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1 | INTRODUCTION

Pablo Gonzalez Morones >

Abstract

In this work, the microwave synthesis of Nylon-6 hybrid polymeric nano-
composite (HPNC) was studied by the polymerization of e-caprolactam,
6-aminocaproic acid, and 2% wt of silver nanoparticles (Ag-NPs). It was deter-
mined that the dielectric heating (DH) of the Ag-NPs controls the thermal
behavior of the HPNCs synthesis and triggers the chemical reaction between
Ag-NPs and the Nylon-6 molecules. Such reaction promotes their coating with
the polymer and their precipitation, which affects the agitation of the reaction
mixture, and results in broader molecular weight distribution and three HPNC
populations. Usually, the power output effect in these processes is thermal as
it accelerates their heating rate. Still, for HPNCs, higher output reduces the
agglomerate size of the Ag-NPs and accelerates their precipitation. At power
up to 600 W, the DH of the Ag-NPs causes the explosion of the reaction vials.
The antimicrobial activity of the HPNCs against P. aeruginosa is almost 100%
effective at 180 min of exposure; therefore, this microwave synthesis process is
suitable for producing antimicrobial HPNCs.
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colonies, which are coated with a compact biofilm that
protects them from antibiotics.” The contamination of

Many pathogenic microorganisms have developed antibi-
otic resistance, representing a significant public health
problem. For this reason, new bactericidal agents, such
as nanoparticles, are being employed and analyzed.'™
These nanoparticles are used to modify surfaces to pre-
vent the growth of microorganisms and the formation of

surfaces in hospitals is a significant problem, as catheters,
prostheses, implants, and surgical materials can get con-
taminated, which causes the majority of hospital infec-
tions.”® To solve this problem, antimicrobial polymeric
composites have been developed. For example, polymer
nanocomposites with silver nanoparticles (Ag-NPs) can
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be used for water sterilization,” manufacture of bio-
medical devices,® antimicrobial bionanomaterials,” and
antimicrobial textiles,'™'" among others. These applica-
tions are attributed to the biocidal activity of Ag-NPs
against 65 types of bacteria, viruses, and fungi, with the
advantage that they do not present the problem of micro-
organism resistance, as occurs with antibiotics.""*"'*

Ag-NPs are blended with polyamides such as Nylon-6
to obtain antimicrobial nanocomposites to manufacture
textiles,> medical devices,'® membranes for air filters and
water purification,”” " among others. Commonly, these
nanocomposites are produced by plasma deposition of Ag-
NPs, stabilizing agents, solution spray, and chemical reduc-
tion'®**%%; solution mixing®*; melt mixing,>* melt mixing-
ultrasound-assisted surface plasma activation® and melt
mixing-silver acetate thermal reduction.”>*” However, one
of the most critical problems in processing these polymer
nanocomposites with Ag-NPs is the dispersion of the nano-
particles in the polymer.”** This problem can be solved by
functionalizing the Ag-NPs with chemical groups similar to
the polymer, coating the Ag-NPs with surfactants,® or
grafting the Ag-NPs with polymers compatible with the one
they are expected to be mixed.”® The latter option, where
the Ag-NPs are chemically grafted with the polymer with
which they are mixed, referred to as hybrid polymer nano-
composites (HPNCs), is the best method, as it maximizes
the dispersion of the Ag-NPs.*®

To produce HPNCs with Ag-NPs, several methods are
applied. One of the most widely used consists of perform-
ing the polymerization reaction of the monomers in the
presence of precursor reagents of Ag-NPs, such as silver
nitrate (AgNO3), where the reagents or polymers are used
as reducing agents."**" However, in these approaches, it
is difficult to control the size and shape of Ag-NPs, both crit-
ical parameters for their antimicrobial activity."> Microwave
(MW) assisted methods are used to control such variables
adequately. This type of radiation has been widely used in
the synthesis of Ag-NPs where the reducing agents also
functionalize or coat the Ag-NPs, which favors their disper-
sion in the HPNCs.** The use of MW in the in-situ polymeri-
zation processes of Ag-NPs enhances the distribution and
adhesion of the Ag-NPs with polymers, such as polystyrene
and polymethylmethacrylate.**** Some authors consider
that the improvement in dispersion and adhesion of Ag-NPs
with the polymer is attributed to the fast and efficient heat-
ing that microwaves produce at a molecular level in each of
the reagents®*; thanks to this, the application of MW extends
to other methods to produce Ag-NPs, such as curing and
deposition of Ag-NPs on textiles.'**

