically initiates as soon
as the inlet flow is stopped during the no-flow phase of the pulse. At 0.05 Hz, the complete
pulse cycle lasted for 20 s that comprised 10 s of inlet flow at a fixed velocity, followed by
10 s of complete flow interruption. A wide spectrum of velocities within 13–87 mm/s were
considered in our experiments. The peaks at the onset of the flow pulse, often pronounced
for SD configuration, were due to the pressure buildup across the solenoid valve, resulting
in the initial flow spike. This phenomenon can promote size-based segregation along the
height of the bed [18]. By contrast, the venting of the primary flow in the MDD strategy
did not allow the line pressure buildup, thereby suppressing the initial flow spike.

The effect of velocity variation on the SD fluidized bed was not always notable, except
in the lower middle region that is represented by ∆P2 in Figure 2e. Since the bed was not
fluidized at 13 mm/s, its dynamics inevitably differed from others. Unlike SD, the effect
of velocity on the local dynamics of the MDD fluidized bed was significantly pronounced
with substantially faster dynamics. Once the pulsed flow began, the pressure drop almost
attained a steady state value within a span of 1 s. The collapse process also finished in one
second, with the pressure drop attaining a zero value. However, some exceptions were
seen for the upper region (∆P4) and the upper middle region (∆P3) of the bed. The faster
dynamics of the MDD strategy could be due to the availability of second escape routes
for the residual air through the plenum in addition to the top of the bed. Being closer to
the lower drainage pathway, the difference between the two strategies in behavior was
inevitably more pronounced in the lower region (Figure 2g,h). The evolution of pressure
transients and their dependence on velocity in Figure 2h clearly highlight the improved
bed hydrodynamics obtained using the MDD strategy. However insignificant, the initial
pressure drop spike in the MDD pulsed bed could have resulted from the time lag in the
closing of the vent valve and the opening of the flow valve.
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In the lower bed region (Figure 2g), the accumulation of rigid and large agglomerates
due to segregation resulted in a lower pressure drop than that in the regions above, that
is, ∆P2 to ∆P4. However, in Figure 2h, the pressure drop was comparable with that in the
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middle region with a strong dependence on the velocity, which indicated the presence of
smaller agglomerates in the lower region due to feeble segregation tendencies.

The behavior of the higher frequency pulsed fluidized bed is shown in Figure 3.
The inlet flow occurred for 2 s only, followed by 2 s of complete interruption. Therefore,
neither the expansion nor the collapse process could reach a steady condition in most
cases, irrespective of whether SD or MDD strategy was implemented. The evolution of
MDD pressure transients were rather predictable, whereas a great deal of disturbances was
evident for the SD transients. These disturbances were strongly affected by the change
in velocity. In the case of MDD, ∆P1 and ∆P2 showed faster transients than ∆P3 and
∆P4 owing to the availability of the lower deaeration route through the plenum. Away
from the distributor, the transients were slower, especially at higher velocities, because
of the presence of a greater amount of residual gas. On the other hand, the complex,
unpredictable pressure drop transients in the SD pulsed fluidized bed developed due to the
interaction between the solid particles, whether rising or falling and the upward rising gas
flow through the bed. The difference between the local bed dynamics in the two cases of
different frequencies was also observed in the initial pressure drop spike, which appeared
to be significantly mitigated for the higher frequency pulsed flow owing to a lower line
pressure buildup due to the shorter duration of the no-flow phase of the pulsed flow.
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The pressure drop ranges were of comparable magnitude in the lower region (∆P1)
for both strategies at higher frequency pulsation in Figure 3g,h. Moreover, ∆P1 < ∆P2,
suggesting similar segregation behavior for both flow strategies. At higher frequencies,
although the pulsed bed with SD configuration showed a smaller initial flow spike, their
hydrodynamics were more susceptible to intense disturbances.

The global transients are shown in Figure 4 for both cases of 0.05 and 0.25 Hz pulsed
fluidized bed. The trends in Figures 2 and 3 were witnessed again. The smooth pressure
transients for MDD, irrespective of the pulsation frequency, are a clear reflection of the
improved hydrodynamics. At lower frequencies, another aspect of the bed hydrodynamics
that was apparently not evident before occurred. Higher pressure drop values were noticed
at higher velocities, such as 69 and 87 mm/s, indicating better contact between the solid
and fluid phases causing greater frictional losses.
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The bed hydrodynamics were further investigated by computing the mean value of the
pressure drop from the pressure transients. The latter portion of the flow pulse, immediately
before the flow cutoff, was used to evaluate the mean. The case of 0.05 Hz pulsed fluidized
bed is considered in Figure 5. Only the defluidization part of the experimental run was
compared for SD and MDD, owing to its repeatability. The difference was significantly
pronounced in the lower region of the bed (∆P1), which was monitored in the bed region
from 5–100 mm above the distributor (Figure 5d). At higher flowrates, the difference
between the two pressure drop values reached several folds with a steeper rise for the
MDD, indicating the presence of smaller agglomerates. A similar difference, albeit less
pronounced, was again observed for ∆P2 (Figure 5c). A smoother pressure drop profile was
seen with the MDD in the upper middle region (Figure 5b). The upper region, represented
by ∆P4, fully fluidized at approximately 20 mm/s, with a higher pressure drop for SD. Given
that the total weight of solid particles in both cases were the same, the total pressure drops
across the bed for the fully fluidized bed in both cases should be comparable. The lower
pressure drop values in the lower region obtained with SD were therefore compensated
in the upper region of the bed. Owing to the size segregation of nanoagglomerates, the
bed showed partial fluidization. The upper region with smaller agglomerates fluidized at
20 mm/s, whereas the lower region with large agglomerates remained un-fluidized even at
higher gas velocities.
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Similar behavior was observed for the case of 0.25 Hz pulsed bed in Figure 6. A clear
difference between SD and MDD was detected in the lower region, where a higher pressure
drop was obtained with MDD, and the difference between the two strategies was more
pronounced at higher velocities. However, the difference was not as prominent as it was
in the lower frequency case. The trend was reversed for the upper middle region (∆P3)
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and the upper region (∆P4) due to the material balance consideration, as explained in the
preceding paragraph. The MDD bed hydrodynamics appeared to be more sensitive to the
frequency change. The upper middle region showed a decrease in the pressure drop at
higher velocities due to the bed expansion that caused the migration of solids to the upper
region, where this phenomenon was reflected in the increase in the pressure drop.
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A more revealing insight into the bed dynamics is shown in Figure 7, which presents
the amplitude spectra of the signals in the frequency domain. The “fft” function of MATLAB
was used for computing the spectra. The figure considers the global pressure drop signals
that include the disturbances in the whole bed. The comparison for both cases of SD
and MDD is also shown. The case of the 0.05 Hz pulsed bed is considered in Figure 7a
for different velocities. The difference between the SD and MDD was significant. The
amplitude spectra of the pressure drop transients of the SD within the 10–50 Hz range were
dominated by the small amplitude events, which decreased in intensity as the frequency
increased. This finding clearly indicated the disturbances occurring in the pulsed fluidized
bed with SD configuration. The amplitude profile showed the existence of a wide spectrum
of pressure fluctuations beginning from below 10 Hz and extending up to 30 Hz. It was
caused by the solid particles falling under gravity and were obstructed by the upward
flow of the residual air exiting from the top of the bed, thereby generating pressure drop
fluctuations. This phenomenon was completely absent in the case of MDD. The case of
0.25 Hz pulsed bed is considered in Figure 7b. The behavior was similar to the one observed
earlier for 0.05 Hz. The amplitude of fluctuations for SD at this frequency was higher than
that obtained for the case of the lower frequency. This fact was already pointed out while
discussing the real-time bed dynamics of SD configuration in Figure 3.
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To obtain further insight into the local bed dynamics, the local amplitude spectra of
pressure transients in different regions of the bed at 0.05 Hz flow pulsation are shown in
Figure 8 for two different velocities (i.e., 26 and 69 mm/s). Interestingly, the difference
between the local dynamics was notable. The case of lower velocity, that is, 26 mm/s, is
considered in Figure 8a. The lower region represented by ∆P1 showed no fluctuations
because large and hard agglomerates in the lower region were still stationary at 26 mm/s;
therefore, no visible change occurred whether the flow was started or cutoff. The lower mid-
dle region pressure transients (∆P2) were greatly affected as the falling particles achieved
higher kinetic energy by traversing a greater distance in the bed in reaching this region
when obstructed by the upwards moving residual air, indicating a great deal of fluctuations.
For the same reason, this effect was substantially mitigated in the upper middle region
(∆P3) because of the lower kinetic energy of falling solids. In the upper region, we observed
fluctuations with a lot of distinct frequencies as the smaller particles interacted with the
residual air exiting the bed as small bubbles. As the velocity was increased to 69 mm/s, the
phenomenon described became more intense (Figure 8b).
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bed for one complete pulse at (a) U0 = 26 mm/s; (b) U0 = 69 mm/s.

