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ARTICLE INFO ABSTRACT
Keywords: The development of nanomaterials has attracted increasing attention recently. The study of new technologies to
Zirconia obtain these materials becomes extremely important since the majority of the nanomaterials synthesized require
Nanoparticles ) reagents and solvents. These reagents and solvents are sometimes toxic and may generate harmful residues to the
Green synthesis environment and the health of living beings. Therefore, green synthesis is a potential alternative to obtain

Euclea natalensis
Adsorption
Tetracycline

nanoparticles, sustainably, using ecological sources. This study developed a method of synthesizing the green of
zirconia (ZrO,) nanoparticles using Euclea natalensis (Natal gwarri or Natal ebony tree with African origin) plant
extract. Moreover, the adsorptive properties against tetracycline were evaluated. A factorial design was applied
in the synthesis process, and an optimization of the reaction parameters (plant extract concentration, precursor
concentration, and calcination temperature) was also described for the first time in literature. The nanoparticles
were characterized using the XRD, FTIR and TEM techniques, and then subjected to batch adsorption tests. The
samples presented the zirconia monoclinic and tetragonal phases, according to the XRD analysis, yielding ma-
terials with minimum crystallite sizes equal to 5.25 nm. The FTIR spectra confirmed the results obtained by the
XRD, presenting band characteristic of the zirconia monoclinic and tetragonal phases. The particles had a
rounded morphology with a very low average diameter ranging from 5.90 to 8.54 nm. Moreover, the nano-
particles were applied to the adsorption of tetracycline. The samples were synthesized with vegetal extract and
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precursor concentration equal to 50 g L~ and 0.03 mol L™, respectively, and calcination temperature of 550 °C,
presented in the best performance (loading of 30.45 mg g~ !). The adsorption capacity of the zirconia synthesized
in this study was significantly higher than other common materials applied to tetracycline removal. The green
synthesis procedure, as well as the application of the zirconia nanoparticles to the adsorption of an emerging

pollutant, were promising.

1. Introduction

Emerging contaminants are compounds that are increasingly found
in the environment. Among this class of contaminants, drugs are the
ones most studied in the world, because they are constantly released
into the environment in large quantities [1-3]. Advances in nano-scale
technology have led to the use of nanoparticles in various science
branches. Nanotechnology and nanoscience aim to develop nanometer-
scale materials (1-100 nm). The great interest in these new materials
has to due to their reduced size and new or improved properties when
compared to larger particles [4-6].

Zirconium oxide (ZrO,), also known as zirconia, is a versatile ma-
terial which has been widely used in applications such as reinforcement
of structures, antimicrobial agent, adsorption, and photodegradation
[7-11]. It has enhanced thermal, mechanical, catalytic, corrosion, and
tribological properties [12].

Methods for the synthesis of zirconia nanoparticles have been in-
vestigated in some recent studies [13-15]. However, the conventional
methods used require sometimes toxic solvents generating harmful re-
sidues to health and the environment. Thus, the green synthesis in the
production of nanoparticles is promising [16-19].

Green synthesis is a method that uses non-toxic, biodegradable and
low-cost chemicals for the synthesis of nanomaterials [20-23]. Among
the biological resources that have potential use in nanoparticles
synthesis plant extracts, algae, fungi, and bacteria may be highlighted.
Plant extracts are very promising due to their complex chemical com-
position and the facilities to their extraction. They act in the synthesis
as a reducer and as a capping agent preventing the agglomeration of
nanoparticles during the crystal growth step [24]. Although there are
some studies using green synthesis for the preparation of zirconia na-
noparticles [20,25-27], many other contributions are still needed since
the great genetic variability of plant species can lead to chemical
composition variation depending on the plant studied. This factor can
interfere directly in the properties of the material obtained. Because of
that, the use of different species must still be evaluated.