In some of these microwave processes, the effect of both
the power and irradiation time of the microwaves® and the
concentration of the Ag-NPs precursor salt’” on the antimi-
crobial activity of the HPNCs has been demonstrated. For

instance, these variables have been used to control the
size, morphology, and concentration of the Ag-NPs in the
nanocomposite. Some contributions have examined pre-
cursors such as myristate® and silver nitrate’® in
microwave-assisted in-situ polymerization processes of
HPNCs with Ag-NPs. However, using synthesized Ag-NPs
produce a better morphology and dispersion of the
nanoparticles,*® compared to the nanocomposite obtained
without microwaves. Nonetheless, further studies are
needed to explain this behavior. Considering the advan-
tages of these microwave-assisted processes, and the fact
that remains to be determined and conclusively clarified
that the dielectric heating caused by microwaves controls
both the physicochemical phenomena that develop during
these processes, as well as the final properties of the nano-
composites we aim to study an in-situ polymerization sys-
tem of Nylon-6 with Ag-NPs, without the use of solvents.
The monomers e-caprolactam and 6-aminocaproic acid in
solid state (mass polymerization) and Ag-NPs already syn-
thesized were the only materials used to avoid interfer-
ences or cross effects generated by more reagents. This
study showed that the dielectric heating of the Ag-NPs
controls the thermal behavior of the reaction during their
heating and promotes the fusion or sintering of some Ag-
NPs, their chemical reaction with Nylon-6 molecules, and
their agglomeration and precipitation. This affects the
molecular weight distribution of the HPNCs, but not their
antimicrobial properties, since it reaches 98% at 180 min;
meanwhile, the Ag-NPs are present on the surface of the
HPNCs. Considering these properties, Nylon-6/Ag-NPs
HPNCs have potential applications in the control of the
proliferation and propagation of pathogenic microorgan-
isms in materials such as textiles (fabrics and filaments),
medical devices, water purification membranes, and in the
manufacture of plastic automotive parts that are exposed
to users.

2 | EXPERIMENTAL SECTION

2.1 | Materials and reagents

Silver nanoparticles (Ag-NPs) with 99.95% purity, size of
20 to 30 nm, and a density of 10.5 g/cm3, coated with
polyvinylpyrrolidone (PVP), from Sky Spring Nanomater-
ials, Inc. were used. The monomers 6-aminocaproic acid
and e-caprolactam, reagent grade with a purity of 99%,
were purchased from Sigma Aldrich. Reagent-grade sol-
vents with 90% purity were utilized: methyl and ethyl
alcohols from Fermont, acetone from CTR Scientific, for-
mic acid from Sigma Aldrich, and distilled deionized
water (DDW). For the antibacterial tests, strains of
P. aeruginosa ATCC #13388 were used as received from
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Ag-NPs (synthesis of HPNCs).

the American Type Culture Collection. This microorgan-
ism was grown in Luria Bertani broth (LB), purchased
from BD Bioxon, Mexico. Sterile phosphate-buffer
saline (PBS) with Tween 80 at 1% was prepared to use in
the antibacterial tests according to the ASTM standard
E-2180-079 (2012): Standard Test Method for Determin-
ing the Activity of Incorporated Antibacterial Agent(s) in
Polymeric or Hydrophobic Materials."’

2.2 | Methods

221 | Nylon-6 and HPNCs synthesis

The polymerization of pure Nylon-6 and HPNCs with Ag-
NPs was carried out in a solvent-free reaction medium
(in mass), with the reagents in a solid state, using an Anton
Paar Monowave 300 single-mode microwave reactor. The
reaction conditions were constant power irradiation of
200, 400, and 600 W for 90 min, with magnetic stirring of
800 rpm, and a reaction temperature of 250°C. For the poly-
merization of Nylon-6, 20 g of reaction mixture containing
the monomers e-caprolactam and 6-aminocaproic acid in
an 87:13 (%wt) ratio was used. The monomers were
grounded in a mortar until a fine powder was obtained and
introduced into a 30 mL borosilicate reaction vial with a
magnetic stirrer. Subsequently, a nitrogen stream was
passed through this vial for 10 min and sealed with a pres-
surized septum. For the synthesis of the HPNCs, 20 g of the
reaction mixture and Ag-NPs at a 2% wt concentration,
based on the weight ratio of e-caprolactam/-6-aminocaproic
acid of 87:13, were mixed during the grinding of the mono-
mers (Scheme 1). Each reaction was performed in triplicate
to study the reproducibility of these experiments.

222 | Purification of Nylon-6 and HPNCs

After the polymerization of Nylon-6 and HPNCs with sil-
ver, both materials were obtained in solid form and

R
ON/\/WOH 6: /\AWOH

w

H

g

Nylon

The microwave-assisted in-situ polymerization process of the monomers e-caprolactam and 6-aminocaproic acid with pure

dissolved in 200 mL of formic acid at room temperature.
These solutions were then precipitated by pouring them into
a 200 mL ethanol/300 mL DDW solution at a temperature of
85°C with constant stirring. A rotary evaporator at 90°C,
300 rpm, and vacuum pressure was used to extract the for-
mic acid from this dispersion. The obtained paste was re-
dispersed in 400 mL of DDW, and again, the rotary evapora-
tor was used to remove the remaining solvent. This operation
was performed four times to ensure that all the formic acid
was extracted. Finally, the pastes composed of (i) Nylon-6/
residual e-caprolactam and (ii) HPNCs with silver/residual
e-caprolactam were washed with 500 mL of distilled water at
a temperature of 90°C for 30 min. Then, they were filtered at
the same temperature to obtain Nylon-6, HPNCs, and resid-
ual e-caprolactam dissolved in water as solids.

