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Abstract: The zinc alkaline battery is one of the most popular sources of portable electrical energy,
with more than 300,000 tons being consumed per year. Accordingly, it is critical to recycle its
components. In this work, we propose the use of zinc oxide (ZnO) microparticles recovered from
worn-out batteries as fillers of epoxy resins. These nanocomposites can be used as protective coatings
or pigments and as structural composites with high thermal stability. The addition of ceramic
nanofillers, such as ZnO or/and TiO,, could enhance the thermal and mechanical properties, and
the hardness and hydrophobicity, of the epoxy resins, depending on several factors. Accordingly,
different nanocomposites reinforced with recycled ZnO and commercial ZnO and TiO; nanoparticles
have been manufactured with different nanofiller contents. In addition to the different ceramic
oxides, the morphology and size of fillers are different. Recycled ZnO are”desert roses” such as
microparticles, commercial ZnO are rectangular parallelepipeds nanoparticles, and commercial TiO,
are smaller spherical nanoparticles. The addition of ceramic fillers produces a small increase of the
glass transition temperature (<2%), together with an enhancement of the barrier effect of the epoxy
resin, reducing the water diffusion coefficient (<21%), although the maximum water uptake remains
constant. The nanocomposite water absorption is fully reversible by subsequent thermal treatment,
recovering its initial thermomechanical behavior. The water angle contact (WCA) also increases
(~12%) with the presence of ceramic particles, although the highest hydrophobicity (35%) is obtained
when the epoxy resin reinforced with recycled flowerlike ZnO microparticles is etched with acid
stearic and acetic acid, inducing the corrosion of the ZnO on the surface and therefore the increment
of the surface roughness. The presence of desert rose ZnO particles enhances the de lotus effect.

Keywords: recycle of battery waste; epoxy composite; ceramic oxide particles

1. Introduction

The recycling of batteries is an important challenge in present-day society, and it
was identified by the European Commission on the Strategic Action Plan on Batteries:
Building a Strategic Battery Value in Europe, in April of 2019 [1]. The estimated European
market could be worth up to EUR 250 billion annually from 2025 onwards, due to the
higher demand for electric vehicles, among others. In addition to researching more effective
recycling processes of spent batteries, the use of their recycled products must be encouraged
for the production of batteries and other new applications. An alkaline battery includes
many components, and, therefore, its recycling allows for the recovery of several valuable
ingredients, such as zinc oxide (ZnO) [2].

Zn0 is an interesting material with many applications, such as electronics, solar cells,
photocatalysis, and sensors. However, the synthesis of ZnO particles is expensive, due

Materials 2022, 15, 2842. https:/ /doi.org/10.3390/ma15082842

https:/ /www.mdpi.com/journal /materials


https://doi.org/10.3390/ma15082842
https://doi.org/10.3390/ma15082842
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/materials
https://www.mdpi.com
https://orcid.org/0000-0001-9426-9665
https://orcid.org/0000-0002-4333-5236
https://orcid.org/0000-0001-9023-2996
https://orcid.org/0000-0002-4438-6123
https://doi.org/10.3390/ma15082842
https://www.mdpi.com/journal/materials
https://www.mdpi.com/article/10.3390/ma15082842?type=check_update&version=1

Materials 2022, 15, 2842

20f13

to the closure of many mines and deficits in raw and polluting processes to synthesize
it [3]. Hence, the synthesis of ZnO microparticles from waste provides an interesting
sustainable solution.

In this work, the ZnO particles are incorporated into epoxy thermosetting resins in
order to obtain high thermal and mechanical performance. The incorporation of fillers
involves several inherent problems, mainly challenges associated with their dispersion. Re-
cently, the possibility of manufacturing the nanoparticles in situ [4—6] has been researched,
and the results have shown better dispersion. Moreover, a good interphase with the ma-
trix is achieved using a one-stage process. However, our main challenge is the search
for new, useful applications of recycled ZnO particles. Accordingly, an easy dispersion
technique, free of solvent and with low energy consumption, is used to manufacture the
ceramic composites.

The incorporation of ZnO fillers into a thermosetting matrix can achieve nanocom-
posites with enhanced thermal, electrical and mechanical behavior [7-11]. These oxide
nanoparticles have an attractive array of electrical, thermal, optical and mechanical prop-
erties. Their main applications are as coatings with high corrosion and UV resistance,
enhanced abrasion, and wear properties. It is worthy to note that ZnO particles are non-
toxic materials, producing environmentally friendly coatings. Moreover, in particular, ZnO
nanoparticles are widely used as fillers due to their excellent ability to absorb ultravio-
let radiations. In addition to coatings, ZnO nanoparticles are also incorporated into an
epoxy matrix of glass-fiber-reinforced epoxy nanocomposites [11] to enhance their tough-
ness. The great affinity between this ceramic nanofiller and the epoxy matrix increases the
matrix-dominated properties, such as impact strength.

It has been reported [8,12] that the curing process of a thermosetting resin could be
affected by the presence of ceramic microscaled and nanoscaled particles, confirming a
negative effect, which induces a decrease in the crosslinking degree of the resin. However,
M. Ghaffari et al. [13] have demonstrated the contrary effect: ZnO addition leads to a
decrease in the activation energy of the curing reaction because the reduction becomes
more pronounced as the particles size shifts from the micro- to the nanoscale. This influ-
ence is associated with the catalytic effect of ZnO, forming a complex between Zn?* and
oxirane rings.