Similar observations were persistent at high-frequency pulsations (Figure 9a,b). The
MDD configuration completely eliminated the disturbances throughout the bed, irrespec-
tive of gas velocity. For the SD configuration, the local bed hydrodynamics presented a
completely different picture. The amplitude was the highest in the ∆P2 region, where the
swarm of falling particles possessed the highest kinetic energy. In the region above, that
is, upper middle, ∆P3 showed clear periodic events of small amplitude in the range of
10–20 Hz. Increasing the fluid velocity increased the amplitude by more than threefold
due to the increased disturbances in the bed. The continuous spectra of ∆P2 at 26 mm/s
changed into discrete high amplitude events occurring at 12 Hz followed by those at 20 Hz,
probably due to the development of flow structures.
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bed for one complete pulse at (a) U0 = 26 mm/s; (b) U0 = 69 mm/s.

The average diameters from local dynamics were calculated during the collapse of
the bed. The mathematical model based on mass balance proposed by Nie and Liu was
used [46]. The diameters of the agglomerates are reported in Figure 10. For 0.05 Hz
in Figure 10a–c, the segregation was clearly visible for SD configuration. The range of
diameters for upper, middle, and lower regions were 15–22, 30–90, and 140–260 µm,
respectively. The agglomerate size in the upper region was almost constant with airflow
rate, while agglomerates in the middle and lower regions showed a consistent increase
with airflow rate because finer particles moved to the upper region due to segregation.
For the case of MDD configuration, the size ranges were 20–30, 90–140, and 100–200 µm
in the upper, middle, and lower regions, respectively. The size difference between the
agglomerates in the lower and middle regions was not as pronounced as those in the case
of the SD configuration. The MDD configuration suppressed the segregation tendencies
in the pulsed fluidized beds. At higher frequencies (Figure 10d–f), the size ranges were
similar for both flow strategies with strong segregation behavior that was seen for the
case of 0.05 Hz SD configuration. This means that the disturbances generated due to high-
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frequency pulsation developed a similar impact on the hydrodynamics as the initial airflow
spike in the lower frequency. Moreover, the slope of the curve in Figure 10d decreased with
increasing airflow, signifying the addition of finer particles in the region. Moreover, the
slope of curves in Figure 10e,f was lower than that in Figure 10b,c. This finding could be
due to the deagglomeration phenomenon, wherein the size of larger particles decreased,
and finer particles moved to the upper region.
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4. Conclusions

The inlet flow strategies greatly affected the hydrodynamics of pulsed fluidized beds.
At a low pulsation frequency of 0.05 Hz, large size-based segregation was observed when
the SD flow strategy was used. This was caused by the initial airflow spike resulting from
pressure built up across the solenoid valve in the collapse process. This phenomenon was
eliminated using the MDD airflow strategy, leading to a subdued segregation behavior.
The region-wise pressure drop during defluidization displayed the difference in the degree
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of segregation, especially in the lower region due to the different flow strategies. However,
at a higher pulsation frequency of 0.25 Hz, the flow spike was feeble due to the lower
time period of pressure built up across the solenoid valve. The difference in stratification
was less between both flow strategies when high-frequency pulsation was used. The
particle diameter calculated from the local bed dynamics signified that the segregation
was prominent for both flow strategies at high-frequency flow pulsation. The disturbances
developed due to the frequent expansion and collapse of the bed promoted segregation
and deagglomeration.
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Abstract: The textile-finishing industry, is one of the main sources of persistent organic pollutants in
water; in this regard, it is necessary to develop and employ new sustainable approaches for fabric
finishing and treatment. This research study shows the development of an efficient and eco-friendly
procedure to form highly hydrophobic surfaces on cotton fabrics using different modified silica sols.
In particular, the formation of highly hydrophobic surfaces on cotton fabrics was studied by using a
two-step treatment procedure, i.e., first applying a hybrid silica sol obtained by hydrolysis and subse-
quent condensation of (3-Glycidyloxypropyl)trimethoxy silane with different alkyl(trialkoxy)silane
under acid conditions, and then applying hydrolyzed hexadecyltrimethoxysilane on the treated
fabrics to further improve the fabrics’ hydrophobicity. The treated cotton fabrics showed excellent
water repellency with a water contact angle above 150◦ under optimum treatment conditions. The
cooperative action of rough surface structure due to the silica sol nanoparticles and the low surface
energy caused by long-chain alkyl(trialkoxy)silane in the nanocomposite coating, combined with
the expected roughness on microscale due to the fabrics and fiber structure, provided the treated
cotton fabrics with excellent, almost super, hydrophobicity and water-based stain resistance in an
eco-sustainable way.

Keywords: sol–gel; (3-Glycidyloxypropyl)trimethoxy silane; functional cotton fabrics; hydrophobicity;
nanohybrid coatings

1. Introduction

Textiles are critical to a country’s growth and industrialization. In recent decades,
many efforts have been made to develop innovative and nanostructured surface treatments
in order to modify the mechanical and surface properties of natural and synthetic fabrics [1],
thus replacing commonly used hazardous chemicals with products that are respectful of
the environment and of health, while maintaining functional characteristics [2,3]. New
multifunctional protective and smart textiles have been developed in response to growing
technical breakthroughs, new standards, and a customer demand for textiles that are
not only attractive but also practical [4–6]. In this regard, silica-based organic-inorganic
nanostructured finishes could be considered an interesting alternative [7,8].

In recent years, the sol–gel approach has shown to be a creative and efficient method of
improving the characteristics of fibers [9–13]. This approach comprises a diverse synthetic
pathway that may be used to create novel materials with high molecular homogeneity
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and excellent physical and chemical characteristics. Due to its biocompatibility and non-
toxicity, the sol–gel technique has been used to confer several functional properties to
different textiles materials [14–17], such as antimicrobial [18–22], self-cleaning [23], water
repellency [24–26], flame retardancy [27–29], and sensing [30–33], as well as improving the
dye ability of fabric samples (see Figure 1) [34].
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Sol–gel synthesis and applications follow a two-step procedure based on the hydroly-
sis and condensation of metal or semi-metal alkoxides: after forming a hydrolyzed metal
alkoxide solution at room temperature, textile materials are impregnated with the latter,
and the samples are cured at a specific temperature to obtain a porous 3D fully inorganic
or hybrid organic–inorganic nanostructured coating. Consequently, there are many al-
ternatives for the formulation and application of sol–gel coatings in the field of textile
functionalization, as choosing the correct and opportune functional silane precursor, which
allows for the desired chemical and physical properties improvement of the fabric. Because
of the moderate processing conditions required and the use of ordinary commercial textile
finishing machines, in recent years, there has been a surge in interest in the application
of the sol–gel approach to produce functional coated textiles [35–39], for example water-
repellent fabrics. In general, surfaces that exhibit water contact angles > 150◦ (on which
water drops remain almost spherical and easily roll off, also able to remove dirt particles
in their path), are usually called superhydrophobic surfaces [40,41]. Superhydrophobic
surfaces have recently attracted significant attention within the scientific community be-
cause of their unique water-repellent, anti-icing, anti-contamination, anti-sticking, and
self-cleaning properties and their potential for practical applications [42,43].