2.2.3 | Separation of the HPNCs components
10 g of the purified HPNCs were taken and dissolved in
100 mL of formic acid under constant stirring for 6 h at
40°C. A translucent brown solution was obtained and fil-
tered using a polycarbonate membrane with a pore size
of 20 nm. The filtered liquid, composed of Nylon-6 and
formic acid, was precipitated in DDW. The nanoparticles
retained in the filter were again dispersed in 100 mL of
formic acid under constant agitation for 6 h at 40°C. This
filtration process was performed five times to ensure that
the Nylon-6 molecules not chemically bound to the Ag-
NPs were separated. The obtained Nylon-6 was precipi-
tated, and the formic acid was extracted using a rotary
evaporator, as indicated in the purification of Nylon-6;
while the Ag-NPs were dried for 12 h at 80°C.

224 |
HPNCs

Antimicrobial activity of Nylon-6 and

Antibacterial properties of Nylon-6 and HPNCs were
determined using inoculums of P. aeruginosa grown in



w1 | wiLEY-Applied Polymer

MENDOZA TOLENTINO ET AL.

IENCE

LB broth at 37°C for 16 h. Pure Nylon-6 and HPNCs were
sterilized using ultraviolet germicidal irradiation by expo-
sure to 254 nm for 30 min. The bacterial suspension was
prepared in a sterile solution of LB diluted five times with
PBS for a final concentration of 5 x 10° CFU mL ™.
1.25 x 10° CFU mL™ " were placed on the surface of the
Nylon-6 and HPNCs films and covered with a sterile
cover slip. All samples were incubated for 0, 90, 180, and
360 min at 37°C. The assays were carried out in duplicate
in three independent experiments. The bactericide effect
was determined by washing each sample with 5 mL of
PBS/Tween solution and shaking it in an oscillating plat-
form for 5 min at 88 rpm to detach the bacteria from the
film. From each sample, 100 mL of washed solution was
placed on LB dishes and incubated for 16 h at 37°C. Anti-
bacterial activity percentage was calculated according to
Equation (1),***° where C, is the number of bacterial col-
onies in the control film (pristine Nylon-6), and C is the
survival bacterial colonies on the sample films (HPNCs).

C,—C
100 1
— 1)

o

Antimicrobial activity (%) =

2.2.5 | Characterization techniques

Fourier transform infrared spectroscopy by the attenu-
ated total reflectance method (FTIR-ATR) was used. For
this, a Thermo Nicolet infrared spectrophotometer model
MAGNA 550 with a gadolinium tip was employed. One
hundred scans were collected with 16 cm ™ resolution for
all the samples evaluated. To analyze Nylon-6 and
HPNCs, films of 1 cm diameter and 100 pm thickness
were prepared. For the analysis of Ag-NPs, the gadolin-
ium tip was carefully coated with these NPs. All samples
were dried for 12 h at 80°C before the analysis. Raman
spectroscopy characterization was performed on a Micro-
Raman Horiba Xplora equipment, in a frequency range
from 1000 to 400 cm ™ ?, using a 532 nm laser. For ther-
mogravimetric analysis (TGA), TA-Q500 equipment from
TA instruments was used. The study conditions were:
temperature range from 25 to 600°C, nitrogen atmo-
sphere with a continuous flow of 50 mL/min, and a
heating rate of 10°C/min. High-resolution transmission
electron microscopy (HRTEM) studies were performed
on a TITAN® microscope with an accelerating voltage
of 100 kV. The evaluation of the samples by scanning
electron microscopy (SEM) was performed on a JEOL®
FE-SEM microscope model JSM-74101 F, with an SEI
detector at a voltage of 3.0 kV and 10,000 and 50,000
magnifications. The molecular weight was analyzed by
gel permeation chromatography (GPC) using Alliance
2695 equipment with two PLgel columns with a pore size
of 5 pm. The sample was diluted in tetrahydrofuran

with 0.05 M trichloroacetic anhydride, and the calibra-
tion curve was constructed with polystyrene standards
with molecular weights from 2170 to 990, 500 g/mol.

