Elaboration of spherical particles of PMMA/ZnO through macroporous
polymer networks
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In this study, it is explained how spherical particles of poly(methyl methacrylate) (PMMA)/ZnO were synthesised in the presence of a
polymer matrix of galactopyranose for their control growth. The objective of this research is to show the development of particles
using the sol-gel method and the participation of a polysaccharide network. This method can increase the formation of stable
spherical particles due to the hydrogen bonds junctions present in the walls of the polysaccharide network. The results of the formed
tablets immersed in simulated body fluid indicate that there is no evidence of corrosion in the presence of PMMA/ZnO nanoparticles.
The maximum roughness average (Rn.x) and roughness value (R,) were 0.41 and 1.27 nm, respectively. The absorbance values
showed significant changes when 10% polysaccharide concentration was used both in the presence and absence of the PMMA/ZnO
nanoparticles. The particles were characterised by scanning electron microscopy, atomic force microscopy, powder X-ray diffraction
(PXRD), X-ray elemental mapping, ultraviolet—visible spectrophotometry, and energy dispersive X-ray spectroscopy. The PXRD analysis
shows the crystalline and amorphous phases of the composite at 400°C. The size range of the synthesised particles was between 30

and 100 pm.

1. Introduction: Poly(methyl methacrylate) (PMMA) is a very
versatile polymer that has many applications in the fields of
medicine, dentistry, and industry due to its physical and chemical
characteristics [1]. In the same way, several methods have been
developed for the synthesis of various structures such as micro-
and nanoparticles, vehicles for the release of drugs at the cellular
level, among others [2, 3]. One of the applications that has drawn
great attention is the elaboration of ocular lenses and prosthetic
materials for dentistry and medicine, which have been mixed with
other types of materials such as zinc oxide to form bone matrix
[4]. There are also other PMMA/ZnO joints to synthesise grafts
[5]. In the study of biocompatibility of these materials, studies on
the HeLa linkage can be highlighted, in which the biosafety
effectiveness of the PMMA/ZnO nanoparticles is demonstrated
[6]. The other uses of PMMA/ZnO particles in the electrical field
include the manufacture of composites for the dielectric
permittivity study through the casting technique [7]. In the same
way, the mechanical and electrical properties of the PMMA/ZnO
nanocomposites have been explored using the Unsaturated
Polyester (UPE) polymer in solution, finding a significant
improvement in their properties [8]. Another application of
PMMA/ZnO spherical particles is to study their optical properties
for the modification of the refractive index of the measured
precipitation [9]. Similarly, a method was proposed for evaluating
the response of ethanol’s overheating to synthesise temperature
sensors using PMMA [10]. Various techniques have been
developed for the synthesis of PMMA/ZnO particles such as in
situ  emulsion polymerisation for evaluating their electrical
conductivity [11]. In addition, the functions of PMMA/ZnO
nanocomposites have been used in the field of solar cells to
acquire a greater thermal control through microwave heating by
using the reflux method [12]. From these studies arose a need to
look for different alternatives of synthesis such as the casting
method, the sol-gel technique, polymerisation experiments,
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synthesis at the ZnO nanoscale in PMMA and its characterisation
[13, 14].

2. Materials and methods: For the synthesis of PMMA/ZnO
particles, a solution of 300 ml of ethanol and 70 ml of acetic acid
was used to which 20 g of PMMA (CsO,Hg)n and 10 g of ZnO
were added. Subsequently, this solution was added to a 10%
aqueous solution with 0.3 g of galactopyranose polymer, which
was previously heated in a Corning PC-351 hot plate magnetic
stirrer to a temperature of 30°C for 30 s to form a gel. In this
way, once the polymer matrix is formed, the growth control of
the PMMA/ZnO particles is achieved in an organised way within
the matrix pores. Once the gel containing the particles was
formed, it was placed in a 1.5ml tube and centrifuged at
12,000 rpm in an Eppendorf 5424 microcentrifuge for 5 min at
room temperature to form a tablet, then it was washed for 3 min
with deionised water to clean the gel residues and was dried for
5 min and placed in a flask furnace Felisa 340 at 400°C for 1 h.
The resulting powders were subsequently stored until they were
used for the test in a simulated body fluid (SBF).

2.1. Preparation of SBF: The SBF was prepared by mixing the
following laboratory reagents: sodium bicarbonate, sodium
chloride, buffer tris(hydroxymethyl)aminomethane, pH 7.25,
potassium chloride, calcium chloride, dibasic potassium
phosphate, hydrogen chloride, and sodium sulphate into deionised
water, according to the Kokubo method [15].