Much of this research has been inspired by lotus leaves and has demonstrated that
superhydrophobic surfaces may be produced by combining the right surface roughness and
low surface free-energy [44–46]. The surface of lotus leaf was first examined by Barthlott
in 1970 using scanning electron microscopy and it was found that the surface has small
micro-protrusions covered with nano-hairs which are covered with low surface free-energy
wax substances [46].

Surface roughness and surface free-energy were used to create superhydrophobic
surfaces on cotton textiles. Different nanoparticles, including zinc oxide, titanium dioxide,
silica nanoparticles (SNP), or alkoxysilane-based nano-sols [47] were added to cotton fabric
to provide surface roughness. Fluorocarbons and silicones are examples of substances with
low surface free-energy that might change the surface energy of cotton substrate [48].
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In particular, fluoroalkylsilanes were used to further increase the surface water-
repellency. Most recently, the ECHA’s committee (Committee for Risk Assessment—
ECHA—European Union) recommended restriction for some perfluoroalkyl substances
(PFAS) regarding some application fields. In particular, fluoro-chemical finishing products
are banned for textile applications in all EU states, while only some exemptions (i.e., in
medical, technical, and workwear textiles) are accepted, but a complete restriction is ex-
pected in EU shortly, with a movement towards more widespread use of hydrophobic alkyl
silanes. Currently, there are reports of the creation of rough surface micro/nanostructures
using silane nanoparticles or nano-sols [49–52] and the subsequent modification with hy-
drophobic materials (e.g., fluoroalkylsilane, long-chain alkyl(trialkoxy)silane) to create
superhydrophobic surfaces through a multi-step procedure [53,54].

Lakshmi et al. [55] produced superhydrophobic sol–gel nanocomposite coatings
by adding silica nanoparticles to an acid-catalyzed ethanol–water solution of methyl-
triethoxysilane (MTEOS), while Huang et al. [56] created superhydrophobic surfaces
by covering a silane-based coating in ethanol with a low surface-energy material 1H,
1H, 2H, 2H-perfluorooctyltrichlorosilane. By spraying an ethanol suspension of silica
sol and silica microspheres, Shang et al.’s method [57] produced superhydrophobic sil-
ica coatings that were then hydrophobically treated with a solution of 1H, 1H, 2H, 2H-
perfluorodecyltriethoxysilane (PFDTS). In order to create superhydrophobic silica films,
Ramezani et al. [58] examined the two-step dip coating method using a sol–gel procedure.
They coated a silica-based solution, and then modified it with isooctyltrimethoxysilane as a
hydrophobic agent. According to studies [59,60], fluorine-based hybrid materials are the
most successful in reducing the free-energy surface. However, some of the molecules are
carcinogenic, highly costly, and not environmentally friendly.

In this work, co-condensation of (3-Glycidyloxypropyl)trimethoxysilane (hereafter,
GPTMS or G) and different non-fluoro compounds, i.e., Hexadecyltrimethoxysilane C16, Tri-
ethoxy(octyl)silane C8 and Triethoxy(ethyl)silaneC2, as showed in Figure 2, was conducted
in the presence of an acid catalyst to obtain functional nanohybrids via a one-step process.

Nanomaterials 2022, 12, x FOR PEER REVIEW 3 of 21 
 

 

Surface roughness and surface free-energy were used to create superhydrophobic 
surfaces on cotton textiles. Different nanoparticles, including zinc oxide, titanium dioxide, 
silica nanoparticles (SNP), or alkoxysilane-based nano-sols [47] were added to cotton fab-
ric to provide surface roughness. Fluorocarbons and silicones are examples of substances 
with low surface free-energy that might change the surface energy of cotton substrate [48]. 

In particular, fluoroalkylsilanes were used to further increase the surface water-re-
pellency. Most recently, the ECHA’s committee (Committee for Risk Assessment—
ECHA—European Union) recommended restriction for some perfluoroalkyl substances 
(PFAS) regarding some application fields. In particular, fluoro-chemical finishing prod-
ucts are banned for textile applications in all EU states, while only some exemptions (i.e., 
in medical, technical, and workwear textiles) are accepted, but a complete restriction is 
expected in EU shortly, with a movement towards more widespread use of hydrophobic 
alkyl silanes. Currently, there are reports of the creation of rough surface micro/nanostruc-
tures using silane nanoparticles or nano-sols [49–52] and the subsequent modification 
with hydrophobic materials (e.g., fluoroalkylsilane, long-chain alkyl(trialkoxy)silane) to 
create superhydrophobic surfaces through a multi-step procedure [53,54]. 

Lakshmi et al. [55] produced superhydrophobic sol–gel nanocomposite coatings by 
adding silica nanoparticles to an acid-catalyzed ethanol–water solution of methyltrieth-
oxysilane (MTEOS), while Huang et al. [56] created superhydrophobic surfaces by cover-
ing a silane-based coating in ethanol with a low surface-energy material 1H, 1H, 2H, 2H-
perfluorooctyltrichlorosilane. By spraying an ethanol suspension of silica sol and silica 
microspheres, Shang et al.’s method [57] produced superhydrophobic silica coatings that 
were then hydrophobically treated with a solution of 1H, 1H, 2H, 2H-perfluorodecyltri-
ethoxysilane (PFDTS). In order to create superhydrophobic silica films, Ramezani et al. 
[58] examined the two-step dip coating method using a sol–gel procedure. They coated a 
silica-based solution, and then modified it with isooctyltrimethoxysilane as a hydrophobic 
agent. According to studies [59,60], fluorine-based hybrid materials are the most success-
ful in reducing the free-energy surface. However, some of the molecules are carcinogenic, 
highly costly, and not environmentally friendly. 

In this work, co-condensation of (3-Glycidyloxypropyl)trimethoxysilane (hereafter, 
GPTMS or G) and different non-fluoro compounds, i.e., Hexadecyltrimethoxysilane C16, 
Triethoxy(octyl)silane C8 and Triethoxy(ethyl)silaneC2, as showed in Figure 2, was con-
ducted in the presence of an acid catalyst to obtain functional nanohybrids via a one-step 
process. 

 
Figure 2. Alkyl(trialkoxy)silanes employed in this work. 

By varying the length of the chain of the alky(trialkoxy)silane, R-Si(OR’)3, modified 
silane-based nanocomposite hydrosols, R-Si(O-)3, were obtained with high dispersion sta-
bility. By applying R-Si(O-)3 nanocomposite hydrosols to cotton fabrics, almost superhy-
drophobic cotton surfaces were obtained, as well as surface roughness and low surface 
energy. This study aimed to employ a multicoating eco-friendly technique in sol–gel tex-
tile finishing by examining the impact of various alkyl(trialkoxy) silane precursors on the 

Figure 2. Alkyl(trialkoxy)silanes employed in this work.