3 | RESULTS AND DISCUSSION

3.1 | In-situ polymerization process

The synthesis process of pure Nylon-6 and its HPNCs
with Ag-NPs (Ny-Ag) was evaluated at a 2% wt concen-
tration, an output power of 200, 400, or 600 W at 250°C
for 90 min. The thermal and in-situ microwave irradia-
tion behaviors of Ny-Ag 200, 400, and 600 were analyzed.
To determine the reproducibility of these experiments
and closely study the synthesis process, three identical
reactions per power were processed for Nylon-6 and
HPNCs. However, the experiments at 600 W could not be
analyzed because the reaction vials exploded due to a
sudden increase in their pressure and temperature.
Figure S1, in the supplementary section, shows the poly-
merization of Nylon-6 under 200 W output at 250°C for
90 min. The Supplementary section describes the three
steps (St1, St2, St3) identified during the synthesis pro-
cess. However, the most significant change in the temper-
ature behavior was observed in St1; therefore, the first
10 min of the reaction will be analyzed.

Figure 1 shows the temperature behavior for the
time or heating rate (HR) of the microwave-assisted
polymerizations (MAPs) of Nylon-6 at 200 and 400 W
(Figure 1a,b, respectively). The temperature behavior of
both powers is very different from each other and hetero-
geneous. First, at 50°C, HR increases, which is related to
the melting of the e-caprolactam monomer.*' Then, at
200°C, a temperature behavior reduction is observed due
to the beginning of polymerization, which consumes part
of the monomer and reduces the heat generated.*'™*
Finally, a drastic change in temperature occurred. There
is an increase above the reaction temperature, considered
heating inertia, due to the constant power irradiation
mode and the varying composition of the reaction
medium between reactants and products.

In the MAPs of the Ny-Ags, the behavior of their HRs
is different compared to Nylon-6. For both cases, 200 and
400 W (Figure 2a,b), the temperature behavior is homo-
geneous and similar among the three polymerization
reactions. An increase in the HR is observed between
73.8-74.7°C, which is related to the melting of the mono-
mer, in a temperature range higher than that observed
for the MAPs of pure Nylon-6. Furthermore, the thermal
effect of the melting and polymerization of the mono-
mers and the heating inertia is lower than the synthesis
of Nylon-6. The MAPs of Nylon-6 and Ny-Ags at the
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same power are shown in Figure 3, where the average
behavior (calculated with the Origin® program) shown in
Figures 1 and 2 is plotted.

Figure 3a,b show the thermal behavior of Nylon-6
and Ny-Ag at 200 and 400 W (respectively). The Ny-Ag
MAPs reach time at reaction temperature (TRT) faster
than the Nylon-6 MAPs, with a reduction in time of
36.98 and 43.10% at 200 and 400 W, respectively. The
opposite trend was observed for the HR, where an
increase of 58.18 and 42.8% for Ny-Ag MAPs is noted
for 200 and 400 W, respectively. These results indicate
that the Ag-NPs act as a hot spot by absorbing the
microwaves, then transferring their heat to the reaction
medium (e-caprolactam/6-aminocaproic acid). Such heat

transfer is so significant that it reduces the perturbations in
the HR of MAPs generated by the melting/polymerization
of the monomer and the heating inertia. Therefore, the
heating of the reaction depends mainly on the heat gener-
ated by the Ag-NPs. The effect of power on the MAPs of
Nylon-6 and Ny-Ags is shown in Figure S2 of the supple-
mentary data, where it is observed that its effect is purely
thermal since the increase in power accelerates the HRs for
both cases.

During MAPs of the Ny-Ags, vials reaction showed
significant changes in the first 10 min of the reaction, as
depicted in Figure 4. For the nanocomposite synthesized
at 200 W, the reaction mixture in the vial is black at
0:00 min due to the presence of the Ag-NPs. The melting
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of the monomer starts at 0:37 min, and at 1:17 min,
sparks begin to form in the liquid caused by the heat gen-
erated by the Ag-NPs ionizing the reaction medium.**
Then, between 1:22 and 1:34 min, and an interval tem-
perature of 124-151°C, the reaction mixture changes its
appearance from black to white/translucent, followed by
the precipitation of a very large agglomerate at minute

9:37. Similar results were observed in the synthesis of the
nanocomposites at 400 W (Figure S3, supplementary
information). However, the fusion of the monomer and
the formation of the spark started earlier (0:12 min), as
well as the agglomeration and precipitation of the Ag-
NPs (1:15 to 1:33 min). Moreover, the agglomerates were
smaller and looked like powder. Therefore, the results
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suggest that the size of the agglomerates and the time at
which they precipitate varies according to the power out-
put, that is, at higher power, smaller agglomerates that
precipitate in short reaction time are produced, but at
lower power, the opposite effect occurs.