On the other hand, ZnO/epoxy coatings can breed hydrophobic surfaces [14-17].
Rough structures and low surface energy contribute to hydrophobicity [18]. Rough and
low energy surfaces are usually built with hierarchical micro and nanostructures. In
particular, raspberry-like particles are quite suitable for manufacturing hydrophobic sur-
faces [19]. To benefit from the advantages of hierarchical ceramic structures, chemical
etching of the polymer matrix is required. One of the most common treatments is based on
stearic acid or/and acetic acid [17,20,21]. In fact, the hydrophobicity could be controlled
by modifying the stearic concentration, which influences the surface roughness of the
epoxy thermoset [17,20].

Umapathy et al. [10] confirmed that the mechanical properties of ZnO/epoxy nanocom-
posites depend on the filler content. In fact, the tensile, flexural and impact strength in-
creases with the ZnO content up to a maximum. Then, a negative trend appears due to the
agglomeration problems.

Considering all these presented advantages, ceramic particle/epoxy composites are
being applied in civil and defense constructions as coatings on the surface of the neat
epoxy thermosets and composites to reduce their water absorption and improve their
surface mechanical behavior [22-25]. The matrix aging, low toughness, and low energy
impact strength of polymer composites usually hinder further development due to the
occurrence of microcracks on the surface. For example [23], the swaying motion of com-
posite transmission line tower caused by wind might lead to surface micro-cracks, which
accelerate the hydrothermal aging of a polymer matrix composite, significantly reducing
the lifetime of the structure, which would be replaced in advance. The addition of ceramic
nanoparticles within the surface of the epoxy thermoset improves the ability to resist crack
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initiation and propagation [22]. Moreover, this coating could reduce the wettability of the
surface and water uptake, thus avoiding this problem and increasing the lifetime of the
composite structures.

The geometry and size of fillers play an important role in the obtained properties
of the composite. A recent study [26] based on an epoxy matrix filled with alumina has
been published, in which the influence of the size (micro- and nano-scale) and morphology
(rods and spherical nanoparticles) of the ceramic nanofillers on the mechanical properties
is analyzed. To summarize, the ceramics rods improve the stiffness and toughness while
the tensile properties are better for spherical nanoparticles, but this trend strongly depends
on the amount of the ceramic load added.

Finally, in addition to the size and morphology of the ceramic fillers, the nature of the
oxide also affects the performance of the nanocomposite. Oxides of aluminum, titanium
and zinc, among others, are usually incorporated into epoxy thermosets [27]. Structural
coatings are used for enhancing their mechanical and thermal properties. The nature of the
ceramic fillers seems not to have a strong influence, while the size and the morphology of
the particles is more influential, as well as the content and the dispersion degree.

In this study, an aeronautical epoxy thermosetting resin is filled with different ceramic
micro- and nano-particles, based on ZnO and TiO,. One of the ZnO particles comes from
the recycling of exhausted alkaline batteries. These nanoparticles have been previously
characterized by Field Emission Gun of Scanning Electron Microscopy (FEG-SEM) and
Infrared Fourier Transform Spectroscopy (FTIR) [28]. The main goal of this work is to
find possible advantages to, and to study the performance of, recycled ZnO with regard
to other expensive commercial ceramic nanoparticles as fillers of an epoxy thermosetting
resin, commonly used as a matrix of composites manufactured by resin infusion techniques
for aeronautical structures or as protective coatings. Moreover, this study allows for the
evaluation of the influence of the size, morphology and nature of the ceramic oxide filler in
the mechanical, thermal and ageing properties of the composites.

2. Materials and Methods
2.1. Materials and Sample Preparation

The selected epoxy resin, whose commercial name is Araldite LY 556, is based on
diglycidyl ether of bisphenol A (DGEBA), and it is cured by an aromatic hardener, XB
3473, in a stoichiometric ratio (100:23 w:w). Both were supplied by Huntsman (Huntsman
International LLC., Houston, TX, USA). The curing treatment consists of heating the
homogenous mixture at 140 °C for 8 h. Previously, it was confirmed that this treatment is
suitable to reach the maximum epoxy conversion.

The studied samples were manufactured in bulk by pouring in mold. The thickness
of the mold was 2 mm. Then, they were cut in different specimens as a function of the
geometry and size required by each test.

Different ceramic particles are used as fillers. Microparticles recovered from the black
mass of exhausted alkaline batteries by the National Centre for Metallurgical Research
(CENIM-CSIC) [29] are used, whose characterization has been already published [30]. They
present a wurtzite structure and high purity. As a reference, two commercial ceramic oxide
nanoparticles, ZnO and TiO,, have been selected. Both were supplied by Sigma Aldrich,
with an average diameter lower than 100 nm.

Ceramic composites were manufactured by molding. Previously, the ceramic particles
were sonicated into the epoxy prepolymer at 50 Hz and 50% of amplitude for 1 h. Afterward,
the dispersion was degassed 15 min at 80 °C. The percentage of nanoparticles added was
6 and 10 wt%. These contents were selected according to the bibliography [10,26] and by
considering the geometry of the filler. Nanocomposites with rods or nanotubes usually
require lower concentration [26]. The neat epoxy resin is transparent, but it becomes opaque
via the addition of the fillers.