Natal gwarri or Natal ebony (Euclea natalensis) is a tree of the
Ebenaceae family with African origin. Species of this genus are rich in
chemical compounds classified as naphthoquinones and terpenes.
Several applications of these compounds have been reported. Some of
their uses are in/as: biomedicine; antioxidant, antibacterial and anti-
fungal activity phytochemistry and pharmacological properties; and
acid-base indicator [28-31]. Naphthoquinones have functional groups
that may favor a reduction of the metal during synthesis, while the
terpenoids can serve as a capping agent due to their low electronic
density. Thus, it may facilitate the formation of particles with smaller
size and with inhibitory effect by the formation of agglomerates [29].

The proposal of a nanomaterial synthesized from a less en-
vironmentally aggressive route (green synthesis) is of paramount im-
portance. Also, the use of the Euclea natalensis extract as a reducer in the
synthesis of metal oxide nanoparticles is still not reported in the lit-
erature. Moreover, the studies found about other species of plants only
describe the synthesis and do not mention the optimization of the re-
action parameters. Furthermore, the application of zirconia oxide na-
noparticles as an adsorbent is not a novelty but it is not reported any-
where for emerging contaminants (tetracycline). Therefore, the present
study aims to develop a method to obtain zirconia (ZrO,) nanoparticles
from Euclea natalensis plant extract (used as a reducer in the synthesis of
a metal oxide nanostructured material for the first time). Moreover, it

will be evaluated the effect of the reaction conditions (extract con-
centration, precursor concentration, and calcination temperature) on
the characteristics of the particles obtained as well as their performance
as an adsorbent for the treatment of an emerging contaminant (tetra-
cycline).

2. Materials and methods
2.1. Materials

The roots of Euclea natalensis were collected in Maputo
(Mozambique). Their biological identity was confirmed by the biologist
Suzana Macuvele (Museu de Historia Natural-UEM). The analytical
grade zirconyl chloride octahydrate (ZrOCl,-8H,0) used was purchased
by Neon (Brazil).

2.2. Euclea natalensis extract preparation

Euclea natalensis roots were washed three times with tap water
followed by distilled water. After, they were dried in an oven at 60 °C
for 24 h and ground in a knife mill (SPLabor MA-340). The powder was
mixed with 500 mL of distilled water (with concentration determined
according to a factorial design), heated in a water bath at 80 °C for one
hour, and stirred in a magnetic stirrer for 20 min. The solution was then
filtered and reserved for use.

2.3. Factorial design

The synthesis conditions were determined from a 23 factorial design
with three central points. The factors and levels varied are shown in
Table 1.

The percentage of the tetragonal phase of the samples, the average
crystallite size and the amount of tetracycline adsorbed by the syn-
thesized material were used as the factorial design response.

Table 1
Factors and levels of the factorial design applied to the synthesis of zirconia
nanoparticles using Euclea natalensis extracts.

Factors Levels
-1 0 +1

01 Extract concentration (g~L’1) 50 75 100
02 Precursor concentration (mol-L ") 0.01 0.02 0.03
03 Calcination temperature (°C) 550 600 650
Sample Extract C. (gL~ 1) Precursor C. (mol L™ 1) Calcination T. (°C)
01 100 0.03 650

02 100 0.03 550

03 100 0.01 650

04 100 0.01 550

05 50 0.03 650

06 50 0.03 550

07 50 0.01 650

08 50 0.01 550

09 75 0.02 600

10 75 0.02 600

11 75 0.02 600
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2.4. Green synthesis of zirconia nanoparticles

Initially, 300 mL of zirconyl chloride solution was prepared and
added to a jacketed reactor with stirring at 900 rpm. 300 mL of Euclea
natalensis extract was added dropwise, with the aid of a peristaltic
pump in an average feed of 3.5 mL min~'. This mixture was stirred for
3 h. The dark color solution was then reserved and oven-dried at 105 °C
for 24 h. The precipitate, also dark-colored, was triturated in a mortar
and it was calcined in a muffle, according to the temperature de-
termined in the factorial design, for 3h. The white powder obtained
was stored in Eppendorf flasks for further characterization.