Such behavior indicates that, during the Ny-Ags
MAPs, the Ag-NPs agglomerate in the liquid state and at
a temperature higher than 124°C. This agglomeration
can be generated because the Ag-NPs, when heated by
microwaves, can reach such a high-temperature point
that triggers the fusion or sintering of the Ag-NPs that
are in contact or forming agglomerates in the reaction
mixture. This heat can also trigger their reaction with
the chemical species present in the medium, such as the
initiator molecules, the monomer, or the growing
Nylon-6 molecules, forming a coating on the Ag-NPs
which promotes their agglomeration. Moreover, during
the reaction time, there is a viscosity increment that dif-
ficult the agitation of the medium and facilitates the
fusion/sintering and coating of the Ag-NPs. These
results suggest that these types of processes are acceler-
ated or reduced (fusion/sintering and coating) by micro-
wave power. At low power output, there is a longer

100% irradiation time (2:39 min), the agglomerates pre-
cipitate slowly, and larger agglomerates are formed.

Meanwhile, there is a short irradiation time (1:39 min)
at the high output, and the agglomerates precipitate
quickly, reducing their sizes. In both cases (fusion/sinter-
ing and coating), the agglomeration of the Ag-NPs should
affect both the thermal or HR behavior of the Ny-Ags
MAPs and their final properties. Figures 5 A and B show
the HR and its derivative for the synthesis of Ny-Ag at
200 and 400 W.

The derivative of the HR of Ny-Ag 200 presents two
well-defined peaks (Figure 5a). The first one is related to
the melting of the e-caprolactam monomer, and the sec-
ond peak occurs when the reaction mixture is in the lig-
uid state. The maximum peak is reached at 1:22 min
when the agglomeration of the Ag-NPs starts.

Then, the peak decreases until the reaction temperature
of 250°C is reached at 2:39 min, so its HR decreases from
108.8 to 97.5°C/min. The synthesis at 400 W (Figure 5b)
reveals a similar behavior. However, the changes in the HR
occur faster, indicating that the increase in power has a
purely thermal effect. In Figure 5c, the reaction vial after
the polymerization process at 200 W is observed. No
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200 and Ag-Ny 400, respectively).

agglomerates are visible at a glance, similarly, when dis-
solved in formic acid (Figure 5d) for purification. These
changes in the HR suggest that the agglomeration caused
by fusion/sintering and/or coating of the Ag-NPs reduces
their dielectric heating, which has been proved for other
NPs and reagents that are heated with microwaves where a
change in their physical state and chemical composition
modify their dielectric heating.**> However, since these
agglomerates are dissolved or dispersed in formic acid, the
coating of Ag-NPs with Nylon-6 molecules is assumed to
predominate during the agglomeration process. Ag-NPs
were extracted from Ny-Ags and analyzed by FTIR,
Raman, TGA, and SEM to inspect this theory, as shown in
the following section.

3.2 | Study of the hybridization of Ag-
NPs with Nylon-6

The Ag-NPs extracted from the nanocomposites synthesized
at 200 and 400 W (labeled as Ag-Ny 200 and Ag-Ny
400, respectively) were characterized by FTIR and Raman
spectroscopy. Ag-NPs spectra in Figure 6a shows signals at
3500 cm ™, corresponding to metallic silver (Ag,), 1041, and
474 cm ™ associated with the vibration/bending of the O—H
groups combined with the silver atoms.***” Ag-Ny 200 and
Ag-Ny 400 presented higher intensity peaks than the Ag-
NPs spectrum. These peaks are related to the characteristic
signals of Nylon-6, such as N—H functional groups at 3350,
793, and 654 cm™!; C=0 at 1720 and 1634 cm™}; and C—N
at 1380, 1255, and 1160 cm™'. Furthermore, the signal
related to Ag-OH at 1041 cm™ ' showed higher intensity. In
the Raman analysis (Figure 6 B) it is observed that all the

—_~
S

0\ 14/1/:=1.51

Ag-Ny 400

1\ 1/1,/:=1.23

Ag-Ny 200

1Ag-O, Ag-N N\ 1 /1:=1.48

234

Raman Intensity (a.u.)

Lot
1369! 15021

1000 1500
Wavenumber (cm™)

500 2000

FTIR (a) and Raman (b) spectra of silver NPs (Ag-NPs) and silver-nylon nanohybrids synthesized at 200 and 400 W (Ag-Ny

samples presented the two characteristic peaks of the Ag-
NPs at 1369 (I,) and 1592 (I;) cm ™, but their intensities
ratio (I;/L) variated. Such variations are generated by the
direct binding between the COO-chemical group of the car-
boxylic acid on the surface of the Ag-NPs.***° The peak at
234 cm ™!, which was only present in Ag-Ny 200 and 400, is
attributed to Ag-O and Ag-N stretching, which indicates the
formation of a chemical bond between the Ag-NPs surface
with the nitrogen of the amino group and the carboxylate
group of the COO—.*"!

