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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.
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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].
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Figure 1. (A) XRD patterns of calcined xNiO/CeO2 samples; (B) the enlarged pattern at the range of 
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Figure 1. (A) XRD patterns of calcined xNiO/CeO2 samples; (B) the enlarged pattern at the
range of 26–31◦.

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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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. 
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(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 13A shows the trend of SA selectivity with reaction time on different cata-
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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.

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

 

0 10 20 30 40 50 60
0

20

40

60

80

100

M
A

 c
o

n
v
e

rs
io

n
 (

%
)

Time (min)

 CeO
2
-350

 5Ni/CeO
2

 10Ni/CeO
2

 15Ni/CeO
2

 17.5Ni/CeO
2

 20Ni/CeO
2

 30Ni/CeO
2

 

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 con-

tent 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 va-

cancies 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 calcula-

tions, 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. 

5 10 15 20 25 30
5

10

15

20

25

30

35

T
O

F
M

A
→

S
A

 (
m

in
-1

)

Ni Loading (%)

 TOFMA→SA
(A)

0

10

20

30

40

50

 H2 on Ovac

H
2
 o

n
 O

v
a
c
 (


m

o
l/
g

)

 

5 10 15 20 25 30
0

5

10

15

20

25

30

35

T
O

F
M

A
→

S
A
 (

m
in

-1
)

 TOF
MA→SA

 H
2
 uptake on overall Ni species

 H
2
 uptake on Ni

0

Ni loading  (%)

(B)

0

10

20

30

40

50

60

70

 H
2
 u

p
ta

k
e

 (


m
o

l/
g

)

 

Figure 12. Effect of Ovac (A) and surface Ni species (B) on the TOFMA→SA over the xNi/CeO2 cata-

lysts. 

Figure 13A shows the trend of SA selectivity with reaction time on different cata-

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 12. Effect of Ovac (A) and surface Ni species (B) on the TOFMA→SA over the
xNi/CeO2 catalysts.

172



Nanomaterials 2022, 12, 2156

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-

lysts. 
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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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Figure 15. The synergy of Niδ+–Ni0 in C=O hydrogenolysis over Ni/CeO2 catalyst.

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
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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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Figure 3. Patterns of XRD for different CeO2 supports (A) and 5Ni/CeO2 samples (B). 

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 
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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.

184



Nanomaterials 2022, 12, 762

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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Figure 4. Raman spectra of different CeO2 support (A) and 5Ni/CeO2 catalysts (B).

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 
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> 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 
surface 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 
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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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Figure 6. Spectra of XPS for (A) Ce 3d, (B) O 1s, and (C) Ni 2p3/2 for reduced 5Ni/CeO2. Catalysts, 
(a) 5Ni/CeO2-P, (b) 5Ni/CeO2-R, and (c) 5Ni/CeO2-C. The black line is primary curve, and the red 
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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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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Figure 1. XRD patterns of Mg1Zr2-HT and Mg1Zr2-CP. 
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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.

198



Nanomaterials 2022, 12, 1972

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.
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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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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,
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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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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

203



Nanomaterials 2022, 12, 1972

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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Figure 6. Catalytic performance of Mg-Zr oxides for transesterification of GL with DMC to GC
(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 

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

216



Nanomaterials 2022, 12, 2712
Nanomaterials 2022, 12, 2712 7 of 22 
 

 

 
Figure 1. Two-dimensional and three-dimensional AFM micrographs: (a) unloaded particles (P0), 
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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
(p-value > 0.05).
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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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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.

Author Contributions: E.A.S.: project coordination and administration. A.L.F.R., R.Z.d.A.N. and
E.A.S.: conceptualization, methodology and data collecting/analysis. A.L.F.R.: particles development
and essential oil encapsulation. E.A.S., V.S.B., N.M.I. and S, .T, .: original draft preparation, data analysis
and funding acquisition. J.d.A.B. and P.H.C.: controlled release assays and interpretation. A.L.F.R.,
E.A.S., V.S.B. and N.M.I.: Zeta potential and nanoparticle tracking analysis (NTA) measurement and
data interpretation. R.S.M. and H.D.d.F.F.: AFM measurements and interpretation. A.R.L., E.A.S.
and F.E.G.G.: laser scanning confocal microscopy and fluorescence measurements and interpreta-
tion. A.L.F.R., R.Z.d.A.N., A.M.S.R.P., C.M. and M.G.d.S.: insecticidal and fungicidal bioassays and
interpretation. All authors have read and agreed to the published version of the manuscript.

