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Abstract

Medina-Moreno, S. Huerta-Ochoa, C.A. Lucho-Constantino, L. Aguilera-Vázquez, A. JiménezThe synthesis of spheroidalS.A.
high
purity zinc oxide (ZnO) and crystal size in a range of 20 and 45 nm, using the semicontinuous
González
M. Gutiérrez-Rojas
precipitation method is reported
in ythis
work. The ZnO nanoparticles (ZnO-NPs) were made by hydrolysis of Zn(NO3 )2 with
NaOH aqueous solution
precipitation
at temperatures
belowde90
°C. The ultrafine
powder
of ZnOácidas
was analyzed by X-ray
259and
Crecimiento,
sobrevivencia
y adaptación
Bifidobacterium
infantis
a condiciones
diffraction (XRD), where the formation of ZnO nanoparticles and hexagonal crystal structure (wurtzite) was corroborated.
(Growth,
survival
and adaptationelectron
of Bifidobacterium
acidic
conditions)
Spheroidal nanoparticles were
observed
by transmission
microscopyinfantis
(TEM)toand
energy
dispersive aX-ray (EDX) spectra
3 was performed to grant statistical validity
confirming the presence ofL.high
purity
ZnO-NPs.
A
factorial
experimental
model
2
Mayorga-Reyes, P. Bustamante-Camilo, A. Gutiérrez-Nava, E. Barranco-Florido y A. Azaolaof the experimental procedure. The antibacterial activity of ZnO-NPs was tested by the agar disk diffusion method, against S.
Espinosa
aureus and E. coli.
265 Statistical
to optimizationantibacterial.
of ethanol fermentation by Saccharomyces cerevisiae in the
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Resumen

presence of Valfor® zeolite NaA

En este trabajo se reporta la síntesis de nanopartículas esferoidales de óxido de zinc (ZnO), obtenidas por precipitación
(Optimización
de Saccharomyces
cerevisiaeseenobtuvieron
presencia demediante
semicontinua con tamaño de
cristal en elestadística
rango dede
20layfermentación
45 nm. Las etanólica
nanopartículas
de ZnO (ZnO-NPs)
hidrólisis de Zn(NO3 )2 con
solución
de zeolite
NaOHNaA)
y precipitadas a temperaturas inferiores a 90 °C. El polvo ultrafino obtenido
zeolita
Valfor®
de ZnO, fue analizado porG.difracción
de rayos
(XRD), dondeG.seF.corroboró
la formación
de ZnO-NPs con una estructura
Inei-Shizukawa,
H. A.XVelasco-Bedrán,
Gutiérrez-López
and H. Hernández-Sánchez
hexagonal (wurtzita). Se pudieron observar nanopartículas esferoidales por microscopía electrónica de transmisión (TEM) y,
mediante energía de dispersión de rayos X (EDS), también se confirmó la alta pureza de las ZnO-NPs. Así mismo, se realizó un
de procesos / Process
engineering experimental y, se probó la actividad antibacterial de ZnO-NPs
diseño factorial 23 paraIngeniería
validar estadísticamente
el procedimiento
por el método de difusión
en
agar
para
las
bacterias
S.
aureus yRevisión
E. coli. crítica y adecuación de los criterios empleados en
271 Localización de una planta industrial:
Palabras clave: Nanopartículas
de
ZnO,
análisis
estadístico,
precipitación,
antibacterial.
esta decisión
(Plant site selection: Critical review and adequation criteria used in this decision)

1

Introduction

J.R. Medina, R.L. Romero y G.A. Pérez

Perhaps, ZnO is one of the most studied materials,
because it presents high versatility in applications at
low cost. This material is used in the production of
lasers (Zhang et al., 2009), sensors (Lupan et al., 2014;
Kalyamwar et al., 2013), photovoltaic cells (Gosh et