The FTIR and Raman result demonstrated that Ag-
Ny 200 and Ag-Ny 400 chemically reacted with Nylon-6
molecules during the microwave-assisted polymeriza-
tion process. This hybridization reaction occurs because
microwaves dielectrically heat the Ag-NPs and either
the functional groups (COO— and NH—) of the
6-aminocaproic acid or the growing Nylon-6 molecules,
allowing them to reach the energy levels necessary to
produce their chemical reaction and the HPNCs. TGA
studies were performed to quantify the amount of
Nylon-6 molecules grafting onto Ag-Nys (Figure 7).

The weight loss of Ag-NPs (Figure 7a) about 3.02% wt
at 600°C reveals high purity. The highest weight loss
occurred between 70 and 350°C (2.64% wt), a characteris-
tic behavior of Ag-NPs coated with polyvinylpyrrolidone
(PVP), which is deposited during the synthesis process, as
suggested by the manufacturer.’® For Nylon-6 synthe-
sized at 200 W (Nylon-6), there is a loss of 93.75% wt
before 500°C, which is characteristic of this material.
Both nanohybrids (Ag-Ny 200 and 400) showed a thermal
behavior similar to Nylon-6, but a weight loss similar to
that of Ag-NPs, as it does not exceed 3.2% wt loss. The
low concentration of Nylon-6 molecules reacting with the
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surface of Ny-Ag 200 and 400 are attributed to the
agglomeration of the Ag-Nys during the first 10 min of
reaction since it reduced their exposure and contact with
the reactive species during the polymerization process,
avoiding the grafting of a higher amount of polymer dur-
ing the rest of the reaction time. The behavior of the %
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TGA thermograms of the nanohybrids (Ag-Ny 200 and 400) and Ag-NPs: percentage weight loss (a) and its derivative (b).

Ag-Ny 200
—

TEM micrographs of pure Ag-NPs (a and b) and Ny-Ag 200 nanohybrid (c, d, e, and f) at different magnifications.

weight loss is more evident in the derivative graph
(Figure 7b), where it is observed that below 350°C ther-
mal degradation of the trace PVP coating of the Ag-NPs
occurs. Still, for Ag-Ny 200 and 400, the thermal degrada-
tion occurs above 350°C and is similar to the thermal
degradation of Nylon-6.
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TABLE 1 EDS chemical analysis of Ag-NPs and Ag-Ny 200.
Element Ag-NPs (weight %) Ag-Ny 200 (weight %)
Carbon (C) 1.77 19.99
Nitrogen (N) 0 3.16
Oxygen (O) 0.4 11.89
Silver (Ag) 97.82 64.95

Transmission electron microscopy (TEM) was per-
formed to analyze the Nylon-6 coating grafted on the Ny-
Ags (Figure 8). Pure Ag-NP agglomerates with sizes
between 9 to 20 nm were observed (Figure 8a). At higher
magnifications and with a closer approach (Figure 8b), a
PVP coating with a thickness of 1.4 to 5.3 nm was spot-
ted. The chemical characterization of the Ag-NPs was
completed by energy-dispersive X-ray spectroscopy
(EDS). Figure S3a shows that silver (Ag) is the main com-
ponent, and carbon (C) and oxygen (O) are present in a
lower amount. The quantification of these elements is
shown in Table 1, where the weight % concentration of
silver is 98. The Ag-Ny 200 nanohybrid had particle sizes
from 90 to 300 nm (Figures 8c,d), with an irregular
Nylon-6 coating of 5 to 15 nm thickness.

These results confirmed that microwave irradiation
increased the size of Ag-NPs by 2 to 10 times compared
to their initial size of 20 to 30 nm, due to their fusion/
sintering with each other. This fusion/sintering process
has been reported in the fabrication of electrodes with
Ag-NPs, where output powers of 250 to 1000 W and irra-
diation times of 20 to 50 s are applied.®> However, Ag-
Ny 200 with sizes from 9 to 22 nm were also observed,
apparently, they were coated and bonded with Nylon-6
(Figure 8e,f) but were not fused/sintered. With these
results, it is considered that the predominant process
producing agglomeration and precipitation of Ag-Ny
200 is coating. The chemical characterization by EDS of
Ag-Ny 200 is shown in Figure S4b (supplementary sec-
tion) and the quantification in Table 1, where a consid-
erable increase in the concentration of oxygen, carbon,
and nitrogen is observed due to the presence of Nylon-6
in Ny-Ag.

These in-situ studies of the HRs and vials during
the first 10 min of reaction, as well as the characteriza-
tion of the Ag-Ny, extracted from the HPNCs, indicate
that microwave radiation produces dielectric heating of
the Ag-NPs. This has significant effects on the polymer-
ization process as (i) it controls the heating of the reac-
tion, (ii) activates the surface reactivity of the Ag-NPs
and produces their chemical reaction and coating with
Nylon-6 (Ag-Ny) molecules, which gives place to
(iii) agglomeration and precipitation of the Ag-Ny
(Figure 9). Due to these notable effects of dielectric

heating, the final properties of the Ny-Ag nanocompo-
sites were analyzed to determine if they also alter their
molecular weight, chemical composition, thermal
behavior, and antimicrobial activity.