To increase the hydrophobicity of the nanocomposites’ surfaces, they were treated by
a published chemical etching [20,31]. The sanded samples were immersed subsequently in
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two media: first, in 2 M acetic acid in ethanol, and then by immersion in 5 wt% stearic acid
for 1 h per solution. The treated surfaces were then dried at room temperature for 12 h.

2.2. Characterization

The morphology and size of the ceramic oxides, ZnO and TiO,, were determined by
Field Emission Gun Electron Scanning Microscopy (FEG-SEM, Nova Nano SEM230 model,
FEI, Hillsboro, OR, USA).

The curing behavior of ZnO/epoxy composites was studied by the measurement of
the glass transition temperature (Tg) measured by Differential Scanning Calorimetry (DSC
(mod.822e, Mettler Toledo, Greifensee, Switzerland). The heating rate was 10 °C/min from
20 to 220 °C in a nitrogen atmosphere. Three consecutive scans were made to evaluate
the possible postcuring. The first scans of the cured samples do not show any exothermal
peaks, indicating that they were fully cured.

To analyze the effect of hydrothermal aging, the samples were immersed in distilled
water at 40.0 &= 0.1 °C to induce accelerated water diffusion. Before immersion tests, the
samples were dried at 50 °C for one week. The dimensions of the specimens used were
35 x 12.4 x 1.4 mm, which allowed them to be later analyzed by by Dynamic Mechanical
Thermal Analysis (DMTA).

Two specimens of each sample were immersed in distilled water, and they were
periodically removed from water, carefully wiped, and weighted with an accuracy of
£0.01 mg. The period for which the sample was out of the water was less than 1 min. The
water sorption (water uptake) at the time, t, was calculated as:

oy (W =W
M;(%) = (Wo>100 1)
being W the initial weight of the dry specimen and W; the weight of the hydrothermally
aged specimen at each time, t.

Dynamic mechanical thermal analysis (DMTA) was used to characterize unaged
samples and to investigate the effects of hydrothermal aging on their thermomechanical
properties. Experiments were performed in dual cantilever bending mode using a DMTA
V Rheometric Scientific instrument. Measurements were done at 1 Hz, and the temper-
ature was increased from 30 °C to 220 °C at 2 °C/min. The specimen dimensions were
35 x 12.4 x 1.4 mm. The elastic or storage modulus (E’), the loss modulus (E”) and the
loss tangent (tan &) were recorded as a function of temperature. The maximum in tan & vs.
temperature curves was determined to identify the «-relaxation associated with the glass
transition.

Finally, the hydrophobicity of the non-treated and of the etched surfaces was de-
termined by the measurement of the contact angle of a water drop, using a goniometer
(Tamé-Har 200 mod. p/n 200-F1, Syuccasunna, NJ, USA). The surface profile was measured
by an optical perfilometer (Zeta 20 model from KLA-Tencor, Milpitass, CA, USA).

3. Results

Figure 1 shows FEG-SEM images of the studied ceramic particles. Commercial
nanoparticles have a smooth surface. Commercial TiO; nanoparticles (Figure 1a) are
spherical, with an average diameter lower than 100 nm, and form large agglomerates. They
present both, anatase and rutile phases. Commercial ZnO nanoparticles (Figure 1b) are
rectangular parallelepipeds, whose sides of the square base do not exceed 100 nm, while
their height reaches up to 500 nm. On the contrary, the geometry of the recycled ZnO
particles (Figure 1c) are similar to the desert roses with a diameter of around 2.5 pm. Each
petal is a nanosheet with a very homogeneous thickness of about 35 nm. In both, ZnO
fillers present a wurtzite structure.
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Figure 1. FEG-SEM micrographs of ceramic particles: (a) commercial TiO,, (b) commercial ZnO and
(c) recycled ZnO.

ZnO nanoparticles can present different morphologies, such as nanowires, nanorods,
nanobelts, desert roses and spherical nanoparticles. In the bibliography, it is not clear
which is the best morphology of ZnO particles to be used as a polymer filler [26,27]. The
hierarchical structure observed for the recycled ZnO particles could promote the increase
of their photocatalytic activity and their hydrophobic effect, which are enhanced by their
nanosized subunits [31]. In spite of their micro-scale size, the specific area of the ceramic
particles is significantly increased by their hierarchical structure, which also raises the
interphase region with the epoxy matrix. Accordingly, the high hydrophobicity of polymer
composites is ensured by adding micro- or nanoparticles with hierarchical morphologies,
such as the recycled ZnO particles, to find the “Lotus effect” [19].

Manufactured epoxy composites were characterized by DSC and DMTA. Figure 2
shows the glass transition temperature (Tg) of epoxy thermosets reinforced with different
contents of ceramic particles measured by three consecutive DSC scans. The initial Ty of
neat epoxy resin is 139 °C and lightly increases for the next scans up to 142 °C due to
the higher efficiency of scanning thermal curing. This means that the curing treatment
applied is suitable. The addition of ceramic particles induces a Ty decrease, which is more
pronounced for commercial nanoparticles. This is explained by the hindering of the curing
reaction [9,32], which is more significant for smaller nanoparticles, as is the case with the
commercial ones. The steric hindrance of the nanoparticles limits the reaction of curing,
so the thermoset forms a less crosslinked epoxy network, lowering the Tg. The obtained
results confirmed that the steric hindrance is more effective when the added filler is a
nanoparticle than microparticle. This is because the nanoparticles can be located in the
free volume of the freshly generated thermosetting network, hindering the advance of
the curing process. This fact can be also explained by the increase of the viscosity of the
mixture by the addition of nanoparticles, which limits the diffusion of reactants. The same
reason also explains the higher decrement of Tg as a function of ceramic content.
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Figure 2. Glass transition temperature, measured by three consecutive DSC scans, for the studied
epoxy composites reinforced with ceramic nanoparticles.