2.5. Zirconia nanoparticles characterization

The white powder obtained was characterized by X-ray diffraction
(XRD) on Shimadzu diffractometer (LabX XRD-6100) with 26 ranging
from 10 to 50° in steps of 0.02° and acquisition time of 1 s per step, the
temperature of 25 °C and using the Ka line of copper (0.1542 nm). The
XRDs were analyzed using X'pert Highscore Plus software for the
identification of the crystalline phase. The average crystallite sizes were
obtained using the Scherrer equation [Eq. (1)] estimated using the
software Origin 8.0 [32].

KA
~ Bcosd @

DXRD

where K is the constant that depends on the shape of the particles (equal
to 0.9 for spherical particles), A is the X-ray wavelength, 0 is the angle
of Bragg diffraction and p is the difference between the full width at
half maximum and the instrumental broadening.

The identification of functional groups was performed by Fourier
Transform Infrared Spectroscopy (FTIR) on Shimadzu FTIR
Spectrophotometer (IR Prestige-21). Also, the material was character-
ized by Transmission Electron Microscopy (TEM) using a JEM-1011
TEM microscope (TEM 100 kV). Finally, the particle diameter (Drgy)
was obtained by measuring 100 particles using the software ImageJ®.

2.6. Batch adsorption

In each experiment, 20 mL of tetracycline solution (20 mg L~ ") and
10 mg of adsorbent, under different conditions according to the fac-
torial design, were used. The mixture was stirred for 24 h at neutral pH
and at the temperature of 25 °C. The supernatants were centrifuged and
filtered on 20 pm filters (CHROMAFIL®). and The concentration of each
solution was determined in a UV-vis spectrophotometer at the
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wavelength of 357 nm using the Lambert-Beer law [33]. The tetra-
cycline loading was determined according to Eq. (2).

_ (Co - Ce)V
Q= = @

where q. is the load of tetracycline adsorbed, C, is the initial con-
centration, C. is the final concentration of tetracycline at the solution, V
is the volume of aqueous solution used in liters and m the mass of
adsorbent used.

3. Results and discussion
3.1. XRD

Fig. 1 shows the diffractograms obtained for the synthesized sam-
ples. There is a certain similarity between all the samples, presenting
the same peak characteristic of the monoclinic and tetragonal phases of
zirconia.

The percentage composition of the phases contained in each sample
is showed in Table 2. The diffractograms, except for sample 04, present
intense peak characteristic of the tetragonal phase (ICSD 072951).
Samples 05 and 06 presented the highest percentage of tetragonal zir-
conia (82% and 79%, respectively), while sample 04 yielded the highest
percentage (56%) of monoclinic zirconia (ICSD 060901). Most of the
samples present mainly the tetragonal phase.

Table 2

Phases contained in the synthesized zirconia nanoparticles, crystallite size
(Dxrp) calculated from the Sherrer equation and mean particle diameter (Dygy)
obtained from TEM images.

Sample Crystalline phase Dxrp (nm) Drgm (nm)
Monoclinic (%) Tetragonal (%)
01 26 74 7.20 8.53
02 31 69 5.72 6.19
03 40 60 5.82 6.81
04 56 44 41.71 -
05 18 82 8.19 8.30
06 21 79 6.03 5.90
07 34 66 5.94 8.49
08 39 61 5.25 7.47
09 31 69 6.00 8.29
10 28 72 6.27 8.54
11 30 70 5.88 8.10
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Fig. 1. Diffractograms of the synthesized zirconium oxide nanoparticles, where m is the characteristic peak of zirconia monoclinic phase and t is the characteristic

peak of zirconia tetragonal phase.
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Fig. 2. Pareto chart for the tetragonal phase percentage of the synthesized
nanoparticles.
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Fig. 2 shows the Pareto chart concerning the percentage of the
tetragonal phase of the nanoparticles obtained.

The increase of the precursor concentration in the synthesis favored
significantly to obtain nanoparticles with a greater percentage of the
tetragonal phase. The same behavior was observed regarding the cal-
cination temperature, where a higher temperature favors the formation
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of the tetragonal phase. In contrast, the plant extract concentration had
a negative effect on the process, i.e., a lower extract concentration fa-
vored the tetragonal phase of zirconium oxide nanoparticles. This is a
key feature through a green chemistry perspective since the beneficial
use of lower extract concentrations will lead to a smaller amount of the
material to be used in the synthesis [34].