al., 2013; Flickyngerová et al., 2010), antimicrobials
(Gosh et al., 2015), piezoelectric materials (Reshak
et al., 2014; Gullapalli et al., 2010), nanofiltration
membranes (Pérez - Sicairos et al., 2016) and it is
part of nanostructured materials such as nanorods
(Devaraj et al., 2013), and nanospheres (Onwudiwe et
al., 2015), where physical-chemical properties change
according to the structure type and particle size.
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Several methods have been used to prepare ZnO
nanostructures. Among them, we can mention spray
pyrolysis (Filali et al., 2015), microemulsions either
inverse or bicontinuous (Sharma et al., 2014; JenChieh et al., 2012; Hingorani et al., 1993), sol-gel
process (Wasan et al., 2012), chemical precipitation
(Ovando-Medina et al., 2018; Pookmanee et al., 2010;
Swaroop et al., 2015), hydrothermal (Shim et al.,
2011; Xia Kong et al., 2017), polymeric precursor
(Pechini) (Devaraj et al., 2013), sonochemical (Geng
et al., 2012) and solochemical (Gusatti et al., 2010;
Gusatti et al., 2011; Gusatti et al., 2013; Sornalatha
et al., 2015). The most used colloidal methods to
synthesize ZnO-NPs with controlled size has been
by inverse microemulsion, obtaining particle size less
than 10 nm, but with the drawback of low yield, and
bicontinuous microemulsion. This last one with high
yield but bigger nanoparticles (Romo et al., 2011;
Hingorani et al., 1993; Lim et al., 1998).
The chemical precipitation method presents
some advantages because it is not necessary
addition of organic solvents or surfactant agents.
Moreover, calcination of precipitates is not required.
Furthermore, it is possible to prepare different
structures, that depends on temperature and both; type
and concentration of the precursor agent. Nanorods
of ZnO were synthesized by Gusatti et al. (2013),
they used ZnCl2 as precursor, temperatures of 50,
70 y 90 ºC and concentrations of 0.3 and 0.5 mol/L of
ZnCl2 . The temperatures of 50 and 70 ºC had influence
on particle size, however, at temperatures of 90 ºC
and 0.5 mol/L, the particle size did not increase. This
behavior was attributed to the formation of Zn(OH)2
clusters induced by high temperatures (90 ºC). On
the other hand, Shymaa S. A. and Asmaa S. (2014),
perform synthesis of nanorods at two temperatures:
70 and 80 ºC, using zinc nitrate hexahydrate as
a precursor agent. There are several methods to
synthesize different ZnO structures that depend of
precursor agent. Zinc nitrate hexahydrate and zinc
acetate dehydrate were used to synthesize cauliflowerlike nanoflower ZnO nanostructures, respectively.
Spherical and hexagonal structures were prepared,
by using different precipitant agent and concentrations
(Sornalatha et al., 2015).
In this work, we report the synthesis of ZnONPs at low temperatures using the semicontinuous
precipitation method and the influence of the variables
involved in the particles size, such as, precursor
agent concentration, temperature and addition time of
precipitant agent. By this method, we obtained high
yield inorganic nanoparticles in a better sustainable
1180

way. The inferences were based on statistics methods.
ZnO-NPs were observed by transmission electron
microscopy (TEM) and characterized by X-ray
diffraction (XRD).

2

Materials and methods

Zinc nitrate hexahydrate Zn(NO3 )2 ·6H2 O 98% pure
(Sigma-Aldrich) and sodium hydroxide NaOH, 98.2%
pure (Golden Bell), were used as received. De-ionized
and triple-distilled water with conductivity smaller
than 6 µS/cm was used.

2.1

Experimental design

The different combination of three variable was
explored in a factorial experimental model 23 , i.e.,
Zn(NO3 )2 ·6H2 O molar concentration, reaction time
and temperature. Two levels for each parameter was
tested. For concentrations as precursor agent of the
ZnO-NPs, the levels were 0.1 and 0.5 M, for the
reaction temperature were 65 and 80 °C and for the
time were 60 and 90 minutes. Table 1 shows the
complete formulations. The statistical analysis was
performed by Statgraphics (Warrenton, VA).