Funding: CAPES (Coordenação de Aperfeiçoamento de Pessoal de Nível Superior—Código Finan-
ceiro 001), CNPq (Conselho Nacional de Desenvolvimento Científico e Tecnológico, grant number
403496/2013-6, Programa Sisfóton and INCT), FAPEAM (Fundação de Amparo à Pesquisa do Estado
do Amazonas, Edital 004/2018—Amazonas Estratégico—062.01305/2018—Pedro H. Campelo Felix,
Jaqueline de A. Bezerra, Ana Luisa F. Rocha and Ronald Z. Aguiar), FAPESP (Fundação de Amparo à
Pesquisa do Estado de São Paulo/CEPOF (Centro de Pesquisas em Óptica e Fotônica) grant number
2013/07276-1 and FAPESP (EMU) grant number 09/54035-4.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

227



Nanomaterials 2022, 12, 2712

Data Availability Statement: Not applicable.

Acknowledgments: The authors thank CAPES (Coordenação de Aperfeiçoamento de Pessoal de
Nível Superior, CNPq (Conselho Nacional de Desenvolvimento Científico e Tecnológico), FAPEAM
(Fundação de Amparo à Pesquisa do Estado do Amazonas), FAPESP (Fundação de Amparo à
Pesquisa do Estado de São Paulo), CEPOF (Centro de Pesquisas em Óptica e Fotônica) for the
financial support, and to the Grupo de Nanomedicina e Nanotoxicologia (GNano – IFSC/USP) for
the measurements of Nanoparticle Tracking Analysis (NTA) and EMBRAPA Amazônia Ocidental
(Manaus/AM) for providing the C. humeropictus individuals and M. perniciosa fungi, as well as the
fungicidal bioassays infrastructure.

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

References
1. Abdelaziz, D.; Hefnawy, A.; Al-Wakeel, E.; El-Fallal, A.; El-Sherbiny, I.M. New biodegradable nanoparticles-in-nanofibers based

membranes for guided periodontal tissue and bone regeneration with enhanced antibacterial activity. J. Adv. Res. 2021, 28, 51–62.
[CrossRef] [PubMed]

2. Babaee, M.; Garavand, F.; Rehman, A.; Jafarazadeh, S.; Amini, E.; Cacciotti, I. Biodegradability, physical, mechanical and
antimicrobial attributes of starch nanocomposites containing chitosan nanoparticles. Int. J. Biol. Macromol. 2022, 195, 49–58.
[CrossRef]

3. Wang, C.; Gong, C.; Qin, Y.; Hu, Y.; Jiao, A.; Jin, Z.; Qiu, C.; Wang, J. Bioactive and functional biodegradable packaging films
reinforced with nanoparticles. J. Food Eng. 2022, 312, 110752. [CrossRef]

4. Wang, L.; Gao, Y.; Xiong, J.; Shao, W.; Cui, C.; Sun, N.; Zhang, Y.; Chang, S.; Han, P.; Liu, F.; et al. Biodegradable and high-
performance multiscale structured nanofiber membrane as mask filter media via poly(lactic acid) electrospinning. J. Colloid
Interface Sci. 2022, 606, 961–970. [CrossRef]

5. Sharma, R.; Tripathi, A. Green synthesis of nanoparticles and its key applications in various sectors. Mater. Today Proc. 2022,
48, 1626–1632. [CrossRef]

6. Reddy, L.H.; Arias, J.L.; Nicolas, J.; Couvreur, P. Magnetic nanoparticles: Design and characterization, toxicity and biocompatibility,
pharmaceutical and biomedical applications. Chem. Rev. 2012, 112, 5818–5878. [CrossRef] [PubMed]

7. Wang, B.; Tang, Y.; Oh, Y.; Lamb, N.W.; Xia, S.; Ding, Z.; Chen, B.; Suarez, M.J.; Meng, T.; Kulkarni, V.; et al. Controlled release of
dexamethasone sodium phosphate with biodegradable nanoparticles for preventing experimental corneal neovascularization.
Nanomed. Nanotechnol. Biol. Med. 2019, 17, 119–123. [CrossRef]

8. Silva, J.S.M.; Rabelo, M.S.; Lima, S.X.; Rocha, A.N.A.L.F.; Tadei, W.P.; Chaves, F.C.M.; Bezerra, J.D.E.A.; Biondo, M.M.;
Campelo, P.H.; Sanches, E.A. Biodegradable nanoparticles loaded with Lippia alba essential oil: A sustainable alternative
for Aedes aegypti larvae control. Eur. Acad. Res. 2020, VII, 6237–6258.