Even after the sample calcination process, at the studied tempera-
tures, it is normal to obtain samples with a phase mixture [26,35].
Particles with the tetragonal phase have lower surface energy rather
than those with the monoclinic phase when the particle size is very
small. Asa result, smaller particles are preferably stabilized with the
tetragonal structure [36,37].

Table 2 also shows the crystallite size (Dxgrp) obtained for the zir-
conia nanoparticles synthesized. Sample 04, with a higher percentage
of monoclinic phase, presented the largest crystallite size. The sig-
nificant factors are highlighted in the Pareto chart presented in
Fig. 3(a).

The first-order factors were not significant in the process when
evaluating the crystallite size response. However, all second-order in-
teraction factors were significant, indicating that the relationship be-
tween the factors directly interferes in the crystallite size of the particles
obtained. In order to understand how each of these relations interferes
in the crystallite size, the surface response graphs were obtained for
each second-order interaction.

Fig. 3(b), shows the interaction between the extract and precursor
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Fig. 3. (a) Pareto chart and response surface for the interaction between (b) extract concentration and precursor concentration, (c) extract concentration and
calcination temperature and (d) precursor concentration and calcination temperature with respect to the crystallite size
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concentrations. It is possible to observe that by maintaining the pre-
cursor concentration fixed at the lower level and moving from the lower
to the higher level of the extract concentration, the results are in-
creasing considerably in the crystallite size obtained. On the other
hand, fixing the precursor concentration at the higher level and shifting
from the lower to the higher level of extract concentration resulted in
the opposite behavior, but with lower intensity. The exchange of the
extract and precursor concentrations results in the opposite effect.

The same behavior is observed when the precursor concentration
factor is replaced by the calcination temperature [Fig. 3(c)]. The re-
sponse surfaces are almost identical, this was expected since the effect
observed on the Pareto chart has the same signal and almost the same
intensity.

Fig. 3(d) shows the interaction of the calcination temperature and
the concentration of precursor. In this case, the results of keeping the
calcination temperature at the lower level and moving from the lower
to the higher level of precursor concentration are smaller crystallite
sizes. However, the results of fixing the calcination temperature at the
higher level and moving from the lower to the higher level of precursor
concentration were an increase in the crystallites size, but with lower
intensity, remaining = stable. Similarly, the results of exchanging the
calcination temperature and precursor concentration were the opposite
effects. The effect of increasing the crystallite size when increasing the
calcination temperature in the synthesis of zirconia nanoparticles was
already reported in the literature [38-40]. The same behavior was
observed herein (i.e., smaller crystallite sizes with lower calcination
temperature, maintaining the same precursor and extract concentra-
tions), except for the sample 04.

3.2. FTIR

Fig. 4 illustrates the FTIR spectra of all samples. All the spectra
presented the same peaks, varying only the intensity. It has also in-
dicated that all the synthesized samples presented some similarity re-
garding the chemical bonds and the functional groups.

In the region between 3200 and 3600 cm ™", it is possible to observe
a large band with variable intensity between the samples. This was
equivalent to the stretching vibrations of the —OH group, probably
resulting from the presence of residual water from the synthesis or
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adsorbed from the atmosphere. At 1600 cm™?, a weak band was as-

signed to bending vibration of physically adsorbed H,O [15].

In the region between 980 and 1180 cm ™! two intense peaks around
1014 and 1140cm™ can be highlighted. Peaks between 980 and
1100 cm ! usually indicate the presence of Zr-O binding bands char-
acteristic of the tetragonal phase of zirconia, and the presence of a peak
at 1140 cm ! may refer to a small translation of the tetragonal phase
[15].

Furthermore, the peaks found around 460 and 620 cm ~ ! have been
reported as results from the monoclinic phase of the material, corro-
borating with the results obtained in the XRD, where a mixture of the
monoclinic and tetragonal phases of the material was observed in all
the samples synthesized [41].