2.2

Precipitation of ZnO-NPs

The precipitation reaction was carried out in duplicate,
using a 250 mL jacketed glass reactor. The reactor had
an inlet for feeding of the NaOH aqueous solution.
The procedure reaction started with loading the zinc
nitrate aqueous solution (75 mL) into the reactor, and
the temperature was carried out, either 65 or 80 °C.
Then, the stoichiometric quantity of NaOH aqueous
solution 1 M was added semicontinuously using a
syringe, at one-minute intervals, by either 60 min or
90 min according to Table 1. Finished the addition
of the precipitated agent, the system was allowed
proceed for 30 minutes more, keeping temperature
and agitation. Nanoparticles of ZnO obtained were
washed by mixing it with a water-acetone solution
(81/19, w/w) at room temperature, and placed into
an ultrasonic bath to remove unreacted materials. The
resulting mixture was then centrifuged at 9500 rpm to
separate solids. This procedure was followed several
times to obtain the most purified ZnO-NPs. Finally,
purified materials were dried in an oven at 60 °C for
24 hours.
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2.3

ZnO-NPs characterization

The presence and purity of ZnO-NPs in the
ultrafine powder obtained at the end of purification
procedure, was determined by energy dispersive Xray spectroscopy coupled to a scanning electron
microscopy (SEM-EDS) from Tescan, model MIRA 3
LMU-Bruker. The structure and size of ZnO-NPs were
obtained by XRD in an Empyrean diffractometer from
PANalytical. ZnO purified powders were scanned in
the range of 10 to 90, 2θ degrees, by which the
diffraction patterns of the ZnO-NPs were obtained.
Morphology of ZnO-NPs was confirmed by TEM in a
JEOL-1010 apparatus. The ZnO purified powder was
re-dispersed in distilled water and a drop of dispersion
was deposited on a copper grid, allowing evaporate
the solvent at room temperature. The particle average
crystal sizes were obtained by using the Scherrer
equation:
d=

Kλ
β cos θ

(1)

being d the mean diameter of the nanoparticles, in nm,
K the dimensional factor (0.9), λ the X-ray wavelength
(0.154 nm), β the line broadening at half the maximum
intensity in radians, and θ the Bragg’s angle.

2.4

Antibacterial activity of zinc oxide
nanoparticles

The ZnO-NPs synthesized was tested for antibacterial
activity by agar disk diffusion method against the
Gram positive pathogenic bacteria Staphylococcus
aureus (ATCC 25923) and Gram negative Escherichia
coli (ATCC 25922). Briefly, after the pure cultures
of bacteria were subcultured on nutrient broth,
0.15 mL (approximately 107 CFU/mL) of a bacterial
suspension of a 0.5 McFarland standard inoculum
of each strain was spread homogeneously onto the
individual agar plates using sterile cotton swabs.
Sterile filter paper disc (6 mm diameter) impregnated
by three different ZnO-NPs concentration (1, 2,
3 mg/disc), were placed on the nutrient agar plates
on which bacteria were spread. The resulting growth
of bacteria was observed after 24 h of incubating the
plates a 37 °C, the presence of inhibition zones was
measured. For each bacterial strain, three replications
were performed.
Determination of minimum inhibitory concentration
(MIC) of ZnO-NPs. MIC is defined as the lowest
concentration of the antimicrobial agent that inhibits

the growth of microorganism after 24 hours of
incubation (Mostafa et al., 2015). The ZnO-NPs
were used to determine its minimal inhibitory
concentration (MIC) to evaluate its efficiency in
controlling pathogenic bacteria (S. aureus and E. coli).

3

Results and discussion

Nanoparticles of zinc oxide were synthesized by
the conditions described above. During the reaction
process, at the beginning of the addition of NaOH,
the clear solution changed slightly to whitish, which is
indicative of the formation of zinc oxide nanoparticles.
Throughout the reaction time, stable solutions were
observed, that is, they did not show coalescence. The
formation of zinc oxide nanoparticles starts from the
Zn2+ ions from the Zn precursor agent, which react
with OH− ions from the NaOH, producing complexes
Zn(OH)−2
4 , which when reaching the saturation point
they decompose in nuclei ZnO (Shymaa et al., 2014),
and from there, the process of growth of the ZnO NPs
begins.
Through statistical analysis (discussed below),
only statistically validates the variables that influence
the crystal size. This analysis shows that the variable
that has the most influence statistically is the
concentration of the precursor agent on the response
variable that is crystal size measured through the
Scherrer equation.

3.1

EDS analysis

After purification process, the collected ultrafine
powders were first analyzed by SEM-EDS to verify the
ZnO presence and purity from it. The EDS spectrum
is shown in Fig. 1, where an intense signal at 1 and
8.7 keV by the presence of ZnO is observed.