3.3 | Ny-Ag nanocomposites properties
Figure 10 shows the FTIR-ATR spectra of Nylon-6 MAPs
(Figure 10a) and their nanocomposites Ny-Ag
(Figure 10b). Both present the characteristic functional
groups of Nylon-6 as N—H stretching at 3299-3296 and
3070 cm ™!, C=0 stretching at 1639-1636 cm ', N—H in-
plane bending at 1543 cm™ ', C—N stretching at 1267-
1260 cm ', and out-of-plane bending at 690-687 cm ™'
These same functional groups appear in the spectrum of
a commercial Nylon-6 from Chemlon®, which was used
as a reference (Ny-Standard). Thus, Ny-Ag is the HPNC
of Nylon-6 and Ag-NPs.

The weight losses of the Ny-Ag 200 and 400 and the
reference Nylon-6 (Ny-Standard) were calculated by TGA
and are shown in Figure 11a. All the samples presented a
weight loss between 250 and 600°C. The Ny-Ag lost
97.7%, meanwhile the Ny-Standard 100%. This difference
is related to the concentration of the Ag-NP in the nano-
composites (2% wt), while the residual of the Ny-Ag is
2.3%. However, Ny-Ag 200 and 400 presented two signifi-
cant differences in their thermal behavior compared to
Nylon-6, with higher weight loss in the temperature
range 290-468°C and 468-550°C.

This thermal behavior was further analyzed with the
derivatives of the weight loss (dW/dT) and is presented in
Figure 11b. It is observed that all the samples had a slight
weight loss between 1.1 to 1.7% at 118°C, which corre-
sponds to the moisture absorbed by the hydrophilic char-
acter of the Nylons. Also, the initial thermal degradation
temperature (ITDT) for the synthesis of Ny-Ag 200 and
400 is lower (210°C) compared to the Ny-Standard
(278°C). The most significant difference is the weight loss
at low temperatures (250 to 370°C), which is related to
the presence of low molecular weight oligomers, and a
second weight loss at high temperatures (470 to 578°C),
which originates from high molecular weight (HMW)
Nylon-6 molecules. It is also observed that the peak of
the derivative representing the maximum rate of weight
loss in Ny-Ag 200 and 400 is similar (438°C) but lower
than the Ny-Standard of 460°C.

These results indicate that the microwave synthesis of
Ny-Ag leads to a heterogenous chain growth since three
populations with different thermal stability were identi-
fied. To confirm this phenomenon, the molecular weight
distribution in weight (M,,) and number (M,,) of the poly-
merizations of pure Nylon-6 and HPNCs (the polymer
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that was separated from the Ny-Ag extractions) were
assessed by gel permeation chromatography (GPC). The
results are shown in Figure 12 and Table 2. The molecu-
lar weight distributions of the Ny-Ag 200 and 400 shift
toward lower M,, values, compared to Nylon-6 (Ny-200
and 400), but their shape becomes broader involving
higher molecular weight population (HMW).

Table 2 shows the M, and M,, values of all the MAPs.
For the synthesis of pure Nylon-6, there are no significant
differences in Mw ranging from 3000 to 7000 g/mol;
meanwhile, for the HPNCs, there is a substantial differ-
ence between 30,000 to 13,800 g/mol. These variations in
Mw are caused by the hybridization reaction of the Ny-
Ag with the polymer molecules and by their agglomera-
tion. In the first case, the polymerization of Nylon-6
occurs by the ring-opening reactions of e-caprolactam,

(b)
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3
= Ny-Ag 200
° y-Ag !
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c
g b
= |Ny-Ag400 :
£ |09 :
7]
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£
-
NH
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FTIR-ATR spectra of Nylon-6 MAPs (a) and HPNCs (b), synthesized at 200 and 400 W power.

and subsequently, its polycondensation and addition
reactions, which make the polymer molecules grow. All
these reactions are reversible and maintain a chemical
equilibrium between the concentration of reactants and
products.®® As the Ny-Ag are grafted with the polymer
molecules, they alter the chemical equilibrium of the
reaction, giving rise to populations of different molecular
weights (oligomers and HMW).*>>> In the second case,
when the Ny-Ag agglomerate, the reaction mixture is no
longer agitated and homogenized, hindering the encoun-
ter between reactive species and generating intermittent
growth of the polymer molecules.

The evaluation of the percentage of antimicrobial
activity (% AA) with P. aeruginosa bacteria, using a varia-
tion of the ASTM E2180-07 standard,®® is shown in
Figure 13. For the first 90 min, HPNCs Ny-Ag 200 and
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TABLE 2 Molecular weights in
number (M,,) and weight (M,).