By varying the length of the chain of the alky(trialkoxy)silane, R-Si(OR’)3, modified
silane-based nanocomposite hydrosols, R-Si(O-)3, were obtained with high dispersion
stability. By applying R-Si(O-)3 nanocomposite hydrosols to cotton fabrics, almost super-
hydrophobic cotton surfaces were obtained, as well as surface roughness and low surface
energy. This study aimed to employ a multicoating eco-friendly technique in sol–gel textile
finishing by examining the impact of various alkyl(trialkoxy) silane precursors on the
silica-based mesh and, finally, to study the implemented mechanical characteristics of the
treated cotton fabric. GPTMS is a useful molecule capable of forming extensive cross-links
between the silanol groups of the polyoxysilane matrix and promoting adhesion through
the opening of the epoxy ring on the treated polymers. It is a silica precursor that is
frequently used for silica-based hybrid textile finishing [61,62].
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The characteristics and the bi-functionality of the GPTMS, as well as its potential
as a new textile finishing agent, should be investigated because there has not yet been
much research on the impact of GPTMS synthetic parameters on the mechanical properties
of fabrics made with both natural and synthetic polymers [63,64]. Indeed, because the
chemical structure of fabric substrates is significant for the stability of the applied coatings,
which is dependent on the thermodynamic affinity between the silica precursor and the
selected textile samples, natural cotton textiles were employed in the current investigation.

Cotton fabrics were chosen as model substrates owing to their unique properties
such as high hydroxyl group content, hydrophilic nature, and broad use, which allows
them to be used not only in fabrics and garments but also in technical or smart textiles.
Moreover, the use of alkyl(trialkoxy)silane has numerous advantages; it is low-cost and
once polymerized is a non-toxic material [65–68], and a promising alternative for achiev-
ing durable hydrophobic fabrics. The final goal of this work was to illustrate an easy,
environmentally friendly, and adaptable technique for generating hybrid coatings that
are compatible with cellulose fabrics and their physical intrinsic features so that they can
find applications in different sectors such as textiles [69], biomedical [70], furnishings [71],
environmental remediation [72] and sensing [73]. The hydrophobicity was evaluated by
WCA and WSA measurements.

By the characterization methods, the morphological qualities, surface chemistry, and
durability of the sol–gel coatings were mainly evaluated using optical microscopy and SEM,
comparing treated and untreated cotton textiles as a reference. Moreover, the water based
anti-stain performances of the treated fabrics and, qualitatively, their oil–water separation
ability towards paraffin oil were evaluated. In fact, functionalizing textiles with coatings
based on the use of GPTMS in conjunction with functional alkyl(trialkoxy)silane could
result in useful multifunctional nanocomposites for potential applications in the field of
advanced, environmentally friendly nanohybrid materials, which would then find use in
numerous nanotechnology fields.

2. Materials and Methods
2.1. Fabric

Knitted pure cotton fabric 100% (scoured and bleached, 1.4 g/cm2 or 0.014 g/cm2 and
0.2 mm thick) was used as natural fabric and it was provided by the School of Textile and
Design (University of Reutlingen, Germany).

2.2. Chemicals

The (3-Glycidyloxypropyl)trimethoxysilane (G),Triethoxy(ethyl)silane (C2), Triethoxy
(octyl)silane (C8) and Hexadecyltrimethoxysilane (C16), were all purchased at the highest
purity level and used as received from Sigma Aldrich (Merk GaA, Darmstadt, Germany),
without any further purification. Hydrochloric acid HCl 37% was used as sol–gel catalyst.
Ethanol 96% vol. was purchased from Sigma Aldrich and used as solvent.

2.3. Preparation of the Nanosol Solution

The sol–gel solution was prepared by mixing the G precursor in combination with an
equimolar amount of each of the three different alkoxysilanes featuring increasing length
of the hydrocarbon chain (namely, C2, C8, C16). The obtained mixture was stirred while
ethanol was added slowly at room temperature. Ethanol was used as dilution medium
while HCl was added dropwise to induce the hydrolysis–condensation reaction. The
resulting mixture was vigorously stirred at room temperature for 24 h.

2.4. Sol–Gel Treatment of Cotton Fabrics

Cotton fabrics were cut into square pieces (10 × 15 cm), weighted and then impreg-
nated with the solution using the dip-pad-dry-cure method (Figure 3).
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Figure 3. Pad-dry-cure process employed for finishing cotton fabrics.

First, the cotton fabric samples were immersed in the solutions for 5 min at room
temperature before being washed with water. Second, an automated padder (simple two
roller lab-padder of Mathis, Oberhasli, Switzerland) with a nip pressure of 2 kg/cm2, was
used to pad the cotton fabric samples. They were then dried at 80 ◦C for 6 min.

The process was repeated three times. In addition, samples of cotton were dipped in
the alkyl(trialkoxy)silane-based ethanol solution (1.0 g, 30 mL) for 5 min, giving rise to a
double-coating deposition (Figure 4).
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Figure 4. Double sol–gel-based coating application for the development of the treated functional
cotton fabrics.

The impregnated fabrics were finally put in the oven support and dried to a constant
weight in the oven at 130 ◦C for 6 min: during this time the evaporation of water and
ethanol and the sol–gel reactions took place.

This was confirmed by the color change of the fabrics as shown in Figure 5 and then
modified cotton fabric was weighted, after being climatized for 24 h in a standard climate
chamber. The composition of the functional nanohybrid sols employed for the double
deposition process is shown in Table 1.

Table 1. Composition of the functional nanohybrid sols of each deposition.

Sample Code First Deposition Second Deposition

G G G
G/C2_C′2 G and C2 C2
G/C8 _C′8 G and C8 C8

G/C16 _C′16 G and C16 C16
G/C2_C′16 G and C2 C16
G/C8_C′16 G and C8 C16
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Figure 5. Cotton modified with sol–gel solution. (a) COT + G, (b) COT + G/C2_C′2, (c) COT + G/C8_C′8,
(d) COT + G/C16_C′16, (e) COT + G/C2_C′16, and (f) COT + G/C8_C′16.

Subsequently, total dry-solid add-ons on the cotton samples (the weight gain, A wt.%)
was determined by weighing each sample before (Wi) and after the impregnation with the
solution and the subsequent thermal treatment (Wf) (Table 2).

Table 2. Composition (wt. %) of the investigated treated cotton fabrics (COT).

Sample Code Wi Wf Total Add-on wt.% (A)

COT + G 2.140 g 2.163 g 1.06%
COT + G/C2_C′2 2.237 g 2.292 g 2.39%
COT + G/C8 _C′8 2.121 g 2.201 g 3.63%

COT + G/C16 _C′16 2.157 g 2.217 g 2.70%
COT + G/C2_C′16 2.210 g 2.308 g 4.24%
COT + G/C8_C′16 2.188 g 2.196 g 0.36%

The weight gain of the treated fabric was calculated using the following formula:

A =
Wf − Wi

Wf
× 100 (1)

2.5. Characterization and Functional Properties of Treated Fabrics

Wettability. Aqueous liquid repellency: water/alcohol solution tests were performed
using a test reagent formulated using the AATCC test method 193-2007 Aqueous Liquid
Repellency: Water/Alcohol Solution Resistance Test. Using a 5 µL water droplet at room
temperature, the sessile drop technique (according to the international standard ASTM
D7334) was used to measure the static water contact angles (WCA). One representative
WCA was generated by averaging ten readings. The AATCC Test Method 22-2005, which
is applicable to any textile fabric, was used to conduct the spray testing in order to ex-
amine the dynamic wettability of the treated samples. Three fabric samples, measuring
150 mm × 150 mm, are required to obtain one representative value for the spray testing.
The tester’s funnel is filled with 250 mL of distilled water, which is then sprayed onto a
sample of cotton at a 45◦ angle. Three knocks are applied before the sample is removed.
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The water repellency rating (WRR) is used to examine the extent of the wetting. Valuation
is carried out by comparing the wetted sample’s appearance with the wetted pristine
cotton sample used as standard. Better hydrophobicity is indicated by a higher rating. The
maximum and minimum ratings are 100 and 0, respectively.