Fig. 1. EDS spectra of zinc oxide nanoparticles.

www.rmiq.org
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Fig. 2. XRD pattern of ZnO. a) Powder synthesized at 80 °C. b) ICDD No. 36-1451.

3.2

X-Ray diffraction pattern

Fig. 2 (a) shows the XRD pattern diffraction of ZnO
powder for the sample synthesized at 80 °C, with
the dosage time of 60 minutes and Zn(NO3 )2 ·6H2 O,
0.1 M (experiment 6 in Table 1). XRD pattern of
the precipitate shows ZnO material with hexagonal
wurtzite structure (36-1451, Fig. 2 (b)), as shown by
Gusatti et al. (2011). All diffraction peaks show small
deviations from the 2θ angles of: 32°, 34°, 36°, 48°,
57°, 63°, 66° and 68°, that correspond to the crystalline
planes: (100), (002), (101), (102), (110), (103), (200)
and (112).
The deviations in 2θ angles are attributed to
the fact that the structure of ZnO nanoparticles are
not perfect crystals, but rather they present small
irregularities. Similar XRD patterns were obtained
for all samples. These results confirm that ZnONPs were formed with low size and high purity (no
other crystalline planes were found). Table 2 shows
the crystal size estimated with Scherrer equation
calculated with the (101) plane and the percent yield
calculated by gravimetric analysis, where stand outs
the crystal size increase since 23 nm to 31 nm and
reaction performance above 90%.
According to Table 2 in conjunction with the
statistical analysis, it is observed that the higher the
concentration, the smaller the particle diameter, that
is, the crystal size for the samples made with a
concentration of 0.1 M are greater than for those
made with concentration of 0.5 M, this due to the
Zn2+ /OH− ratio (Gusatti et al., 2013), since the higher
1182

the ratio as in the case of the 0.5 M concentration, the
creation of nucleation centers is favored, decreasing
the aggregation speed due to the high competition
between them and the low availability of Zn2+
ions resulting in slow growth and small sizes, in
the case of the concentration of 0.1 M the ratio
Zn2+ /OH− is lower, when adding the NaOH solution
semicontinuously, few nucleation centers are created
that grow rapidly interacting with the high availability
of surrounding Zn2+ ions, so the rate of aggregation is
greater creating larger crystals. It is also observed that
there is no significant difference between the crystal
size with respect to the temperature of 65 °C and
80 °C, since the average diameters are very similar.
Table 1. Factors and levels considered on the
experimental design.
Experiment

Concentration
(M)

Time
(min)

Temperature
(ºC)

1

0.1

60

65

2

0.1

60

80

3

0.1

90

65

4

0.1

90

80

5

0.5

60

65

6

0.5

60

80

7

0.5

90

65

8

0.5

90

80

www.rmiq.org
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For the reaction time of 60 min and 90 min,
we can infer that it has a slight influence on the
crystal size, that is, when changing from 60 min
to 90 min of reaction time, there is an increase of
around 2 nm in the size of the crystal, although it
was expected that the crystal size would be smaller
when increasing the reaction time, since the ratio of
Zn2+ /OH− is increased. This is disadvantaged by the
fact that there is greater interaction between the same
nanoparticles and ions Zn2+ available for a longer
time, thus increasing its size and decreasing the effect
of the Zn2+ /OH− ratio.

3.3

Transmission
analysis

electron

microscopy

ZnO-NPs structure was observed and analyzed by
TEM. Fig. 3 shows a micrograph of purified powder
from the synthesized sample in experiment 5 (Table 1).
Nanoparticles of different size (similar of that obtained
from Scherrer equation) with irregular hexagonal
structure (similar to XRD pattern) can be appreciated,
but some of them are agglomerated as reported Gusatti
et al., 2011. Similar micrographs ware obtained for all
the samples, with a size distribution between 20 and
45 nm, this agrees whit the size of the crystal estimated
with Scherrer equation; Table 2 shows the average
diameters for all the samples. This type of structure
is attributed to the form of synthesis performed; since,
in other reports in the literature (Gusatti et al., 2013;
Shymaa et al., 2014; Sornalatha et al., 2015), for
similar conditions of concentration and temperature of
50 ºC and 70 ºC, but adding the precursor agent of ZnO
slowly over the NaOH solution, nanorods are obtained.
Table 2. Crystal size estimated with Scherrer equation
and Dn determined by TEM.
Experiment