200 W 400 W

Ny-1 Ny-2 Ny-3 Average Ny-1 Ny-2 Ny-3 Average
M,, 31,300 30,100 28,100 29,800 34,000 26,800 29,200 30,000
M, 12,200 13,600 12,600 12,800 11,300 12,700 12,700 12,200
PD 2.56 2.21 2.23 2.32 212 211 2.29 218
HPNCs Synthesis

200 W 400 W

Ny-1 Ny-2 Ny-3 Average Ny-1 Ny-2 Ny-3 Average
M, 44,400 14,400 21,300 26,700 33,200 19,400 30,300 27,600
M, 12,200 7300 10,900 10,100 9700 9400 11,200 10,100
PD 3.63 1.97 1.95 2.64 3.42 2.06 2.7 2.73
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Ny-Ag 400 exhibit an antimicrobial activity higher than
60% (Figure 13a). At 180 and 360 min, the antimicrobial
activity reaches values close to 100% (Figure 13b). This
type of polymer nanocomposites inactivates bacteria by
releasing silver ions; however, the release process is
affected by the exposure of the Ag-Nys on the surface of
the nanocomposites, their oxidation degree, and water
exposure. To determine the presence of Ag-Nys on the
surface of the nanocomposites (Ny-Ag 200 and 400), they
were analyzed by SEM and EDS, as shown in Figures 14
and 15, respectively.

At 10,000 magnifications, both nanocomposites
(Figures 14a,c) present a rough surface. At 50,000
(Figure 14b), the Ag-Nys 200 nanohybrids with a size of
200, 110, and 62 nm, as well as some agglomerates with
sizes of 300 to 450 nm, were observed. These sizes agree
with those previously observed by TEM (Figure 8), which

come from the fusion/sintering of the Ag-NPs. For Ag-Ny
400, at 50,000 magnification (Figure 14d), particles
(or agglomerates) with higher contrast are observed. Such
particles have sizes from 4.2 to 13.5 nm and may be the
Ag-Nys nanohybrids (Figure 3S). As was previously men-
tioned, during the polymerization process, the Ag-Nys
nanohybrids precipitate and formed agglomerates of smal-
ler size compared to the synthesis of Ny-Ag 200. To con-
firm that these agglomerates are the Ag-Ny, the surface of
the HPNCs was analyzed by energy dispersive X-ray spec-
troscopy (EDS), and the results are shown in Figure 15.
Ny-Ag 200 (Figure 15a) has the highest silver concen-
tration (7.45%); meanwhile, Ny-Ag 400 (Figure 15b) has
an Ag concentration of 0.32%. SEM and EDS analyses
confirm Ag-Ny on the surface of both HPNCs Ny-Ag
200 and Ny-Ag 400. Ag-Nys are coated with Nylon-6 mol-
ecules, improving their compatibility with the matrix,
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giving rise to an adequate dispersion in the whole volume
of the polymer and the surface of the HPNCs. Addition-
ally, the oxidation of the Ag-Ny was verified by Raman
and FTIR spectroscopy studies (Figure 6), which was pro-
duced by their hybridization reaction with the Nylon-6
molecules. Furthermore, it is known that Nylon-6 has a
hygroscopic nature and can absorb between 2.5 and 3.5%
of moisture from the environment.”® These three factors
combined stimulate the release of silver ions, allowing
these Ny-Ag 200 and 400 HPNCs to exhibit up to 99%
antimicrobial activity during the first 180 min of expo-
sure to pathogenic microorganisms.

4 | CONCLUSIONS

This study demonstrates that the DH of Ag-NPs generated
by microwaves is the key factor to control both the poly-
merization process and the final properties of HPNCs.
Since the heat and energy of this DH were consumed dur-
ing the polymerization, a fraction of this heat was dissi-
pated to the reaction medium, which accelerated the
overall HR of the reaction, reduced the time at which the
reaction temperature was reached and homogenized the
thermal behavior of the polymerization reaction. Another
part of this energy fused or sintered the small agglomer-
ates of Ag-NPs, increasing their size and producing their
hybridization with the Nylon-6 molecules. This hybridiza-
tion formed a coating on the Ag-NPs, which produced
their agglomeration and precipitation, generating low and
high-molecular-weight polymer molecules. This also facili-
tated the dispersion and exposure of the Ag-NPs on the
surface of the nanocomposites, which allowed obtaining
99% antimicrobial activity with the P. aeruginosa bacteria.
In addition, it was found that this DH of the Ag-NPs is
controlled by the irradiation power; since, by increasing its
value, it increased the DH energy and accelerated the ther-
mal processes, modified the morphology of the Ag-Ny
agglomerates, and even produced the explosion and defor-
mation of the reaction vials (Figure S5).
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