9. Pandey, V.K.; Islam, R.U.; Shams, R.; Dar, A.H. A comprehensive review on the application of essential oils as bioactive compounds
in nano-emulsion based edible coatings of fruits and vegetables. Appl. Food Res. 2022, 2, 100042. [CrossRef]

10. Khizar, S.; Zine, N.; Errachid, A.; Jaffrezic-Renault, N.; Elaissari, A. Microfluidic-based nanoparticle synthesis and their potential
applications. Electrophoresis 2021, 43, 819–838. [CrossRef] [PubMed]

11. Corrado, I.; Di Girolamo, R.; Regalado-González, C.; Pezzella, C. Polyhydroxyalkanoates-based nanoparticles as essential oil
carriers. Polymers 2022, 14, 166. [CrossRef] [PubMed]

12. Nair, A.; Mallya, R.; Suvarna, V.; Khan, T.A.; Momin, M.; Omri, A. Nanoparticles—Attractive carriers of antimicrobial essential
oils. Antibiotics 2022, 11, 108. [CrossRef] [PubMed]

13. Zhang, W.; Jiang, H.; Rhim, J.-W.; Cao, J.; Jiang, W. Effective strategies of sustained release and retention enhancement of essential
oils in active food packaging films/coatings. Food Chem. 2022, 367, 130671. [CrossRef] [PubMed]

14. Silva, L.S.; Mar, J.M.; Azevedo, S.G.; Rabelo, M.S.; Bezerra, J.A.; Campelo, P.H.; Machado, M.B.; Trovati, G.; Santos, L.; Fonseca, D.;
et al. Encapsulation of Piper aduncum and Piper hispidinervum essential oils in gelatin nanoparticles: A possible sustainable
control tool of Aedes aegypti, Tetranychus urticae and Cerataphis lataniae. J. Sci. Food Agric. 2018, 99, 685–695. [CrossRef]

15. De Oliveira, L.M.; Silva, L.S.; Mar, J.M.; Azevedo, S.G.; Rabelo, M.S.; Da Fonseca Filho, H.D.; Lima, S.X.; Bezerra, J.D.A.; Machado,
M.B.; Campelo, P.H.; et al. Alternative biodefensive based on the essential oil from Allium sativum encapsulated in PCL/Gelatin
nanoparticles. J. Food Eng. Technol. 2019, 8, 65–74. [CrossRef]

16. Kusumastuti, Y.; Istiani, A.; Rochmadi; Purnomo, C.W. Chitosan-based polyion multilayer coating on NPK fertilizer as controlled
released fertilizer. Adv. Mater. Sci. Eng. 2019, 2019, 2958021. [CrossRef]

17. De Oliveira, L.M.; Lima, S.X.; Silva, L.S.; Mar, J.M.; Azevedo, S.G.; Rabelo, M.S.; Henrique, D.; Filho, F.; Campelo, P.H.;
Sanches, E.A. Controlled release of Licaria puchury-major essential oil encapsulated in PCL/gelatin-based colloidal systems and
membranes. Am. J. Essent. Oils Nat. Prod. 2019, 7, 23–29.

18. da Costa, Í.C.; Saraiva Matos, R.S.; de Azevedo, S.G.; Costa, C.A.R.; Sanches, E.A.; da Fonseca FIlho, H. Microscopy-based infrared
spectroscopy as a tool to evaluate the influence of essential oil on the surface of loaded bilayered-nanoparticles. Nanotechnology
2021, 32, 345703. [CrossRef]

228



Nanomaterials 2022, 12, 2712

19. de Oliveira, L.M.; Matos, R.S.; Campelo, P.H.; Sanches, E.A.; da Fonseca Filho, H.D. Evaluation of the nanoscale surface applied
to biodegradable nanoparticles containing Allium sativum essential oil. Mater. Lett. 2020, 275, 128111. [CrossRef]

20. Nguyen, M.-H.; Nguyen, T.-H.-N.; Tran, T.-N.-M.; Vu, N.-B.-D.; Tran, T.-T. Comparison of the nematode-controlling effectiveness
of 10 different essential oil-encapsulated lipid nanoemulsions. Arch. Phytopathol. Plant Prot. 2022, 55, 420–432. [CrossRef]

21. Elumalai, K.; Krishnappa, K.; Pandiyan, J.; Alharbi, N.S.; Kadaikunnan, S.; Khaled, J.M.; Barnard, D.R.; Vijayakumar, N.;
Govindarajan, M. Characterization of secondary metabolites from Lamiaceae plant leaf essential oil: A novel perspective to
combat medical and agricultural pests. Physiol. Mol. Plant Pathol. 2022, 117, 101752. [CrossRef]