Crystal Size
Scherrer
equation (nm)

Diameter
(nm)
TEM

Yield
(%)

1

27

34.2

93.1

2

27.9

33.4

92.2

3

31.3

35.8

94.5

4

26.7

32.6

91.2

5

25.7

32.1

90.4

6

23.5

28.4

89.9

7

26.7

29.5

87.7

8

27.8

33.2

91.2

Fig. 3. TEM micrograph and their histogram of sample
obtained at 65 °C, 60 minutes of reaction time and
0.5 M of zinc nitrate.
This due to that there is a low ratio of Zn2+ /OH−
(high pH) that favors the growth of the particles
until developing in nanorods, since there are few
nucleation centers with high availability of Zn2+
ions (Gusatti et al., 2013). Spheroidal structures are
also reported when the reaction temperature increases
to 90 ºC (Gusatti et al., 2013). In our case, the
structure obtained for all our samples is spheroidal
type obtained at temperatures below 90 ºC. This
morphological structure is attributed to the preparation
method, and the agent that was added was NaOH in a
semicontinuous manner, so that the Zn2+ /OH− ratio is
high (low pH) which allows to create many nucleation
centers that grow slowly as there is availability of
OH− groups. When adding NaOH, at the same time
these OH− groups react quickly, allowing the pH to be
maintained low throughout the reaction.

3.4

Statistical approach

The effect of the three variables, concentration (A),
time reaction (B) and temperature (C), assuming that
these influences the crystal size of ZnO synthesized,
this last one as response variable, was tested in
an analysis of variance (ANOVA) study with a 23
factorial design.
www.rmiq.org
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Table 3. Analysis of variance (ANOVA) from the different variables studied.
Source

Sum of
Squares

MEan
Square

F-Ratio

P-value

Df

25.6936

1

25.6936

5.73

0.0436

B:Time

14.005

1

14.005

3.12

0.1151

C:Temperature

3.5865

1

3.5865

0.8

0.3972

AB

0.36012

1

0.36012

0.08

0.7841

AC

3.10053

1

3.10053

0.69

0.4298

BC

0.317175

1

0.317175

0.07

0.797

Blocks

2.85435

1

2.85435

0.64

0.448

Total error

35.8674

8

4.48343

Total (corr.)

85.7847

15

A:Concentration

Fig. 4. Standardized pareto chart for crystal size.

Fig. 5. Effect of concentration, time and temperature
on crystal size.
One advantage of the method is that this also
regards the interactions between these variables on
the response. These are called AB, AC, and BC
as the concentration-time interaction, concentrationtemperature interaction and the time-temperature
one, respectively. The statistical procedures were
performed according to the most consulted and
1184

referenced theory and literature (Montgomery, 2017).
On this way, a p-value for each factor below 0.05
indicates 95% of statistical significance of cause and
effect evidence. The results obtained from the analysis
of variance (ANOVA) are shown in Table 3. It shows
the sum of squares, freedom degrees (Df), squares
mean, F-Ratio and P-Value. It is observed that the only
P-value less than 0.05 is for the concentration, with
95% confidence it can be said, that is the only variable
that has an influence over the crystal size of ZnONPs, meanwhile the others variables, reaction time and
temperature, have not statistical significance in their
correlation with size.
Because ANOVA only predicts the factors that
affect significantly the crystal size but not the way
in which they do it, is necessary to describe how
each factor acts to understand the corresponding
correlations. Fig. 5 shows the main effects produced
for the variables: concentration, time and temperature
over the crystal size, where we can observe that
when we increase the concentration of the precursor
solution, the crystal size decreases. The same effect
is observed when the temperature increases. However,
when the reaction time is longer, the size of the
crystal grows. On the other hand, although other
authors have reported similar results with respect
to crystal size (Gusatti et al., 2013; Shymaa et al.,
2014; Sornalatha et al., 2015), correlation with time
and correlation temperature are not enough significant
in their statistics, so such factors have a very poor
influence on the size of the crystals. An increase the
concentration of the precursor solution, a decreasing
in crystal size is produced.

www.rmiq.org
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Fig. 6. Inhibition zone for a) E. coli b) S. aureus.
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