3.3. TEM

The morphology of zirconium oxide nanoparticles was evaluated by
TEM (Fig. 5) and it was observed that the synthesized particles pre-
sented a spherical shape. In addition, it is possible to note that the
particles tend to form agglomerates, a common feature of nanoparticles.
The particle size distribution images can be viewed on supplementary
material (Figure S1).

The frequency distributions, obtained to determine the particles size
from the transmission microscopy images (Drgm), showed a low dis-
persion that may indicate a certain homogeneity between the size of the
nanoparticles (Table 2). It was not possible to obtain the mean diameter
of the particles of sample 04, since, in the images obtained, the nano-
particles were very agglomerated and it was not possible to separate the
particle from the agglomerate. Furthermore, the particle size obtained
by TEM is in agreement with the crystallite size measured by XRD. This
behavior suggests that the measurement is more accurate and the ob-
tained zirconium oxide nanoparticles present particles with homo-
genous morphology [42]. It was not possible to obtain the behavior
from factorial design for this response since there was no response from
the sample 04.

Table 3 shows the particle size obtained in previous works using
different plant extracts. It is possible to observe that the nanoparticles
synthesized in this work have presented a very small size, below 10 nm,
which indicates that the use of Euclea natalensis extract is promising.

Transmitancia (%)

T T T T =T T
4000 3500 3000 2500 2000 1500 1000 500

Numero de onda (cm’)

Fig. 4. FTIR spectra of the zirconium oxide nanoparticles synthesized.
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Fig. 5. Transmission Electron Microscopy (TEM) images and frequency distribution of the particle diameter of the zirconium oxide nanoparticles synthesized.

Table 3
Particle size obtained for zirconia nanoparticles synthesized in previous works
using different plant extracts.

Plant Extract Particle Diameter (nm) Ref.
Euclea natalensis 5.90-8.54 This work
Eucalyptus globulus 9-11 [20]
Rosmarinus officinalis ~ 16 [43]
Lagerstroemia speciosa ~ 56 [44]
Curcuma longa 41-45 [26]

3.4. Synthesis mechanism proposed

The mechanism for the reduction and stabilization of zirconia na-
noparticles from biomolecules is still poorly described in the literature.
The formation of the nanoparticles consists mainly of three stages: the
reduction of ions, the grouping of nanoparticles and the nanoparticles’
subsequent growth. The characteristics of each stage depend on the

nature of the reducing agent, its concentration, and reaction conditions
[16].

A possible mechanism for the synthesis of the zirconia nanoparticles
was proposed based on the basic reaction equation of zirconia forma-
tion from the reduction zirconyl chloride [45,46] and considering the
major biological compounds already reported in the Euclea natalensis
roots extract [29] as it is shown in Fig. 6.

The four compounds used in this proposal are pentaciclic terpenoids
(lupeol, betulin and p-sitosterol) and naphthoquinones (diospirine,
shinanolone and 7-methyljuglone) (Table 4 and Figure S2). The —OH
groups present in these biomolecules, such as quercetin, may be re-
sponsible for the reduction of the nanoparticles [16,47]. It is possible
that the tautomeric transformation of the enol compounds into the keto
form releases the reactive hydrogen atom, which reduces the ions of the
molecule with zirconium. As a result, after the calcination, it has the
nanoparticles of zirconia since at the temperatures used the organic
matter presented after the reaction is removed [48]. The biomolecule,
besides acting as an ion reducer, also assists in the termination process,
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Fig. 6. Proposed mechanism for the synthesis of ZrO, nanoparticles via different biological compounds.

Table 4
Terpenoids and naphthoquinones reported in the literature as present in Euclea
natalensis roots, adapted from [29].

Compouds Chemical formula Classification Ref.
Shinanolone C11H;203 naphtoquinone [50]
Diospyrin C22H;1406 naphtoquinone [51]
7-methyljuglone C;;HgO3 naphtoquinone [52]
Betulin C3oHs002 terpenoids [53]
Lupeol C3oHs00 terpenoids [54]
B-sisterol CaoH500 terpenoids [54]

once the rest of its chain serves as a stabilizer for the nanoparticle
formed, avoiding its agglomeration [49].