22. Pedrotti, C.; Caro, I.M.D.D.; Franzoi, C.; Grohs, D.S.; Schwambach, J. Control of anthracnose (Elsinoë ampelina) in grapevines with
Eucalyptus staigeriana essential oil. Org. Agric. 2022, 12, 81–89. [CrossRef]

23. Mar, J.M.; Silva, L.S.; Azevedo, S.G.; França, L.P.; Goes, A.F.F.; dos Santos, A.L.; Bezerra, J.d.A.; de Cássia, S.; Nunomura, R.;
Machado, M.B.; et al. Lippia origanoides essential oil: An efficient alternative to control Aedes aegypti, Tetranychus urticae and
Cerataphis lataniae. Ind. Crops Prod. 2018, 111, 292–297. [CrossRef]

24. Vicuña, G.C.; Stashenko, E.E.; Fuentes, J.L. Chemical composition of the Lippia origanoides essential oils and their antigenotoxicity
against bleomycin-induced DNA damage. Fitoterapia 2010, 81, 343–349. [CrossRef]

25. Stashenko, E.E.; Martínez, J.R.; Cala, M.P.; Durán, D.C.; Caballero, D. Chromatographic and mass spectrometric characterization
of essential oils and extracts from Lippia (Verbenaceae) aromatic plants. J. Sep. Sci. 2013, 36, 192–202. [CrossRef]

26. Hassan, H.F.H.; Mansour, A.M.; Salama, S.A.; El-Sayed, E.-S.M. The chemopreventive effect of thymol against dimethylhydrazine
and/or high fat diet-induced colon cancer in rats: Relevance to NF-κB. Life Sci. 2021, 274, 119335. [CrossRef]

27. Borges, A.R.; de Albuquerque Aires, J.R.; Higino, T.M.M.; de Medeiros, M.d.G.F.; Citó, A.M.d.G.L.; Lopes, J.A.D.;
de Figueiredo, R.C.B.Q. Trypanocidal and cytotoxic activities of essential oils from medicinal plants of Northeast of Brazil. Exp.
Parasitol. 2012, 132, 123–128. [CrossRef]

28. Caballero-Gallardo, K.; Olivero-Verbel, J.; Stashenko, E.E. Repellency and toxicity of essential oils from Cymbopogon martinii,
Cymbopogon flexuosus and Lippia origanoides cultivated in Colombia against Tribolium castaneum. J. Stored Prod. Res. 2012, 50, 62–65.
[CrossRef]

29. Perlatti, B.; Souza Bergo, P.L.; Silva, M.F.d.G.F.d.; Batista, J.; Rossi, M. Polymeric nanoparticle-based insecticides: A controlled
release purpose for agrochemicals. Insectic. Dev. Safer More Eff. Technol. 2013, 521–548. [CrossRef]

30. Papanikolaou, N.E.; Kalaitzaki, A.; Karamaouna, F.; Michaelakis, A.; Papadimitriou, V.; Dourtoglou, V.; Papachristos, D.P.
Nano-formulation enhances insecticidal activity of natural pyrethrins against Aphis gossypii (Hemiptera: Aphididae) and retains
their harmless effect to non-target predators. Environ. Sci. Pollut. Res. 2017, 25, 10243–10249. [CrossRef]

31. Santos, R.A.R.S.; Silva, N.M. Primeiro registro de Conotrachelus humeropictus Fiedler, 1940 (Coleoptera: Curculionidae) no estado
do Amapá, Brasil. Biota Amaz. 2020, 10, 69–70.

32. Pereira, A.L.F.; Abreu, V.K.G.; Rodrigues, S. Cupuassu— Theobroma grandiflorum. In Exotic Fruits; Elsevier: Amsterdam, The
Netherlands, 2018; pp. 159–162.

33. Moura Rebouças, A.; Martins da Costa, D.; Priulli, E.; Teles, J.; Roberta Freitas Pires, C. Aproveitamento tecnológico das sementes
de cupuaçu e de okara na obtenção do cupulate. DESAFIOS Rev. Interdiscip. Univ. Fed. Tocantins 2020, 7, 59–64. [CrossRef]

34. Lopes, C.M.D.; Silva, N.M. Impacto econômico da broca do cupuaçu, Conotrachelus humeropictus Field (Coleoptera: Curculionidae)
nos estados do Amazonas e Rondônia. An. Soc. Entomológica Bras. 1998, 27, 481–483. [CrossRef]

35. Thomazini, M.J. Flutuação populacional e intensidade de infestação da Broca-dos-frutos em cupuaçu. Sci. Agric. 2002, 59, 463–468.
[CrossRef]