Optical microscopy. Optical images were recorded by means of a Hirox digital mi-
croscope, model KH8700 (Hirox, Tokyo, Japan) by mounting a MX(G)-5040Z lens at
room temperature.

Scanning Electron Microscopy (SEM) Analysis. The two-dimensional morphology and
structure of the surface fibers of the of the original and treated cotton fabrics were observed
at 2.0 kV using scanning electron microscope (SEM, SU-70, Hitachi, Chiyoda, Tokyo, Japan)
and a magnification of 1000× and 4000× for the insets. All the samples were sputter-coated
with Aurum prior to testing.

Self-cleaning ability. To evaluate the wetting behavior, several liquids including coffee,
milk, tea, methylene-blue-dyed water, pH = 1 acid (HCl), pH = 14 alkali (NaOH), and salt
solution (NaCl) were individually placed onto the GC16_C’16-modified cotton fibers. In
order to test the self-cleaning abilities, soil was applied to the surface of the modified cotton
fibers and washed with blue-dyed water.

Oil/water separation ability. The oil/water separation capabilities of the modified cotton
textiles were tested using paraffin oil. The paraffin oil was colored using the coloring agent
oil red before to the oil/water separation experiments.

Moisture analysis. The moisture-transfer properties of all the cotton fabrics samples
were evaluated by using the KERN DBS moisture meter (KERN & SOHN GmbH-TYPE
DBS60-3) that often replaces others drying processes, such as the laboratory dryer, because
it allows for shorter measurement times. The moisture-transfer properties of all the cotton
fabrics samples were evaluated through the principle of thermogravimetry. In this method,
to determine the difference in moisture in a material, the sample is weighed before and
after drying. In the case of the KERN DBS moisture meter, the radiation penetrates the
sample and is transformed into thermal energy, heating up from the inside out. A small
amount of radiation is reflected by the sample and this reflection is larger in dark samples
than in light ones. Therefore, light samples, such as cotton in this case, reflect more thermal
radiation than dark ones and therefore require a higher drying temperature, which is why
a drying temperature of 130 ◦C is used for the analysis. Moisture measurement protocol
(unit indicating the result: M/W, drying mode: TIME, drying temperature: 130 ◦C). The
hygroscopicity ratio was calculated by Equation (2), which was used to as an indicator for
evaluating the hygroscopicity of these cotton fabrics.

Hygroscopicity ratio(%) =
m2 −m1

m1
× 100% (2)

where, m2 is the weight of the conditioned sample and m1 is the initial weight of original samples.
Air-permeability test. The air permeability of treated fabrics, which serves as an indica-

tion of their breathability, was investigated. The permeability of the samples was measured
by the use of an apparatus (FX3300, Tex Test AG, Schwerzenbach, Switzland) under the air
pressure of 125 Pa, according to the ASTM D737-96 standard test method.

3. Results
3.1. Nanosol Synthesis and Application on Cotton Fabrics

The sol–gel technique is a very versatile method leading to the formation of different
kind of interesting functional nano- and micro-structured materials, with a fine control and
tuning of their surface chemistry and of the bulk nanocomposite/nanohybrid properties of
the end-products. In this study, the sol–gel synthesis and application followed a two-step
pathway (Figure 6a,b) to finally yield the desired hydrophobic cotton fabrics.
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Figure 6. Two-step synthetic pathways for the development of the final functional coated cotton
fabrics involving the condensation reaction between the cotton cellulose and alkoxysilane ends (a),
and subsequent anchorage of alkyl(trialkoxy)silanes (b).

In the first step, the functional sol was prepared by reaction of the bifunctional GPTMS
alkoxysilane and either the C2, or C8, or C16 alkyl(trialkoxy)silane, respectively, featuring
different length alkyl chains. As previously reported [63,64], the functional nanosol solution
is obtained by subsequent hydrolysis and condensation reaction, thus producing colloidal
particles or dissolved pre-condensed polymeric hybrid polymers. Once applied on cotton
fabrics and with additional heat treatment at higher temperatures by a pad-dry-cure process,
the gel will give rise to a functional xerogel.

In order to form a more efficient hydrophobic coated cotton, it seemed to be worthwhile
to use a second pad-dry-cure step by employing C2, or C8, or C16 alkyl(trialkoxy)silanes,
respectively, thus giving rise to five functional treated cotton samples, namely Cot + GC2_
C′2, Cot + GC8_ C′8, Cot + GC16_ C′16, Cot + GC2_ C′16, Cot + GC8_ C′16; Cot + G that
was used as cotton fabric reference in all experimental measurements.

3.2. Wettability Measurement

Water contact angle (WCA) measurement was used to explore the static hydrophobicity
of the treated cotton samples, and the spraying test was used to evaluate the dynamic
water repellence.

3.2.1. Aqueous Liquid Repellency: Water/Alcohol Solution Test

To evaluate the level of anti-wettability or repellency, the contact angles of liquids with
different surface tensions was measured, using a test reagent formulated using the AATCC
test method 193-2007 Aqueous Liquid Repellency [74]. The aqueous-liquid repellency test
(also known as the water-rating method WRA) describes a procedure whereby 20 µL drops
of solution with increasing concentration of isopropyl alcohol is placed onto the fabric. If
the drops of a solution do not wet the textile within 10 s, the next solution with a higher
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share of isopropanol is applied. The rating number is assigned based on the solution with
the highest isopropanol share that does not wet the textile within the 10 s.

Table 3 outlines which concentration of isopropyl alcohol solution equates to which
rating number.

Table 3. Aqueous-liquid repellency test.

Sample Code Aqueous-Solution
Repellency-Grade Number Composition (by Volume)

Cot + G 0 100% Water
Cot + GC2_C′2 1 98:2/water:isopropyl alcohol
Cot + GC8_C′8 3 90:10/water:isopropyl alcohol

Cot + GC16_C′16 3 90:10/water:isopropyl alcohol
Cot + GC2_C′16 3 90:10/water:isopropyl alcohol
Cot + GC8_C′16 4 80:20/water:isopropyl alcohol

The fabric must be able to repel the solution for 10 s to be deemed successful. As a
static test, this method could be considered to be more stringent than other water-drop
methods as it makes use of solutions with surface tensions lower than that of water.

3.2.2. Sessile Drop Method

As a way to examine the effect of the length of the hydrocarbon chains and their
distribution/orientation into the nano composite sol on the hydrophobicity of the treated
cotton fabric, the cotton fabrics samples were coated by using three different sols, as
prepared by changing the length of the functional alkyl(trialkoxy)silane, from 2 to 8 to 16
methylene groups. In a typical process, a deionized water droplet (ca. 5 µL) was dropped
carefully onto the surface at ambient temperature and the images were captured using the
accessory digital camera. All the water contact-angle values reported herein were obtained
as averages of five measurements performed on different points of the sample surface so as
to improve the accuracy [75–77]. The results were shown in Figures 7 and 8.
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ite sol samples G, GC2_C′2, GC8_C′8, GC16_C′16, GC2_C′16, and GC8_C′16 with photos of the
representative drops.

WCAs for the treated cotton fabrics ranged from 71.71◦ to 142.53◦. In particular,
the cotton fabric coated by the nanocomposite hydrosol with the shortest hydrocarbon
chain (GC2_C′2) displayed the poor hydrophobicity, showing the lowest WCA of 71.71◦.
However, the cotton fabric that had been treated with the nanocomposite sol bearing the
longest hydrocarbon chain (GC16_C′16) demonstrated exceptional hydrophobicity with
the maximum WCA of 142.53◦. In this regard, it was shown that nanocomposite sols,
treated with mixed alkyl(trialkoxy)silane (GC2_C′16 and GC8_C′16), are beneficial for the
formation of a brush effect surface topography [67] on the coated fabrics, thus resulting in an
improvement of the hydrophobicity of treated fabrics of 148.20◦ and 148.83◦, respectively.