Finally, the consecutive thermal DSC treatments trigger a recovery of Tg in all cases,
due to the scanning temperature being higher than T, enhancing the postcuring treatment.
In any case, the final Tg of epoxy composites is lower than the neat epoxy thermoset, and
this decrease is more marked with the increase of ceramic particles content added. The
Tg reduction of composites is explained by several reasons [9]. One of them is that the
nanofillers size is larger than the free volume of the thermosetting network, producing
a slide between the chains, which results in increased free volume. In contrast, the Ty
decrease is also related to the enhanced polymer chain dynamics associated with extra free
volume at the matrix—filler interface.

One of the possible advantages to introduce ceramic particles into the epoxy thermoset
is to enhance its hydrothermal strength. Figure 3 shows the water absorption curves (M
(%) versus t2-h-1, being h the specimen thickness) obtained for the samples reinforced
with both ZnO particles, recycled and commercial ones. All the samples were immersed in
distiller water for one year. Two specimens were tested by each studied sample, and the
absorption curves were almost coincident.
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Figure 3. Absorption curves for neat epoxy thermoset and epoxy nanocomposites reinforced with
recycled (a) and commercial (b) ZnO particles.
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In all studied systems, the addition of ceramic oxide particles induces a very slight
decrease of the maximum absorbed water, named M (Table 1). This fact is associated
with the physical barrier behavior of added fillers. The lower water uptake values were
obtained for the commercial nanoparticles, whose lower size implies a higher specific
surface, enhancing its barrier properties.

Table 1. Water absorption parameters of epoxy and nanocomposites.

Nanoparticle Nanofiller M D. 107 k. 10%

Content (wt%) (Wt%) (mm?2-s—1) (s—12)
- 0 1.64 £+ 0.03 75+0.3 1.9 +£0.1
Recycled 6 1.67 = 0.03 6.8 +0.1 1.7 £ 0.1
ZnO 10 1.64 +£0.03 6.2 +0.2 1.7 £ 0.1
Commercial 6 1.57 +0.03 6.5 +0.2 1.8 +£0.1
ZnO 10 1.52 +0.03 6.4+0.2 1.8 £ 0.1
Commercial 6 1.63 +=0.03 6.5+ 0.1 1.8 +£0.1
TiO, 10 1.60 £ 0.03 59+0.2 1.7 £ 0.1

Water absorption appears to follow a two-stage process. An initial stage (fast diffusion)
is followed by a slow gradual increase in weight gain. This behavior can be described by a
two-stage diffusion model [33,34]. The first stage follows Fickian diffusion, and the second
stage is assumed to be controlled by relaxation, that is, the water absorbed enhanced the
polymer structural relaxation, thus the overall water uptake is given by:

My = Mao (1+ k1) {1 ~exp [—7.3(55)0‘751 } @)

where M« and D are the quasi-equilibrium moisture uptake level and diffusion coefficient
associated with the first stage of diffusion, respectively; k is a constant related to the polymer
relaxation due to water uptake; and / is the specimen thickness.

The experimental data of all the samples follow the same pattern. The values of M., D
and k are summarized in Table 1. As can be seen, increasing the nanoparticles content leads
to the decrease of D. The presence of ceramic particles forces water to follow a tortuous
pathway lowering the diffusion coefficient. This means that in spite of the amount of
absorbed water, the water absorption rate is decreased on the epoxy composites. The fine
influence of ceramic particles on the hydrothermal aging of nanocomposites is associated
with a weak polymer-particles interface [35,36] because the diffusion of water into the
epoxy composites depends on the polymer matrix structure, water—polymer interactions
and the possible degradation processes resulting from them [37].

The k values are roughly constant (1.8 x 107* £ 0.1 x 10~* s71/2). It seems that the
presence of ceramic particles does not affect the structural relaxation of the epoxy network
that takes place in the second stage.