2.2. Preparation of PMMA/ZnO particles to test in SBF: To
conduct the test of the PMMA/ZnO particles in a SBF solution, a
10% solution of 1 ml of acetone was prepared to which 1 g of
PMMA/ZnO particles was added for a period of 15 min in a Cole
Parmer 8892 ultrasonic cleaner, subsequently the particles were
compacted forming tablets at 4000 psi with dimensions of 1 cm
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in diameter and 3 mm thickness in a hydraulic press machine
(Monarch). Once the tablets were formed, they were immersed in
SBF at 36.5°C for 4 weeks in a Neslab Exacal Bath Circulator
EX 200DD. Afterwards, the tablets were washed several times
and dried at room temperature for a day to be analysed by
scanning electron microscopy (SEM; JEOL 444) and atomic
force microscopy (AFM) (Nanosurf); the crystalline phase of
powders was identified by powder X-ray diffraction (PXRD)
using a CuK (@) source at 0.1542nm in a Phillips X’PERT
X-Ray diffractometer. The chemical elements were characterised
by energy dispersive X-ray spectroscopy (EDX) and X-ray
elemental mapping.

2.3. Preparation of samples for absorbance: Firstly, a 10% solution
was prepared with 0.3 g of polysaccharide in 50 ml tubes with
deionised water in the absence of PMMA/ZnO. A second 10%
solution was prepared with 0.3 g of polysaccharide to which the
PMMA/ZnO composite was added in 50 ml tubes with deionised
water. Subsequently, the absorbance of both solutions was
measured by an ultraviolet—visible (UV—Vis) spectrophotometer
using quartz cuvettes ranging from 190 to 1100 nm.

3. Results and discussion: The compounds were morphologically
characterised by SEM. Fig. la shows an image of particles of
30-100 um diameters. In Fig. 1b, one can see the composite
tablets once they were compacted to perform the analysis
corresponding to the test in the SBF. Fig. 2 shows an SEM image
of a PMMA/ZnO in the absence of the polysaccharide network
and Fig. 3 shows an aggregate of the PMMA/ZnO spherical
particles in the presence of the polysaccharide network. In these
images, it is clearly shown that the importance of the polymer
matrix participation in the creation of spherical morphology;
besides the fact that there is an electrostatic interaction in the
union of the PMMA molecules and zinc oxide due to the ionic
packaging in which there is a greater presence of cations when
the polysaccharide network is near, which would greatly exceed

Fig. 1 Compounds of PMMA/ZnO particles
a PMMA/ZnO particles,
b PMMA/ZnO tablets with the applied method SEM

Fig. 2 PMMA/ZnO in the absence of the polysaccharide network with the
applied method SEM
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Fig. 3 PMMA/ZnO particles formed in the presence of the polysaccharide
network with the applied method SEM

the concentration of anions; these cations can occupy the gaps
that remain between the layers. In this manner, the formation of
particles is a process in which the polysaccharide array plays a
very important role due to the fact that its fibres start the process
of gelation, therefore, the sol solution is slowly converted to gel
and in this way the particles maintain a controlled growth by
means of the polysaccharide network, avoiding loss of energy
when the PMMA and ZnO precursors are interact.

Similarly, the morphology is controlled by the interfacial ener-
gies that include the free energy present in the polymer network,
PMMA/ZnO nanoparticles, volume and interface’s free energies,
achieving a balance to organise the system and to make way for
the development of microstructures without decreasing the total
free energy of the whole mechanism.

In Fig. 4a, AFM shows the topography of the surface of the
PMMA/ZnO tablets after being exposed to the SBF. In Fig. 4b,
one can see (in 3D) the valleys and ridges that make up the compo-
sites and Fig. 5 shows a profile that corresponds to the behaviour of
the roughness during the testing of the SBF. The results show an
average of maximum roughness (R,x) of 0.41 nm, which corre-
sponds to the difference of the maximum height of the peak and
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Fig. 4 Images of PMMA/ZnO in SBF
a AFM images
b 3D images
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Fig. 5 Roughness profile. Maximum roughness (R,.) and average
roughness (R,)
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Fig. 6 EDX spectrum of PMMA/ZnO particles

the depth of the valley and a value of average roughness (R,) of
1.27 nm that corresponds to the distances of roughness along the
medium line, which were not altered during the time of tests.
Similarly, the results in the SBF do not show evidence of corrosion,
since the particles contain ZnO which can act against the corrosive
effects of the medium inhibiting the processes of enolisation.

The EDX analysis shows the elemental composition of the
sample where zinc oxide, oxygen, and carbon can be identified,
Fig. 6.

The distribution of the chemical elements can be observed by
means of X-ray elemental mapping, Fig. 7.