3.5. Adsorption

Fig. 7 shows the amount of tetracycline adsorbed in each sample. In
addition, a test of comparison of means was executed to determine if
there is a significant difference between the samples. Sample 06 pre-
sented the best adsorptive capacity, followed by samples 08 and 02.
Although sample 06 did not yield the smallest crystallite size (according
to the X-ray diffractograms), it presented a larger percentage of tetra-
gonal phase, what may justify its superior adsorption performance [36].
Moreover, the transmission electron microscopy images indicated that
sample 06 presented the smaller mean particle diameter (and,

Sample

Fig. 7. Results of batch adsorption for the synthesized nanoparticles (Samples
identified with the same letter did not present significant difference (p < 0.05)
in the Tukey test).

consequently, the higher surface-to-volume ratio) when compared to all
nanoparticles synthesized.

Table 5 presents a comparison of the adsorption capacity obtained
in the present work with different adsorbents tested against tetra-
cycline. The synthesized nanoparticles have a promising adsorptive
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Table 5

Adsorptive capacity of tetracycline for different adsorbents.
Adsorbent C, (mg/L)
Zirconia nanoparticles 20 0.5
Nanocrystalline cellulose 20 1.5
Rice straw 32 3.0
RCGEM 50 2.0

Adsorbent concentration (g/L) qe (mg/g) Ref.
30.45 This work
5.66 [55]
14.16 [56]
19.02 [57]

(a)

(1)Extrato (g/L)

1by3

3.138
(2)Precursor (mol/L) 2.787

2by3 2.76

(3)Temperatura (°C) -2.565

1by2 0.677

1%2*3 0.156

3.58%

p=0.05

(b)

> 28
B <28
[1<26
B <24
<22

Fig. 8. (a) Pareto chart and (b) response surface for the interaction between the extract concentration and calcination temperature with respect to the tetracycline

adsorption.

capacity, being the first work to test this material as a tetracycline
adsorbent.

The adsorptive capacity of the material was also characterized as a
factorial response. According to Pareto chart [Fig. 8(a)], only the in-
teraction between the extract concentration and the calcination tem-
perature was significant in the process (p < 0.05). Thus, the response
surface that relates these two factors were generated [Fig. 8(b)].

There is a decrease in the adsorptive capacity of the material When
fixing the extract concentration at the lower level and moving from the
lower to the higher level of the calcination temperature. The same
behavior is observed when the calcination temperature is fixed at the
lower level and one moves from the lower to the higher level of the
extract concentration factor. In contrast, the effect is the opposite when
setting one of the factors at the higher level.

Therefore, the nanoparticles obtained with extract concentration of
50 gL~ ! and calcination temperature of 550 °C should present the op-
timal performance, regardless of the precursor concentration. This
evidence was confirmed herein since samples 06 and 08 presented the
best performance and were prepared using the synthesis conditions
previously mentioned.

4. Conclusions

The method proposed for the synthesis of zirconia nanoparticles
using Euclea natalensis root extract was effective, and materials with
monoclinic and tetragonal phases were obtained. The factorial design
showed that the first-order factors were significant for the phase com-
position, where a higher concentration of precursor, lower concentra-
tion of vegetal extract and higher calcination temperature favored the
formation of the zirconia tetragonal phase.

The nanoparticles presented a crystallite size ranging from 5.25 to
41.71 nm. For this response variable, the second-order interaction
among the factors was significant in the process. In the infrared spectra
analysis (FTIR), the characteristic bands obtained corroborated the XRD
results, presenting Zr-O binding bands characteristic of the monoclinic
and tetragonal phases. Moreover, TEM images indicated that spherical

nanoparticles with very small average diameters (5.90 nm - 8.54 nm)
were produced.

Furthermore, sample 06 (with a larger percentage of tetragonal
phase) presented the best adsorptive capacity for tetracycline
(30.45mg g™ "), indicating that the interaction between the extract
concentration and the calcination temperature is significant for the
adsorption process.
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