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Copper nanoparticles were in situ synthesized into a polypropylene matrix in the melt state. Three different routes were
studied depending on the method used for the addition of a copper salt: (1) directly as powder; (2) dissolved in water,
and (3) dissolved in water with a reducing agent. The first route produced microcrystal, whereas the second route
allowed the synthesis of nanoparticles (~20 nm) homogeneously dispersed in the polymer matrix. By changing the con-
centration of the reducing agent in the copper solution (third route), a control of the copper structure in the polymer
was possible and salt-based or metalloxide nanoparticles could be obtained. All these composites were able to release
copper ions depending on the characteristic of the nanoparticles present in the polymer. Noteworthy, the resulting poly-
mer/copper composites displayed strong antimicrobial behavior against Escherichia coli. © 2014 American Institute of

Chemical Engineers AIChE J, 60: 3406-3411, 2014
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Introduction

Synthesis of nanoparticles is a relevant topic due to the
extraordinary properties that can be found at the nanoscale
such as electronic, optical, and mechanical, among others.
These properties are related with new physical/chemical phe-
nomena that do not exist in materials with larger sizes.'
Polymer science can merge with this extraordinary field by
two general approaches: (1) polymer as a template or as an
assistant for the preparation of nanoparticles, generally a
hybrid material'; and (2) polymer as a matrix where the
nanoparticles are embedded producing a nanocomposite.*>
The first approach allows the synthesis of more stable par-
ticles reducing its self-aggregation and increasing its stabil-
ity.]’6 For instance, because of the large decrease in its
surface energy, nanoparticles coated by a polymer shell are
considerably more stable against aggregation than bare par-
ticles.® The second approach allows the simplest way to take
advantage of the extraordinary properties of nanoparticles at
macroscale. In fact, one of the first commercial patents
related with carbon nanotubes was a polymer composite
avoiding the manipulation of nanoparticles by just mixing
it.” Therefore, the in situ preparation of nanoparticles into a
polymer matrix obtaining a macroscale composite, combin-
ing the aforementioned two approaches, seems to be a good
route to develop novel materials. Polymer/nanoparticle com-
posites prepared by this route have been largely studied for
hydrogels or other functional polymers,g_13 such as thin film
sys.tems.lé‘_16 However, in nonpolar thermoplastic matrices,
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such as polyolefins, the in situ synthesis of nanoparticles has
been scarce.'”

From the different kinds of nanoparticles, those having
antimicrobial behavior are highlighted as they can be added
into a polymer matrix producing novel biocide materials.
Nowadays, antimicrobial polymeric materials are largely
demanded as they could avoid the spread of hospital-
acquired infections responsible of prolonged hospital stay,
increased morbidity and mortality for patients, and being
responsible of around 5-10% of all hospitalizations.'*** In
this context, polymer composites based on metal nanopar-
ticles displaying strong antibacterial are highlighted.zl_26
Nanoparticles are more efficient than microparticles due to
the high specific area increasing the release of metal ions.*'
From the different metals used, copper emerges as an out-
standing materials as it has been used for centuries as bacter-
icide, fungicide, and also as antifouling agent.27 Unlike other
biocide metals, such as silver, copper is an essential micro-
nutrient to human with low toxicity levels.”® Moreover,
human skin has low sensitivity to copper allowing its use for
anti-inflammatory and healing treatments,?® and for intrauter-
ine devices. As antimicrobial nanosize agents, copper
nanoparticles have antimicrobial specificity against Bacillus
subtilis and  Escherichia coli bacteria unlike other
nanoparticles.*

Antimicrobial thermoplastic polymers based on metal
nanoparticles had been produced by several methodologies
such as melt mixing where particles are embedded homoge-
neously in the matrix>'?**2¢ or surface coatings.23 All
these methodologies used metal/oxide nanoparticles synthe-
sized ex situ before its incorporation in the polymer matrix.
The goal of the present manuscript is to use a thermoplastic
polymer matrix in the melt state as a medium for the
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synthesis of copper nanoparticles. By changing the method
used to add the copper reagents, a control of the structure of
the nanoparticles was obtained. Moreover, using this meth-
odology, novel antibacterial polypropylene (PP) composites
were produced as shown in this contribution, with strong
application in biomedical devices.