The effect of water uptake on the thermomechanical behavior of the samples was
determined by DMTA. In order to evaluate the reversibility of the water absorption phe-
nomenon, after hydrothermal aging, the samples were dried in an oven at 45 °C for 12 days.
The next figure shows the DMTA curves: the variation of storage modulus (E’) and loss
tangent (tan 5) as a function of temperature for the neat epoxy thermoset (Figure 4a,b) and,
as an example, for the composite reinforced with 6 wt% recycled ZnO (Figure 4c,d) in the
three different stages: as manufactured, hydrothermally aged and dried after hydrother-
mal aging. As it is expected, both of the initial samples—the neat epoxy resin and the
composites—present only one narrow tan 6 peak, corresponding to the o-relaxation of the
thermosetting network. Accordingly, the storage modulus, E, remains approximately con-
stant in the glassy state and suffers a marked drop due to the glass transition to the rubbery
stage. DMTA curves obtained for aged samples present a different shape. The tan 6 peak
shows a clear shoulder at low temperature, which is associated with the plasticized resin
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by absorbed water. Nevertheless, the DMTA curves of dried samples recover their original
shape, confirming that the water uptake is reversible. The absorbed water is removed by
a thermal treatment, meaning that most of it is free water, occupying the free volume of
the network. There is hardly any bonded water, which cannot be removed by evapora-
tion. This is an interesting result because the aging problems of polymers are associated
with the possible negative effect of the absorbed water, and, in the studied system, these
consequences are not permanent. At this point, it is worth noting that the glass transition
temperature is affected for the water uptake, while no significant differences are observed
on the storage modulus in the glassy state (Figure 4d), meaning that the stiffness of the
neat epoxy thermoset and composites remains practically unaltered by the hydrothermal

aging. This means that the water ageing affects the thermal strength but not the mechanical
behavior of the studied materials.
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Figure 4. DMTA curves of neat epoxy thermoset (a,b) and composites reinforced with 6 wt% recycled
ZnO (c,d) in different three stages: initial, aged and dried.

Figure 5 collects the glass transition temperature, measured as the maximum of tand
peak, for all studied samples. For the hydrothermally aged samples, two Tgs are measured
for the plasticized region (shoulder) and for the non-modified region (peak). In all cases,
the tendency is the same. The Ty of the epoxy matrix is recovered after the drying treatment,
indicating that the water absorption process is reversible [9]. However, the aged composites

with absorbed water present two differentiated regions, non-modified and plasticized, with
two glass transitions.
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Figure 5. Ty determined as the maximum of the tan § peak for the studied composites reinforced
with ceramic particles in different stages: as manufactured (initial), after hydrothermal aging (wet)
and after the thermal drying treatment (dried).

The recovery of the glass transition after drying implies that the absorbed water is free
water, meaning that any permanent bond is formed between the water molecules and the
chemical groups of the network, only weak hydrogen interactions linked the water with
the polar groups of the epoxy resin, such as the hydroxyl groups formed by the oxirane
ring opening. These polar interactions with the water justify the appearance of a new lower
Tg in the aged nanocomposites. Comparing different studied composites, it seems that
the highest decrease of the Ty associated with water plasticization is measured for the
thermoset reinforced with TiO,. In fact, this is the system with the lowest Tg recovery after
drying. This indicates that the water absorption and its corresponding plasticization effect
depends more on the ceramic oxide nature than the size or the morphology of particles
added. This could be explained by the weaker interphase formed for the nanocomposites
filled with TiO; in comparison with ZnO.

Finally, the surface hydrophobicity of the different samples was determined by the
measurement of the contact angle of water (WCA), whose results are shown in Figure 6. The
original epoxy coating surfaces are smooth and possess hydrophilic wettability, witha WCA
of 61°. The addition of ceramic particles induces an increment of hydrophobicity due to the
low surface energy. In this case, the most efficient filler is the recycled ZnO. Moreover, in
addition to low energy, the hydrophobicity also requires the presence of surface roughness.
Accordingly, the epoxy matrix is chemically etched, inducing an important increment of
WCA, close to 85°, for the composite reinforced with recycled “desert rose” ZnO particles.
Figure 7 shows the surface profile for some of the studied samples. The average roughness
of non-treated epoxy thermoset is 1.30 £ 0.16 um. The roughness lightly increases with
the ceramic particle addition in the range of 1.4-1.6 um. However, when the chemical
etching treatment is applied on the surface of the composites, their roughness significantly
increases in the range of 3.2—4.2 um. The roughest surfaces correspond to the composites
reinforced with ZnO and etched with acetic acid and stearic acid. On them, the maximum
WCA is measured. This effect has been previously observed by other authors [20], and it
is explained by the corrosion of ZnO particles on the surface by acetic acid, resulting in
an increase of the surface roughness. Wu et al. [38] have recently confirmed that, under
acidic conditions, the non-polar long chain alkyl group of stearic acid reacted with the
hydroxyl group in acetic acid. At this point, the metal ions of the ZnO were displaced
to the stearic acid and generated globular zinc stearate between [Zn2%*] and [CH;COO ],
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justifying the increase of the roughness and the hydrophobic properties. This effect is
more pronounced for recycled particles due to their micro-scale size. Therefore, the higher
hydrophobicity for the etched epoxy composites reinforced with recycled ZnO particles
is due to the most efficient chemical treatment in the presence of ZnO filler, increasing
the roughness of the surface, as well as the morphology of desert rose of recycled ZnO,
enhancing the lotus effect.

a0

—a—hon-etched
+— Chemical elched
a5 E

“ A

< 75 .
= )
= *
70 4 ‘ 1
oo ) e - _ ]
_,_,——"'-_‘—‘——_
— —
60 L — . r
0% 8% 10%
Cemmercial TiO, particles (%)
on T T
—a— Non-etched
+— Chemical etched
854 J
P!
5 75 ) -
=

w
65 4 4

. ¥ ]
— -
B0 [ - ; .
0% 6% 10%
Commercial ZnO particles (%)
a0

—a— Non-etched
#— Chemical eiched
85 .4 E

WCA
&

70 4 . 4
65 ’_______, . -
. ___i._.--"
' R
60 . - . :
0% 6% 10%
Recycled ZnQ particles (%)

Figure 6. Static water contact angle (WCA) of chemically etched and non-treated composites and
epoxy thermoset surfaces. The drop images correspond to etched surfaces.
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Figure 7. Surface profiles of non-treated surfaces of neat epoxy thermoset (a) and composites rein-
forced with 10 wt% commercial TiO, (b) and commercial ZnO (c), and etched surfaces of nanocom-
posites with 6 wt% commercial TiO; (d), commercial ZnO (e) and recycled ZnO (f).