Table 4 and Figure 8 indicate the hydrophobicity of the treated cotton samples.

Table 4. Static water contact angles of Wenzel θw values.

Sample Code Static Water Contact Angle θw [◦]

Cot + G 53.83 ± 0.82
Cot + GC2_C′2 71.71 ± 0.33
Cot + GC8_C′8 138.46 ± 0.40

Cot + GC16_C′16 142.53 ± 0.34
Cot + GC2_C′16 148.20 ± 0.80
Cot + GC8_C′16 148.83 ± 0.29

According to Figure 7, the WCA of the treated cotton increased as well as the length
of the alkyl chain. The final treatment with HDTMS-based sol led to a lowering of the
surface energy of the cotton fabric, with a consequent improvement in hydrophobicity. As
indicated in Figure 8, the WCA of all cotton fabric samples was less than 150◦. Although
a water droplet can sit on the surface of the coated cotton cloth, it does not achieve
super-hydrophobicity.

Furthermore, as shown in Figure 9, when we exposed the coated cotton textile to
water droplets, the fabric successfully showed hydrophobicity similar to that present
in the rose petals. The double-coating synthetic method used to improve the cotton
surface hydrophobicity by pad-dry-cure deposition of the prepared nanohybrid coatings,
as demonstrated using water contact angle, was shown to be successful. As a matter of
fact, while the control sample had a water contact angle of 53.8◦, with the incorporation
of hydrophobic long-alkyl-chain silane coupling agent onto surface of cotton fabrics, the
water contact angle for the Cot + GC8_C′16 nanohybrid increased to 148.83◦. These values
are generally higher (ca. 30–40◦) than those obtained with a “grafting to” chemisorption
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method of the corresponding GC* functional sol–gel, as recorded on a glass slide coated
after an opportune commercial primer and tie-coat layer [67].
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Figure 9. The images show the change in water contact angle and colored water droplets sitting on
coated cotton fabrics and untreated cotton.

In this study the key step was shown to be the second coating application of the bulk
functional C2, C8, and C16 silanes, especially those featuring increase of the length of the
alkyl(trialkoxy) chain (i.e., C8 and C16), by the “grafting from” chemisorption covalent
technique [78–80] (Figure 10a). The treated cotton fabrics exploited the observed surface
hydrophobicity, as shown in Figure 10b.
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Figure 10. Double surface functionalization of cotton fabrics with alkyl(trialkoxy)silane polymer
shell by “grafting to” or “grafting from” covalent grafting techniques (a) and corresponding observed
surface hydrophobicity of the coated cotton fabrics (b).

In this process, on the first coated cotton surface, characterized by a silane-based
3D polymeric matrix obtained through a “grafting onto” procedure, a second functional
coating was deposited, and at the end a polymerization process under conventional dry-
cure conditions occurred. This latter “grafting from” process could bring a better control
of the in-situ grafting density, composition, and molar ratio of the polymer brush shells.
It is also not limited by the steric hindrance of the incoming functional alkyl chains, thus
resulting significantly in lower surface energy and higher hydrophobicity [81] (Figure 10b).
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Moreover, it has been reported that improvement of the properties, morphological
characteristics, and fiber roughness of different functional coatings on textile fabrics, leading
to enhanced mechanical and hydrophobic behaviors, can be achieved by employing a
double-layer deposition approach [82–84].

3.2.3. Spray Test

Spray testing (AATCC 22-2005) was also used to study the dynamic wettability of the
treated cotton fabric [85]. Spray testing quantifies the degree of wetness when the fabric
is sprayed with water. The water-stain characteristics at different wetting degrees (in ISO
standard ratings) are listed in Table 5. The wettability level of the uncoated fabric was 0,
referring to no water repellency. After one coating of the sample COT + G, the wettability
level was found to be 0, which was similar to uncoated fabric. However, the wettability
level of the coated fabrics increased up to 50 after two coatings and remained at the same
value after three coatings. This result indicates that the water repellent property of the
fabrics could be enhanced by increasing the number of depositions.

Table 5. Wettability levels specified in the ATTCC 22 standard for spray tests.

Sample Code Wettability Level Water-Stain Characteristics

Cot + G 50 (ISO 1) Complete wetting of the entire specimen face
Cot + GC2_ C′2 50 (ISO 1) Complete wetting of the entire specimen face
Cot + GC8_ C′8 100 (ISO 5) No wetting of the specimen face

Cot + GC16_ C′16 100 (ISO 5) No wetting of the specimen face
Cot + GC2_ C′16 100 (ISO 5) No wetting of the specimen face
Cot + GC8_ C′16 100 (ISO 5) No wetting of the specimen face

According to the spray test, the treated cotton fabric samples COT + GC8_C′8 and
COT + GC16_C′16 had a rating number corresponding to 100. The 250 mL of water in
contact with the treated cotton immediately slipped away from the fabric, leaving only
a few drops of water attached. In the light of the obtained results, cotton fabrics possess
excellent hydrophobicity with a low surface energy. In contrast, when the cotton fabric was
coated by the GPTMS-based sol without alkysilane modification, its surface shows higher
surface energy. In addition, when a water droplet was applied on the pristine cotton fabric,
it quickly spread.

3.2.4. Self-Cleaning Ability Measurement

The self-cleaning capabilities of the GC16_C′16-modified cotton textiles are displayed
in Figure 11. The GC16_C′16-modified cotton fabrics, as shown in Figure 11a, exhibited
excellent almost super hydrophobicity against blue-dyed water, strong acid (HCl, pH = 1),
strong alkali (NaOH, pH = 14), and salt solution (NaCl 0.9 wt.%, pH = 7). They also
exhibited excellent, almost super, hydrophobicity against milk, coffee, and tea.
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It can be also seen that different liquids all exist in a similar spherical shape and this
indicates that the coating has a wide range of adaptability in practical applications and
implying that they may be flexible to self-cleaning under a variety of settings. Moreover, it
can be clearly observed that the dust on the surface of the coating was completely removed
after washing with water. As a matter of fact, water could readily flow over the surface
of the sample and remove dust, as illustrated in Figure 11b–d, indicating that GC16_C’16
coating, in particular, has a very good water-based stain resistance.

It is assumed that the hydrophobic properties of the coating may be principally due
to the air trapped in the nanoscale gaps of the almost super hydrophobic surface, which
decreases the area of interaction between the soil and the coating and assists soil to roll-off
from its surface [86,87].

3.3. Oil/Water Separation Ability

It is well known that cotton fabric is capable of absorbing large amounts of water due
to its high hydrophilicity [88]. The above-mentioned, GC8_C′8, GC16_C′16, GC2_C′16,
and GC8_C′16 coatings endowed the cotton fabrics with almost super hydrophobicity.
In contrast, the modified cotton fabrics also have reduced surface energy that allows a
repelling of water, but wetting with oils is still possible—that means the surfaces can be
able to separate water from oil [89].

Figure 12 shows a sequence of images in which a cotton fabric treated with the
GC16_C’16 sol was used to qualitatively study its oil/water separation ability by using
paraffin oil as a model oil [90,91]. Paraffin oil was further dyed red for better observa-
tion [92]. Therefore, a droplet of red-tinted paraffin oil (with a density lower than that of
water) was located in the watch glass, as illustrated in Figure 12a–d. A piece of treated
fabric was soaked in the oil/water mixture to make it completely contact with the oil. It
can be clearly observed that oil droplets quickly spread and even permeated into fabric,
indicating the lipophilic nature of the coating. This selective adsorption is indicative of
remarkable hydrophobicity or oleophilicity of the sample [93].
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Figure 12. Real-time photos demonstrating the removal of paraffin oil (a–d) droplets from water
using GC16_ C′16 modified cotton fibers.