The methodology presented is based on the behavior of a
water drop in contact with a hot surface above the saturation
temperature (polymer melt in our case) as we assume that
water does not dissolve in PP. The first process to be consid-
ered relates with the physical impact between the drop and a
dry surface producing stick to the surface, bounce off, or
splash and split into smaller droplets.*'** The second pro-
cess relates with the boiling process generated by the hot
surface producing convective motions activated by the heat
flux through the liquid and the liquid—vapor phase transi-
tion.*> Both processes are related as the process of drop
break-up is enhanced by boiling initiated at the contact
points between the liquid and the hot material.** In our case,
the interface is relevant as a vapor layer between the drop
and the hot surface is formed in which the concentration of
the dissolved salt is increased.”® The considerable tempera-
ture gradient in this layer leads to further supersaturation of
the solution and crystal nuclei precipitate.*® In this process is
expected the formation of nanocrystal. Therefore, we assume
that the original milimetric water drop with the copper dis-
solved becomes much smaller and well dispersed in contact
with the polymer melt and its high shear stresses. Afterward
and due to the high temperature of the media, a thin vapor
interface will be generated between the polymer and the
drop where copper nanocrystals can be formed.

Experimental

A commercial isotactic PP in the melt state (PH0320 from
Petroquim S.A. Chile, with a melt flow index of 3,3 g/10
min ASTMS D-1238/95), was used as the reaction medium.
For the reactions, a Brabender plasticorder melt mixer was
used at 190°C, 110 RPM, and 10 min, under nitrogen atmos-
phere. The copper nanoparticle precursor was copper(Il) ace-
tate monohydrate (Cu(CH3COO),H,0) from May & Baker.
Typically, 30 g of PP was added to the melt mixer at 190°C
and 30 RPM. When all the polymer was melt, the precursor
was added and afterward the speed of the screw was
increased to 110 RPM and the system was allowed to react
10 min. All the composites prepared have 10 w/w % of cop-
per. Three different routes were tested: (1) the direct addition
of the precursor (powder) into the polymer in the melt state
(R1); (2) the addition (dropwise) into the polymer of a water
solution having the desired amount of precursor (R2); and
(3) the addition (dropwise) into the polymer of a water solu-
tion having the desired amount of precursor and sodium
formaldehyde sulfoxylate (SBF) as a reducing agent (R3).
The composites were press molded at 190°C at 50 bar for 5
min and cooled under pressure by flushing the press with
cold water, resulting a film of about 1-mm thick.

The release of cupric ions was measured using a UV-
Visible Agilent (Model 8453) spectrophotometer. The ions
concentration of 3 mL of samples solutions were determined
by adding 1 mL of 10% hydroxylamine hydrochloride solu-
tion, 1 mL de sodium acetate-acetic buffer (pH =4.5), and
1 mL of 1.92 X 107> M neocuproine (cooper reagent). The
neocuproine was used to form a yellow chelate with the
cupric ions. The size of nanoparticles and their dispersion
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into the polymer was determined by transmission electron
microscopy using a Phillips Model Tecnai 12 Biotwin oper-
ated at 80 kV. Samples of polymer were cut to 70 nm of
thickness using a Reichert—Jung (Leica) Ultracut ultra micro-
tome with a diamond knife and put onto a 300 mesh copper
grid. Wide angle x-ray diffraction analysis was performed
using a Siemens D-5000 diffractometer with CuKa = 1.54 A
and a step scan of 0.02° at room temperature. To estimate
the size of the crystals from x-ray analysis, the MDI Jade
6.5 software was used allowing the application of the Scher-
rer equation. In this way, the size of the ordered (crystalline)
domains was measured. The crystallite shape factor used was
0.9, applied for spherical particles.

The bacteria were grown overnight in Lysogeny Broth
(LB)—Luria at 37°C for the antimicrobial tests. LB is a bac-
terial culture medium used for the growth of bacteria, its
standard recipe for 10° m?® is Tryptone (10 g), Yeast
Extract (5 g), and NaCl (0.5 g). Afterward, the bacterial
count was standardized to ~10® CFU/mL by measuring their
optical density and maintained at 37°C for 2 h to avoid the
lag-phase of the kinetic bacterial growth. The initial concen-
tration of bacteria was determined by the solid agar plate
method. An aliquot of 40 X 102 m® of the bacteria broth
was poured into the sample surface and covered with a glass
during a specific time ranging from 30 to 360 min at 37°C.
After the time was elapsed, the samples were thoroughly
washed with a solution of 0.88 wt % of NaCl and 1 wt % of
Tween 80 to remove the survival bacteria from the surface.
From this solution, an aliquot of 40 pul. was extracted, trans-
ferred onto a nutrient agar, and incubated for 57.6 X 10% s
at 37°C before colonies were counted. All the experiments
were repeated at least twice on different days. The samples,
tools, glass materials, and wells were sterilized using an
Orthmann autoclave for 1.2 X 10* s at 1 bar and 140°C
before any experiment.