4. Conclusions

New reuse is explored for ZnO particles obtained by the recycling of spent alkaline
batteries; they are added as fillers in epoxy coatings. To analyze their performance, the
obtained results are compared with two other commercial ceramic oxide nanoparticles, TiO,
and ZnO. The main differences between the studied ZnO particles are their geometry and
size. Recycled ZnO are bigger desert roses, in contrast with the regular and non-hierarchical
structures in the commercial ZnO nanoparticles.

The addition of these ceramic fillers scarcely affects the thermal strength and me-
chanical stiffness of the thermoset, measured by the Tg and storage modulus. Moreover,
the studied epoxy composites show the same hydrothermal resistance as the neat epoxy
thermoset. The presence of ceramic oxide particles lightly reduces the water diffusion
coefficient. However, the contact angle of water drop, which allows one to study the
surface hydrophobicity, is increased by the oxide ceramic particles. This increment is more
pronounced with the chemical treatment of the surface with stearic and acetic acid. The
composite reinforced with recycled ZnO particles shows the highest WCA and, therefore,
hydrophobicity due to its highest roughness, which is caused by the oxidation with acids
and the lotus effect, associated with its desert rose morphology.

Author Contributions: Conceptualization, S.G.P,, FA.L. and M.G.P; investigation, I.L., C.A., M.G.P.
and FA.L,; resources, S.G.P, M.C. and FA.L.; writing—original draft preparation, S.G.P.; writing—
review and editing, S.G.P. and C.A.; project administration, M.C.; funding acquisition, S.G.P,, M.G.P,,
M.C., EA.L. All authors have read and agreed to the published version of the manuscript.

Funding;: This research was funded by MINISTERIO DE ECONOMIA Y COMPETITIVIDAD of Spain
Government (PID2019-106703RB-100) and COMUNIDAD DE MADRID GOVERNMENT (ADITIMAT-
CM 52018/NMT-4411).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: The authors acknowledge the assistance of Gilberto Del Rosario from the Tech-
nological Center Support of University Rey Juan Carlos.

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



Materials 2022, 15, 2842 12 of 13

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

European Commission. Report from the Commission to the European Parliament, the Council, the European Economic and Social
Committee, the Committee of the Regions and the European Investment Bank on the Implementation of the Strategic Action Plan on Batteries:
Building a Strategic Battery Value Chain in Europe; 9.4.2019 Com (2019) 176; European Commission: Brussels, Belgium, 2019;
Available online: https:/ /eur-lex.europa.eu/legal-content/en/TXT/?uri=CELEX%3A52019DC0176 (accessed on 13 March 2022).
Yesiltepe, S.; Bugdayci, M.; Yiicel, O.; Sesen, M.K. Recycling of alkaline batteries via a carbothermal reduction process. Batteries
2019, 5, 35. [CrossRef]

Zinc Price Surges on Supply Shortage, Renewable Development Keeps Copper on Steady Growth. ABC Rural. 2016. Available
online: https://www.abc.net.au/news/rural/2016-08-05/zinc-copper-price-surge /7690040 (accessed on 13 March 2022).
Pansare, A.V.; Chhatre, S.Y,; Khairkar, S.R.; Bell, ].G.; Barbezat, M.; Chakarbarti, S.; Nagarkar, A.A. “Shape-coding”: Morphology-
based information system for polymers and composites. Appl. Mater. Interfaces 2020, 12, 27555-27561. [CrossRef] [PubMed]
Pansare, A.V,; Khairkar, S.R.; Shedge, A.A.; Chhatre, S.Y.; Patil, V.R.;; Nagarkar, A.A. In Situ Nanoparticle Embedding for
Authentication of Epoxy Composites. Adv. Mater. 2018, 30, e1801523. [CrossRef] [PubMed]

Ding, K.H.; Wang, G.L.; Zhang, M. Characterization of mechanical properties of epoxy resin reinforced with submicron-sized
ZnO prepared via in situ synthesis method. Mater. Des. 2011, 32, 3986-3991. [CrossRef]

Jena, K.K.; Alhassan, S.M.; Arora, N. Facile and rapid synthesis of efficient epoxy-novolac acrylate / MWCNTs-APTES-ZnO
hybrid coating films by UV irradiation: Thermo-mechanical, shape stability, swelling, hydrophobicity and antibacterial properties.
Polymer 2019, 179, 121621. [CrossRef]

Ramezanzadeh, B.; Attar, M.M.; Farzam, M. Effect of ZnO nanoparticles on the thermal and mechanical properties of epoxy-based
nanocomposite. . Therm. Anal. 2010, 103, 731-739. [CrossRef]