In particular, the GC16_C’16 coating used in the current experiment can selectively
absorb paraffin oil from water, further indicating that the fabric was hydrophobically
modified by the coating. This demonstrates, qualitatively, that the as-prepared modified
cotton textiles had good separation capacity against the tested oil/water system liquids,
indicating that they might have interesting uses in industry for very efficient and long-term
oil/water separation processes [94].

3.4. Morphological Characterization
3.4.1. Optical Microscopy (MO)

In order to evaluate at the microstructural level some modification in the roughness of
the surface, low-magnification micrographs of the raw cotton fabric were performed and
are shown in Figure 13a [95].
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It is difficult to differentiate, at this scale, between the treatment processes applied
to the cotton fabric, regardless of their weaving density, mesh size, or physical appear-
ance. Therefore, it is possible that the flux and permeability of the cotton fabric itself
are not greatly affected by a microscale porosity occlusion that can lead to a lowering of
the breathability of the textile [96]. Figure 13b–g shows the activated cotton fabric with
the different sols at high magnifications as obtained by MO. Unfortunately, no distinct
structural/morphological changes are shown, therefore a SEM analysis at the nanoscale
level was performed in order to investigate how the nanohybrid functional agents can
affect the fiber roughness.

3.4.2. Morphological Characterization by SEM Analysis

To evaluate the surface roughness changes of the cotton fabric at the nanoscale level
after coating with the functional nanohybrids, a SEM analysis was performed. In Figure 14a
the fiber surface of the raw cotton fabric had relatively smooth morphology. In Figure 14b,
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after deposition of three layers of GPTMS coatings, the fiber surface of the activated cotton
fabrics showed a different surface morphology. Moreover, the fabric surface shows some
coarse particles but the natural structure of the single cotton fiber looks flattened when
compared the inserts (a) and (b).
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Figure 14. SEM images of untreated cotton (a) and GC2_C′2-coated, (b) GC8_C′8-coated,
(c) GC16_C′16-coated, (d) GC2_C′16-coated, (e) GC8_C′16-coated, and (f) modified cotton fabrics
(the inserts are partially enlarged images).

Surface roughness is a common indicator of product quality and occasionally even
included as a technical requirement for obtaining the required fabric surface functional-
ity [97]. In this regard, by comparing Figure 14a–f, it can be concluded that the addition of
an alkyl(trialkoxy)silane with a long hydrocarbon chain to the coating films transforms,
to some extent, the surface morphology from flat texture to rough surface. In short, the
activation process promotes the alkyl(trialkoxy)silane-graft copolymerization reaction and
contributes to the almost super hydrophobicity and hydrophobic stability of the cotton
fabric. By the addition of a rougher surface nanoarchitecture on the micro-scaled fabric, the
structural basis for transforming the extreme hydrophilicity of the cotton fabric into stable
almost super hydrophobicity was therefore achieved [98,99].

3.5. Moisture-Adsorption Analysis

The determination of humidity is always of enormous importance when in the produc-
tion process there is absorption or lack of humidity to and from the products. In numerous
quantities of products and finishings, moisture content is both a quality characteristic and
an important cost factor [100].

As shown in Table 6, the untreated cotton sample had a water absorption of 4.31%.
The thin hydrophilic fabrics can easily absorb water vapor and water can pass to the other
face. It is well established that original cotton fabrics exhibit high breathability as well
as hygroscopicity. These outstanding properties of such cotton fabrics are attributed to
their abundant hydrophilic groups (hydroxyl). This tendency and sensitivity of cellulose
fabrics towards moisture, leads to a limit in their use [101]. Therefore, a proper surface
modification can greatly affect the moisture adsorption of textiles [102,103].
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Table 6. Moisture-adsorption standard test.

Sample Code Weight (g) Drying
Temperature (◦C)

Drying Time
(min) 1 Humidity (%)

Untreated cotton 2.156 130 5–6 4.31
COT + G 2.181 130 2 3.62

COT + GC2_C′2 2.230 130 3 4.44
COT+ GC8_C′8 2.198 130 2 3.55

COT + GC16_C′16 2.209 130 3 4.07
COT + GC2_C′16 2.280 130 2–3 3.90
COT + GC8_C′16 2.206 130 3–4 4.12

1 Drying time until constant weight.

As a matter of fact, the GPTMS-modified cotton fabrics samples, compared with
original ones, had lower WVT values. By applying pure GPTMS-sol, this water absorption
was the same because the modified GPTMS-based coating was potentially still hydrophilic.
The molecular chain similarly owns abundant hydrophilic groups (i.e., carboxyl, hydroxyl).
Thus, the surface of GPTMS-modified cotton fibers still possessed a hydrophilic nature and
abundant highly active hydrophilic groups on the fiber surface.

To achieve a significant change in the response to water absorption, these GPTMS-sols
must be modified with a strong hydrophobic additive such as hexadecyltriethoxysilane
(16 carbon alkyl(trialkoxy) chain). This decrease is consequently accentuated by the addition
of the alkyl(trialkoxy)silane monomers, proportionally with the increase in the length of
the alkyl(trialkoxy) chain.

3.6. Air-Permeability Measurement

Air permeability is one of the most important properties of a fabric, mainly intended
for technical or smart textile applications and it is highly related on its porosity [104].
Additionally, air permeability is a crucial property for fabric applications in order to assess
the chances of reducing the physiological strain on the human body and the hazards of
heat stress [105]. It is obvious that non-coated fabrics, due to their low thicknesses and high
porosities, show higher permeability in comparison to the coated fabrics and therefore,
finishings can affect this behavior [106,107].

The breathability and physical properties of pristine cotton fabric and coated cot-
ton fabrics were measured in terms of the air permeability and the obtained results are
summarized in Figure 15.
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Herein, it can be seen that the treatment of fabrics with the hydrophobic alkyl(trialkoxy)
silane solutions moderately decreases the air permeability of fabric by a maximum of about
40%. Especially for the Cot + GC16_C’16 and Cot + GC8_C’16 samples, the coating did
not highly influence the air permeability of the cotton fabric, assessing an overall good
breathability of the textile support, and therefore, making them suitable for applications in
a wide range of industrial-related sectors.

4. Conclusions

In this research, functional alkyl(trialkoxy)silane-modified hybrid nanostructured ma-
terials were developed and successfully employed as eco-friendly hydrophobic and water-
based stain resistant coatings for cotton fabrics the via sol–gel technique and cure/pad
applications. In particular, the aim of the present work was to investigate different func-
tional alkyl(trialkoxy)silanes as precursors to obtain efficient and stable hybrid sol–gel
GPTMS-based coatings and to further reduce the cotton surface energy, thus improving
hydrophobicity and water-based stain resistance properties on textiles in an eco-sustainable
way. This method reveals a promising application for the future finishing and functional-
ization of ordinary fabrics since it is straightforward, affordable, and ecologically friendly.

Morphological characterizations were performed on all the samples by optical mi-
croscopy and SEM. This last revealed an improvement on the surface roughness of the
treated fabrics.