Results
X-ray diffractions

Figure 1 shows the x-ray diffraction patterns from PP
composites produced by R1 (precursor added as powder) and
R2 (precursor added previously dissolved in water) routes.
From this figure is clear that both routes mainly produced
copper acetate tetragonal crystals embedded in the polymer
matrix as the main peaks were found at 11.3, 12.0, 14.8,
17.9, and 23.5°. The precursor is copper(Il) acetate monohy-
drated that is dehydrated between 125 and 225°C producing
copper(Il) acetate as observed in Figure 1.3 Therefore, the
temperature of the mixer (190°C) was high enough to dehy-
drate the precursor. However, despite the reaction was per-
formed under nitrogen atmosphere and at a temperature
below those reported for decomposition of the precursor
(between 220 and 325°C), diffraction peaks related with cop-
per oxides were further observed.** In particular, tenorite
(CuO) and cuprite (Cu,0) crystalline phases with peaks at
35.5 and 38.78°, and 36.4 and 42.5°, respectively, appear.
R2 route produced a higher amount of these copper oxides,
in particular tenorite. The appearance of these oxides can be
related with the increased local temperature in the polymer
bulk because of the high frictional forces produced by the
macromolecules in the melt mixer. If high shear stresses are
applied to a polymer, the heat generated by the viscous dissi-
pation leads to a temperature rise of the melt.>> The presence
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Figure 1. X-ray diffractions of PP/copper composites
prepared by R1 (up-curve) and R2 (down-
curve) routes.

Up-curve: Close arrows and open arrows represent the
peaks associated with copper acetate and PP crystals,
respectively. Down-curve: Close arrow and open arrow

represent the peaks associated with CuO tenorite and
Cu,O cuprite crystals, respectively.

of oxygen traces further explains the presence of copper
oxides as secondary products in our methodology.

On the basis of aforementioned, we can summarize the
different chemical reactions involved. Initially, the precursor
was dehydrated between 125 and 225°C inside the melt
mixer forming the anhydride®*

Cu, (CH3C00), * H,O — 2Cu(CH3CO0),+2H,0 (1)
Then, a thermal decomposition occurred involving several

simultaneous reactions where copper oxide and metallic cop-
per were obtained from the 200°C*°

Cu(CH3C00), — CuO+CH;CHO+H,0+C+CO,  (2)

CuO+CH;3CHO — Cu,0+CO, 3)
CuO+CO — Cu+CO, )
C+2Cu0O — Cu+CO, (5)

1
6n Cu(CH;COO), + 3 0, — Cu+Cuy,O+3nvolatiles  (6)

1
Cu+ 70, — CuO %)
1
2Cu+ 50, — Cu0 8)
1
Cu20+ 70, — CuO )

Our results showed that the thermal decomposition of cop-
per acetate by R1 or R2 route was not complete displaying a
low yield.

Two variables were analyzed trying to optimize the yield
of the system toward copper oxide particles: mixing time
and amount of precursor (copper acetate) added to the melt
mixer. The effect of time was performed comparing the
results obtained after 10 and 30 min of mixing. However,
changes on the characteristic diffraction peaks of the compo-
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sites were not observed allowing the conclusion that mixing
time is not a relevant variable (results not shown). Figure 2
otherwise presents the results from samples prepared by R2
route using different amounts of copper acetate, from 1 to 10
wt % of copper. At low amount of precursor, the diffraction
peaks associated with the polymer matrix were mainly
observed (dilution effect). By increasing the amount of pre-
cursor, the same peaks related with the salt and the copper
oxides were mainly observed with the same relative intensity
showing that the amount of copper acetate was not a relevant
variable in the yield of the reactions involved.