Table 1 shows the percentage of carbon, oxygen and zinc content
in the samples. Considering the chemical composition, the zinc
content is low due probably to the carbon oxides formation.

Fig. 8 shows the characteristics of the diffraction peaks of the
PMMA/ZnO composite, the different peaks correspond to 32°,
(100), 34° (002), 36° (101), 57°, (110), 48° (102), 63° (103), 68°
(112), 69° (201),72° (004), 76° (202), 81° (104), 89° (203), 92°
(210), 95° (211), 98° (114), 102° (212), 104° (105), 107° (2014),
110° (300), 116° (213), 121° (302), 125° (006), 133° (203),
136° (106), and 138° (214), respectively. The corresponding
peaks show a crystalline phase of hexagonal Wurtzite ZnO.
Besides, the graph shows a bulge at ~13 (26), which corresponds

Fig. 7 Oxygen, carbon, and zinc by X-ray elemental mapping

Table 1 Chemical composition of PMMA/ZnO particles

Element Wt% At%
CK 92.66 95.75
OK 04.87 03.78
Zn K 02.47 00.47
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Fig. 8 PXRD obtained for the sample of PMMA/ZnO particle

to the PMMA in its amorphous phase. Similar results have been
found in works carried out by Uthirakumar et al. [16].

The absorbance of the polymer at a 10% concentration contain-
ing the PMMA/ZnO composite was measured by UV—Vis spectros-
copy. Fig. 9 shows an absorbance that begins with an increase at
280 nm and decreases to ~390 nm for the ZnO. Additionally, the
ZnO absorbance is observed with an increase of 410 and 500 nm
then a decrease of 420 and 510 nm, respectively, is observed. In
Fig. 9, a peak between 430 and 490 nm is observed, which corre-
sponds to the PMMA. These differences may be due to the
effects of loads developed on the surface of the polymer network
with the increase in the intensity of absorption affecting principally
the OH and O, groups. The results obtained are similar to those
found by different authors [17-20]. Our hypothesis of the behaviour
in the absorbance is that morphology probably plays an important
role to activate the absorbance due to the participation of intramo-
lecular hydrogen bonding of the polymer network thus achieving a
better stability in the energy bands. In addition, the uses of different
polymers during particle formation and preparation techniques
promote different absorption fields that depend on the method of
fabrication, size, and temperature.

These results clearly show the differences between all the
system’s components and the importance of the polysaccharide
network participation in the intermolecular junction of the
PMMA/ZnO nanoparticles for the spherical particles formation.

The proposed method contributed towards the synthesis’ tech-
nical facility and the morphology’s control of spherical particles
using a polysaccharide network in comparison with other
methods found in the literature since these methods can turn out
be very laborious and expensive. Similarly, this method presents
an advantage over the industrial scale production, because, for
each 0.3 g of polymer matrix produced, ~500 g of particles is
obtained within 1 h and 20 min and using a minimal amount of
equipment and chemical reagents. It is important to emphasise
that there is a really good particle size (measurement) distribution,
as well as the roughness values of the tablet complexes in the
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Fig. 9 Absorbance of PMMA/ZnO composite
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Fig. 10 Particle size distribution of PMMA/ZnO particles

presence of PMMA/ZnO particles. The size distribution of spherical
particles can be influenced by the gap formation of the polymer
network and by the walls flexibility during the polymerisation pro-
cesses. Fig. 10 shows the differences in the size, which is in the
range of 30-100 um.

In this context, it is important to note that these results are con-
sistent with other techniques carried out in various works reported
in the literature in the formation of particles [20, 21]. In the same
way, we have reported PMMA particles of 5 nm size by using the
proposed solvent evaporation technique [22].

4. Conclusion: The galactopyranose polymer network is an
efficient alternative to generate spherical particles. The efficiency
of this system can be increased by means of its concentration.
The obtained results of the PMMA/ZnO composites do not show
evidence of corrosion, this aspect is very important when
galactopyranose polymers are used. The roughness values found
to allow a correct operation within the atomic scale for the use of
particles at micro- and nanoscale. The absorbance of the polymer
network sample and the sample containing PMMA/ZnO exhibits
a remarkable difference in the range of 190-1100 nm due to the
presence of the PMMA/ZnO nanoparticles. The methodology
used activates the particles encapsulation through ionic
interactions present in the system and exhibits excellent
physicochemical properties. In addition, the interactions carried
out in the molecular interfaces modify the superficial adsorption
capacity reducing in this way the chemical corrosion processes in
SBF. The possibility of synthesising microstructured materials
using the polymeric network allows a control over the size,
shape, and capacity of molecular self-assembly of inorganic
compounds.
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