36. Lopes, J.R.M.; Luz, E.D.M.N.; Bezerra, J.L. Suscetibilidade do cupuaçuzeiro e outras espécies vegetais a isolados de Crinipellis
perniciosa obtidos de quatro hospedeiros diferentes no sul da Bahia. Fitopatol. Bras. 2001, 26, 601–605. [CrossRef]

37. Falcão, M.D.A.; De Morais, R.R.; Clement, C.R. Influência da vassoura de bruxa na fenologia do Cupuaçuzeiro. Acta Amaz. 1999,
29, 13. [CrossRef]

38. Kah, M.; Hofmann, T. Nanopesticide research: Current trends and future priorities. Environ. Int. 2014, 63, 224–235. [CrossRef]
39. Khot, L.R.; Sankaran, S.; Maja, J.M.; Ehsani, R.; Schuster, E.W. Applications of nanomaterials in agricultural production and crop

protection: A review. Crop Prot. 2012, 35, 64–70. [CrossRef]
40. Boyapally, H.; Nukala, R.K.; Bhujbal, P.; Douroumis, D. Controlled release from directly compressible theophylline buccal tablets.

Colloids Surf. B Biointerfaces 2010, 77, 227–233. [CrossRef]
41. Korsmeyer, R.; Peppas, N. Macromolecular and modeling aspects of swelling controlled systems. In Controlled Release Delivery

Systems; Springer: Berlin/Heidelberg, Germany, 1983; pp. 77–90.
42. Ghasemishahrestani, Z.; Mehta, M.; Darne, P.; Yadav, A.; Ranade, S. Tunable synthesis of gelatin nanoparticles employing

sophorolipid and plant extract, a promising drug carrier. World J. Pharm. Pharm. Sci. 2015, 4, 1365–1381.
43. Matos, R.S.; Pinto, E.P.; Ramos, G.Q.; da Fonseca de Albuquerque, M.D.; da Fonseca Filho, H.D. Stereometric characterization of

kefir microbial films associated with Maytenus rigida extract. Microsc. Res. Tech. 2020, 83, 1401–1410. [CrossRef] [PubMed]
44. Mandelbrot, B.B.; Wheeler, J.A. The fractal geometry of nature. Am. J. Phys. 1983, 51, 286–287. [CrossRef]
45. de Assis, T.A.; Vivas Miranda, J.G.; de Brito Mota, F.; Andrade, R.F.S.; de Castilho, C.M.C. Geometria fractal: Propriedades e

características de fractais ideais. Rev. Bras. Ensino Fis. 2008, 30, 2304.1–2304.10. [CrossRef]
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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].
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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

237



Nanomaterials 2022, 12, 4076

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,

239



Nanomaterials 2022, 12, 4076

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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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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permission from Ref. [50]. Copyright 2021, American Chemical Society.

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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Figure 7. (a) Co-assembly of the K3C6SPD short peptide with plasmid DNA develops cocoon-like
viral mimics. Reprinted with permission from Ref. [70]. Copyright 2017, German Chemical Society.
(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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Figure 1. Experimental set-up; (1) Compressed air; (2) Flowmeter; (3) 2-way solenoid valves (for
SD and MDD flow strategy); (4) Pressure transducers; (5) Data acquisition system; (6) Computer;
(7) Calming section; (8) Test section; (9) Disengagement section; (10) Distributor.

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.

Nanomaterials 2023, 13, x FOR PEER REVIEW 10 of 17 
 

 

 (a)  (b) 

∆𝑷𝟒 

 

∆𝑷𝟑 

 

 (c)  (d) 

∆𝑷𝟐 

 

∆𝑷𝟏 

 

Figure 5. Variations in local pressure drop with air superficial velocity for defluidization runs of 

0.05 Hz pulsed fluidized bed; (a) Upper region (∆𝑃4); (b) Upper middle region (∆𝑃3); (c) Lower re-

gion (∆𝑃2); (d) Lower region (∆𝑃1). 

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 pres-

sure 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) 

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. 

 (a)  (b) 

∆𝑷𝟒 

 

∆𝑷𝟑 

 

Figure 5. Variations in local pressure drop with air superficial velocity for defluidization runs of
0.05 Hz pulsed fluidized bed; (a) Upper region (∆P4); (b) Upper middle region (∆P3); (c) Lower region
(∆P2); (d) Lower region (∆P1).

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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Figure 8. Amplitude spectral analysis of local pressure drop transients of 0.05 Hz pulsed fluidized
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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Figure 9. Amplitude spectral analysis of local pressure drop transients of 0.05 Hz pulsed fluidized
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.
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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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Figure 8. Histograms of the contact angle θw of the cotton fabrics treated by the nanocompos-
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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