When R3 route is used, meaning that the copper salt is
dissolved in water with a reducing agent (SBF) previous to
the addition into the polymer, drastic changes were observed
depending on the precursor/SBF molar ratio, as displayed in
Figure 3. The main consequence of the presence of SBF was
the absence of diffractions peaks associated with either cop-
per acetate or the reducing agent itself, showing a high reac-
tion yield toward copper metal/oxide particles by R3 route.
SBF has been previously tested for preparation of silver,
gold, and copper nanoparticles, as its mild reducing nature
avoids both fast reaction kinetics and the formation of
oxides.”” At the highest precursor/SBF ratio the composite
presented diffraction peaks at 36.7, 42.5, 61.5, and 73.5°
meaning Cu,O cuprite particles. At a molar ratio equal to 1,
the diffraction pattern changed with peaks at 43.4, 50.6,
74.2° meaning copper metal particles. When the ratio is
equal to 2.0, both copper oxide and copper metal particles
appeared. Therefore, by changing the amount of SBF, a con-
trol on the kind of copper particles produced into the PP in
the melt state was obtained: from copper acetate to metal
copper. We further analyzed the effect of adding different
amounts of copper, from 1 to 10 wt %, at a molar ratio equal
to 1. Similar to the observed for composites prepared by R2
route (Figure 2), changes in the relative intensity of the dif-
fraction peaks were not observed and copper metal was the
main compound produced (results not shown).
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Figure 2. X-ray diffractions of PP/copper composites
prepared by R2 route using different
amounts of copper acetate, from 1 to 10 wt
% of copper.

Close arrows represent the peaks associated with copper

acetate, Cu,0, and Cu crystals, and open arrows repre-
sent the peaks of PP crystals.
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Figure 3. X-ray diffractions of PP/copper composites
prepared by R3 route at different precursor/
SBF molar ratios.

Close arrows and open arrows represent the peaks asso-
ciated with Cu,0 and Cu crystals, respectively.

The reactions involved using R3 are due to the presence
of the sodium formaldehyde sulfoxylate (SBF) acting as
reducing agent for the copper ions by means of the ion sul-
foxylate (HSO, ) according to the next reactions>>

HOCH,S0; +H,0 < HSO; +CH,(OH),  (10)
HOCH,S0; « HSO; +CH,0 (11)

Therefore, Cu®" ions obtained from either the thermal
decomposition or the water dissolution of copper acetate can
be reduced explaining the results from Figure 3.

TEM characterization

Despite R1 and R2 routes displayed the same x-ray dif-
fraction patterns (Figure 1), the morphology of the resulting
particles embedded in the composites was largely affected as
observed by TEM images (Figures 4 and 5). By adding cop-
per salt powder to the polymer (R1), well dispersed hexago-
nal crystals were mainly observed into the matrix (Figure 4)
with homogeneous sizes (~300 nm). These crystals can be
related with copper acetate crystals as observed by x-ray dif-
fractions. Together with these hexagonal crystals, smaller
structures were visualized associated with copper oxide par-
ticles found in this sample (Figure 1). By following R2 route

— o

500 nm

Figure 4. Transmission electron micrographs of PP/
copper composites prepared by R1 route.
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Figure 5. Transmission electron micrographs of PP/
copper composites prepared by R2 route.

otherwise, a different morphology was obtained in the com-
posite (Figure 5) as nanoparticles around ~20 nm forming
well dispersed agglomerates of ~150 nm were mainly
observed. These nanostructures could be a mix of the differ-
ent compounds observed in Figure 1: copper acetate and
copper oxide particles. Moreover, the smallest particles
observed in Figure 5 were similar to the small structures
observed in Figure 4. Composites obtained by R3 route also
produce copper nanoparticles with sizes between 50 and
100 nm, depending on the molar ratio of the reagents (see
Table 1 and Figure 6). These particles were highly agglom-
erated in the polymer matrix forming secondary structures
with sizes of ~500 nm (precursor/SBF ratio equal to 1).
This morphology was not affected by the amount of SBF as
composites prepared with molar ratios equal to either 2.0
(left side of Figure 6) or 1.0 (right side of Figure 6) dis-
played the same structures. This kind of agglomeration
seems to be related with the nature of the nanoparticles as it
was also observed in similar PP/metal copper composites
although using commercial nanoparticles.26 To further con-
firm the nanostructures obtained, the Scherrer equation was
used allowing the estimation of the size of the ordered (crys-
talline) domains from x-ray diffractions.*” This equation was
not used for composites prepared by R1 route as is valid for
grains smaller than 0.1 um. The results displayed in Table 1
confirmed the TEM analysis as crystals in the nanoscale
were measured by this equation with values as similar as
those coming from the images.