Samad, U.A.; Alam, M.A; Chafidz, A.; Al-Zahrani, S.M.; Alharthi, N.H. Enhancing mechanical properties of epoxy/polyaniline
coating with addition of ZnO nanoparticles: Nanoindentation characterization. Prog. Org. Coat. 2018, 119, 109-115. [CrossRef]
Boopalan, M.; Michael, R.]J.V.; Yoganand, K.; Umapathy, M. A Study on the Mechanical Properties of Zinc Oxide Reinforced
Epoxy Composites. Asian J. Chem. 2013, 25, 2931-2932. [CrossRef]

Thipperudrappa, S.; Kini, A.U.; Hiremath, A. Influence of zinc oxide nanoparticles on the mechanical and thermal responses of
glass fiber-reinforced epoxy nanocomposites. Polym. Compos. 2020, 41, 174-181. [CrossRef]

Shi, H.; Liu, F; Han, E.; Wei, Y. Effects of nano pigments on the corrosion resistance of alkyd coatings. J. Mater. Sci. Technol. 2007,
23, 551-558.

Ghaffari, M.; Ehsani, M.; Vandalvand, M.; Avazverdi, E.; Askari, A.; Goudarzi, A. Studying the effect of micro- and nano-sized
ZnO particles on the curing kinetic of epoxy/polyaminoamide system. Prog. Org. Coat. 2015, 89, 277-283. [CrossRef]

Tuong, V.M.; Huyen, N.V,; Kien, N.T.; Dien, N.V. Durable epoxy@ZnO coating for improvement of hydrophobicity and color
stability of wood. Polymers 2019, 11, 1388. [CrossRef] [PubMed]

Basiron, N.; Sreekantan, S.; Saharudin, K.A.; Ahmad, Z.A.; Kumaravel, V. Improved Adhesion of Nonfluorinated ZnO Nanotrian-
gle Superhydrophobic Layer on Glass Surface by Spray-Coating Method. |. Nanomater. 2018, 2018, 7824827. [CrossRef]
Movahedi, T.; Norouzbeigi, R. Synthesis of flower-like micro/nano ZnO superhydrophobic surfaces: Additive effect optimization
via designed experiments. J. Alloys Compd. 2019, 795, 483—492. [CrossRef]

Zhou, H.; Chen, R; Liu, Q.; Liu, J.; Yu, J.; Wang, C.; Zhang, M.; Liu, P.; Wang, J. Fabrication of ZnO/epoxy resin superhydrophobic
coating on AZ31 magnesium alloy. Chem. Eng. J. 2019, 368, 261-272. [CrossRef]

Zhong, M.; Zhang, Y.; Li, X.; Wu, X. Facile fabrication of durable superhydrophobic silica/epoxy resin coatings with compatible
transparency and stability. Surf. Coat. Technol. 2018, 347, 191-198. [CrossRef]

Liu, S.; Latthe, S.S.; Yang, H.; Liu, B.; Xing, R. Raspberry-like superhydrophobic silica coatings with self-cleaning properties.
Ceram. Int. 2015, 41, 11719-11725. [CrossRef]

Peng, W.; Gou, X.; Qin, H.; Zhao, M.; Zhao, X.; Guo, Z. Robust Mg(OH), /epoxy resin superhydrophobic coating applied to
composite insulators. Appl. Surf. Sci. 2019, 466, 126-132. [CrossRef]

Zhang, X,; Si, Y.; Mo, ]J.; Guo, Z. Robust micro-nanoscale flowerlike ZnO/epoxy resin superhydrophobic coating with rapid
healing ability. Chem. Eng. ]. 2017, 313, 1152-1159. [CrossRef]

Zhai, Z.; Feng, L.; Liu, Z.; Zhou, S.; Lou, H.; Li, G. Water absorption and mechanical property of an epoxy composite coating
containing unoxidized aluminum particles. Prog. Org. Coat. 2015, 87, 106-111. [CrossRef]

Selvaraj, M.; Kulkarni, S.; Rameshbabu, R. Performance Analysis of a Overhead Power Transmission Line Tower Using Polymer
Composite Material. Procedia Mater. Sci. 2014, 5, 1340-1348. [CrossRef]

Miller, M.; Hosford, G.; Boozer, J. Fiberglass distribution poles-a case study. IEEE Trans. Power Deliv. 1995, 10, 497-503. [CrossRef]
Stewart, R. Pultruded poles carry power. Reinf. Plast. 2003, 7, 20.

Verma, V.; Sayyed, A.H.M.; Sharma, C.; Shukla, D.K. Tensile and fracture properties of epoxy alumina composite: Role of particle
size and morphology. J. Polym. Res. 2020, 27, 388. [CrossRef]

Palmero, P. Structural Ceramic Nanocomposites: A Review of Properties and Powders’ Synthesis Methods. Nanomaterials 2015, 5,
656—696. [CrossRef] [PubMed]