The investigation of the fabrics hydrophobicity via water contact angle (WCA) mea-
surements showed that the treated fabrics exhibited high static contact angles (up to ca.
150◦). Moreover, this was confirmed by a spray test, performed according to the AATCC 22
standard, in order to evaluate the dynamic surface-wettability of the coated samples. The
water-based stain resistance of the treated fabric, was also demonstrated towards different
tested liquids, solutions, and soil. Therefore, an oil/water separation experiment, was
performed revealing, qualitatively, good ability of the GC16_C’16-modified samples, in
particular, to retain paraffin oil, representing a valuable approach for possible efficient
industrial and long-term oil/water separation approaches.

The quality characteristics of the fabrics were additionally evaluated by moisture-
adsorption analysis and air-permeability test, observing with the latter an overall good
breathability of the coated cotton fabrics compared to the pristine one.

All experimental findings, indicated that the synergic action of the rough surface struc-
tures and their low surface energy, caused by the chosen functional alkyl(trialkoxy)silane in
the sol–gel nanohybrid coatings, provided treated cotton fabrics with excellent hydropho-
bicity and therefore water repellency by an eco-friendly approach.

Thus the results demonstrate the effectiveness of this nanohybrid sol–gel based func-
tional double-coating treatment for cotton fabrics, for the preparation of hydrophobic
surfaces that may have applications in different sectors ranging from textile and biomedical
to water separation, providing a valuable contribution to eco-friendly hydrophobic surface
treatments, with the possibility of being scaled to other types of fabrics.
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87. Peran, J.; Ercegović Ražić, S. Application of atmospheric pressure plasma technology for textile surface modification. Text. Res. J.
2019, 90, 1174–1197. [CrossRef]

88. Liu, Y.; Xin, J.H.; Choi, C.-H. Cotton Fabrics with Single-Faced Superhydrophobicity. Langmuir 2012, 28, 17426–17434. [CrossRef]
89. Li, Y.; Yu, Q.; Yin, X.; Xu, J.; Cai, Y.; Han, L.; Huang, H.; Zhou, Y.; Tan, Y.; Wang, L.; et al. Fabrication of superhydrophobic and

superoleophilic polybenzoxazine-based cotton fabric for oil–water separation. Cellulose 2018, 25, 6691–6704. [CrossRef]
90. He, Y.; Wan, M.; Wang, Z.; Zhang, X.; Zhao, Y.; Sun, L. Fabrication and characterization of degradable and durable fluoride-free

super-hydrophobic cotton fabrics for oil/water separation. Surf. Coat. Technol. 2019, 378, 125079. [CrossRef]
91. Tang, H.; Fu, Y.; Yang, C.; Zhu, D.; Yang, J. A UV-driven superhydrophilic/superoleophobic polyelectrolyte multilayer film on

fabric and its application in oil/water separation. RSC Adv. 2016, 6, 91301–91307. [CrossRef]
92. Wang, J.; Chen, Y. Oil–water separation capability of superhydrophobic fabrics fabricated via combining polydopamine adhesion

with lotus-leaf-like structure. J. Appl. Polym. Sci. 2015, 132. [CrossRef]
93. Zhao, Y.; Liu, E.; Fan, J.; Chen, B.; Hu, X.; He, Y.; He, C. Superhydrophobic PDMS/wax coated polyester textiles with self-healing

ability via inlaying method. Prog. Org. Coat. 2019, 132, 100–107. [CrossRef]
94. Huang, G.; Huo, L.; Jin, Y.; Yuan, S.; Zhao, R.; Zhao, J.; Li, Z.; Li, Y. Fluorine-free superhydrophobic PET fabric with high oil flux

for oil–water separation. Prog. Org. Coat. 2022, 163, 106671. [CrossRef]
95. Canal, L.P.; González, C.; Molina-Aldareguía, J.M.; Segurado, J.; LLorca, J. Application of digital image correlation at the

microscale in fiber-reinforced composites. Compos. Part A Appl. Sci. Manuf. 2012, 43, 1630–1638. [CrossRef]
96. Ghaffari, S.; Yousefzadeh, M.; Mousazadegan, F. Investigation of thermal comfort in nanofibrous three-layer fabric for cold

weather protective clothing. Polym. Eng. Sci. 2019, 59, 2032–2040. [CrossRef]
97. Wan, T.; Stylios, G.K. Effects of coating process on the surface roughness of coated fabrics. J. Text. Inst. 2017, 108, 712–719.

[CrossRef]
98. Hsieh, C.-T.; Chen, W.-Y.; Wu, F.-L. Fabrication and superhydrophobicity of fluorinated carbon fabrics with micro/nanoscaled

two-tier roughness. Carbon 2008, 46, 1218–1224. [CrossRef]
99. Park, S.; Kim, J.; Park, C.H. Influence of micro and nano-scale roughness on hydrophobicity of a plasma-treated woven fabric.

Text. Res. J. 2016, 87, 193–207. [CrossRef]
100. Zarrinabadi, E.; Abghari, R.; Nazari, A.; Mirjalili, M. Environmental effects of enhancement of mechanical and hydrophobic

properties of polyester fabrics using silica/kaolinite/silver nanocomposite: A facile technique for synthesis and RSM optimization.
Eurasian J. Biosci. 2018, 12, 1–14.

101. Forsman, N.; Lozhechnikova, A.; Khakalo, A.; Johansson, L.-S.; Vartiainen, J.; Österberg, M. Layer-by-layer assembled hydropho-
bic coatings for cellulose nanofibril films and textiles, made of polylysine and natural wax particles. Carbohydr. Polym. 2017, 173,
392–402. [CrossRef]

102. Glampedaki, P.; Jocic, D.; Warmoeskerken, M.M.C.G. Moisture absorption capacity of polyamide 6,6 fabrics surface functionalised
by chitosan-based hydrogel finishes. Prog. Org. Coat. 2011, 72, 562–571. [CrossRef]

103. Tissera, N.D.; Wijesena, R.N.; Perera, J.R.; de Silva, K.M.N.; Amaratunge, G.A.J. Hydrophobic cotton textile surfaces using an
amphiphilic graphene oxide (GO) coating. Appl. Surf. Sci. 2015, 324, 455–463. [CrossRef]

291



Nanomaterials 2022, 12, 3404

104. Zupin, Ž.; Hladnik, A.; Dimitrovski, K. Prediction of one-layer woven fabrics air permeability using porosity parameters. Text.
Res. J. 2011, 82, 117–128. [CrossRef]

105. Liu, R.; Li, J.; Li, M.; Zhang, Q.; Shi, G.; Li, Y.; Hou, C.; Wang, H. MXene-Coated Air-Permeable Pressure-Sensing Fabric for Smart
Wear. ACS Appl. Mater. Interfaces 2020, 12, 46446–46454. [CrossRef]

106. Jiang, J.; Shen, Y.; Yu, D.; Yang, T.; Wu, M.; Yang, L.; Petru, M. Porous Film Coating Enabled by Polyvinyl Pyrrolidone (PVP) for
Enhanced Air Permeability of Fabrics: The Effect of PVP Molecule Weight and Dosage. Polymers 2020, 12, 2961. [CrossRef]

107. Oh, J.-H.; Ko, T.-J.; Moon, M.-W.; Park, C.H. Nanostructured fabric with robust superhydrophobicity induced by a thermal
hydrophobic ageing process. RSC Adv. 2017, 7, 25597–25604. [CrossRef]

292



MDPI
St. Alban-Anlage 66

4052 Basel
Switzerland

Tel. +41 61 683 77 34
Fax +41 61 302 89 18

www.mdpi.com

Nanomaterials Editorial Office
E-mail: nanomaterials@mdpi.com

www.mdpi.com/journal/nanomaterials





MDPI  
St. Alban-Anlage 66 
4052 Basel 
Switzerland

Tel: +41 61 683 77 34

www.mdpi.com ISBN 978-3-0365-7536-0 


	Cover-front.pdf
	Book.pdf
	Cover-back.pdf