TEM results confirmed our strategy to synthesize copper
nanostructures based on the phenomenology behind the drop
impact in a hot insoluble media. In this case, the original
drop decreases its size by the physical impact on the surface
and the high shear stresses in the media becoming homoge-
neously dispersed in the media. Afterward, a vapor layer
interface is formed on the surface of the small drops due to
the high temperature of the media as compared with the sat-
uration temperature of water.>'3 In this interface, the

Table 1. Effect of the Route Used on the Particle Size
Synthesized in the Polymer Melt as Measured by the
Scherrer Equation and TEM Analysis

Size by Scherrer  Size by TEM
Reaction Particle Equation (nm) Images (nm)
R1 Copper acetate Not applicable ~300
R2 Tenorite (CuO) 12£9 27+8
R2 Cuprite (Cu,0) 22+1 27 %8
R3(1:0.5) Cuprite Cu,O 20+0.2 112 +30
R3(1:0.3) Copper (Cu) 47£0.6 45+4
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Figure 6. Transmission electron micrographs of PP/
copper composites prepared by R3 route: (a)
1/0.5 and (b) 1/1 molar ratio of copper ace-
tate and SBF.

copper salt concentration is oversaturated allowing the nano-
crystal precipitation.®'?

Copper ion release and antimicrobial tests

Although several mechanisms can explain the antimicro-
bial behavior of polymer/metal composites, the release of
metal ions is one of the main processes involved.”**° Figure
7 displays the copper ion release from the different compo-
sites showing the strong effect of the kind of particle on its
behavior. Composites having mostly copper acetate crystals
salts (R1 and R2) were able to release 10 times more ions
than both metal and oxide copper particles. Moreover, the
sample having large crystal salts (R1) showed larger ion
release than composite with nanocrystal salts and copper
oxides (R2). It is clear that the dissolution of a water soluble
salt (copper acetate) should be much faster than the corro-
sion processes of copper particles, either metal or oxide,
where several mechanisms occur and the diffusion of oxygen
is required.*' Based on these results showing the release of
metal ions from the different composites, an antimicrobial
behavior should be expected. Noteworthy, independent of
the route used to prepare the composites, all these samples
were able to eliminate more than 99.9% of E. coli after 4 h
of contact as displayed in Figure 8. The high toxicity of cop-
per can be associated with several factors related with the
presence of its ions interacting with different functional

|-O-R1
-O-R2

< 10% 44 R3 (1:0.3)
E 17~ R3 (1:0.5) Sl
— ] : ) ,D"D
% :<>R3”2//Dj::(ycrof0
§ | o ©
3]
B an
R

10° 4 al

10*  Time (s) 10°
Figure 7. Copper ion release from the different PP/
copper composites prepared by R1, R2, and
R3 routes.
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Figure 8. Pictures of E. coli living colonies after 4 h of
contact on the representative samples.

groups present in the microorganism.”” Copper ions can
interact directly with the cell membrane or increase the con-
centration of reactive oxygen species overwhelming the natu-
ral antioxidant defense of the microorganism.** Independent
of the mechanism, copper ion is the main active agent killing
bacteria confirming the relevance of the metal ion release
from the polymer composite.

Conclusions

The in situ synthesis of copper nanoparticles into a PP
matrix in the melt state was carried out allowing the devel-
opment of antimicrobial polymer composites. Three different
routes were studied depending on the method used for the
addition of a copper salt: (1) directly as powder; (2) dis-
solved in water; and (3) dissolved in water with a reducing
agent. Depending on the route used, copper nanoparticles
were produced into the PP matrix. The nature of the nano-
particles can be tailored by the presence of a reducing agent
and either salt-based or oxide/metal copper particles were
synthesized. Noteworthy, the release of copper ions
depended on the nature of the copper particles embedded in
the PP matrix and composites having salts release 10 times
more ions than those having metal/oxide particles. Compo-
sites produced by this method were able to kill E. coli con-
firming the antimicrobial behavior of the materials produced.
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