Lorero, I.; Campo, M.; Del Rosario, G.; Lépez, F.A.; Prolongo, S.G. New Manufacturing Process of Composites Reinforced with
ZnO Nanoparticles Recycled from Alkaline Batteries. Polymers 2020, 12, 1619. [CrossRef] [PubMed]


https://eur-lex.europa.eu/legal-content/en/TXT/?uri=CELEX%3A52019DC0176
http://doi.org/10.3390/batteries5010035
https://www.abc.net.au/news/rural/2016-08-05/zinc-copper-price-surge/7690040
http://doi.org/10.1021/acsami.0c05314
http://www.ncbi.nlm.nih.gov/pubmed/32441499
http://doi.org/10.1002/adma.201801523
http://www.ncbi.nlm.nih.gov/pubmed/29974525
http://doi.org/10.1016/j.matdes.2011.03.038
http://doi.org/10.1016/j.polymer.2019.121621
http://doi.org/10.1007/s10973-010-0996-1
http://doi.org/10.1016/j.porgcoat.2018.02.018
http://doi.org/10.14233/ajchem.2013.13609
http://doi.org/10.1002/pc.25357
http://doi.org/10.1016/j.porgcoat.2015.08.016
http://doi.org/10.3390/polym11091388
http://www.ncbi.nlm.nih.gov/pubmed/31450769
http://doi.org/10.1155/2018/7824827
http://doi.org/10.1016/j.jallcom.2019.04.343
http://doi.org/10.1016/j.cej.2019.02.032
http://doi.org/10.1016/j.surfcoat.2018.04.063
http://doi.org/10.1016/j.ceramint.2015.05.137
http://doi.org/10.1016/j.apsusc.2018.10.039
http://doi.org/10.1016/j.cej.2016.11.014
http://doi.org/10.1016/j.porgcoat.2015.05.018
http://doi.org/10.1016/j.mspro.2014.07.451
http://doi.org/10.1109/61.368362
http://doi.org/10.1007/s10965-020-02359-z
http://doi.org/10.3390/nano5020656
http://www.ncbi.nlm.nih.gov/pubmed/28347029
http://doi.org/10.3390/polym12071619
http://www.ncbi.nlm.nih.gov/pubmed/32708162

Materials 2022, 15, 2842 13 of 13

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Loépez, F.A.; Cebriano, T.; Garcia-Diaz, I.; Fernandez, P; Rodriguez, O.; Ferndndez, A.L. Synthesis and microstructural properties
of zinc oxide nanoparticles prepared by selective leaching of zinc from spent alkaline batteries using ammoniacal ammonium
carbonate. J. Clean. Prod. 2017, 148, 795-803. [CrossRef]

Cebriano, T.; Garcia-Diaz, 1.; Fernandez, A.L.; Fernandez, P; Lopez, F.A. Synthesis and characterization of ZnO micro- and
nanostructures grown from recovered ZnO from spent alkaline batteries. J. Environ. Chem. Eng. 2017, 5, 2903-2911. [CrossRef]
Lorwanishpaisarn, N.; Kasemsiri, P.; Srikhao, N.; Jetsrisuparb, K.; Knijnenburg, J.T.; Hiziroglu, S.; Pongsa, U.; Chindaprasirt, P.
Fabrication of durable superhydrophobic epoxy/cashew nut shell liquid based coating containing flower-like zinc oxide for
continuous oil/water separation. Surf. Coat. Technol. 2019, 366, 106-113. [CrossRef]

Baller, J.; Becker, N.; Ziehmer, M.; Thomassey, M.; Zielinski, B.; Miiller, U.; Sanctuary, R. Interactions between silica nanoparticles
and an epoxy resin before and during network formation. Polymer 2009, 50, 3211-3219. [CrossRef]

Bao, L.R.; Yee, A.F. Moisture diffusion and hygrothermal aging in bismaleimide. Matrix carbon fiber composites—Part I:
Uni-weave composites. Compos. Sci. Technol. 2002, 62, 2099-2110. [CrossRef]

Bao, L.R.; Yee, A.E; Lee, C.Y. Moisture absorption and hydrothermal ageing in a bismaleimide resin. Polymer 2001, 42, 7327.
[CrossRef]

Rhim, J.-W. Effect of clay contents on mechanical and water vapor barrier properties of agar-based nanocomposite films. Carbohydr.
Polym. 2011, 86, 691-699. [CrossRef]

Kim, J.-K; Hu, C.; Woo, R.S.; Sham, M.-L. Moisture barrier characteristics of organoclay-epoxy nanocomposites. Compos. Sci.
Technol. 2005, 65, 805-813. [CrossRef]

Lu, Z,; Xian, G.; Li, H. Effects of thermal aging on the water uptake behavior of pultruded BFRP plates. Polym. Degrad. Stab. 2014,
110, 216-224. [CrossRef]

Wu, Y,; Wu, X; Yang, E; Ye, J. Preparation and Characterization of Waterborne UV Lacquer Product Modified by Zinc Oxide with
Flower Shape. Polymers 2020, 12, 668. [CrossRef]


http://doi.org/10.1016/j.jclepro.2017.02.031
http://doi.org/10.1016/j.jece.2017.05.052
http://doi.org/10.1016/j.surfcoat.2019.03.021
http://doi.org/10.1016/j.polymer.2009.05.020
http://doi.org/10.1016/S0266-3538(02)00161-6
http://doi.org/10.1016/S0032-3861(01)00238-5
http://doi.org/10.1016/j.carbpol.2011.05.010
http://doi.org/10.1016/j.compscitech.2004.10.014
http://doi.org/10.1016/j.polymdegradstab.2014.09.003
http://doi.org/10.3390/polym12030668

	Introduction 
	Materials and Methods 
	Materials and Sample Preparation 
	Characterization 

	Results 
	Conclusions 
	References

