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nanoparticles.!!' Their excellent physico-

The growing popularity of silver nanoparticles in the field of nanotechnology
has created the necessity of developing new sustainable synthesis methods.
This study presents a new green in situ functionalization method of melamine

chemical characteristics, high stability, bio-
compatibility, and lower cost with re-
spect to other noble metals have brought

foams with silver nanoparticles. The synthesis pathway and the influence of
the processing parameters are optimized to phase out 100% of polluting and
dangerous solvents while maximizing silver transfer. A deep study of the
morphological and chemical changes of the synthesized silver nanoparticles
successfully demonstrated that water can be used as the only solvent for
obtaining active melamine foams with potential application in multiple fields.
Results showed that rising reaction temperatures from environmental to mild
conditions (40 °C and 60 °C) is crucial for obtaining high functionalization
yields with this green method. Following the optimum fabrication conditions
using only water, highly functionalized melamine foams showed a great
amount of ultrafine silver nanoparticles distributed over the porous structure.

1. Introduction

Among the commercial products that encompass nanomaterials,
silver nanoparticles (AgNPs) are the most well-developed metal
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them to the forefront of nanotechnology
research.[?3] These features have fostered
the generation of new commercial prod-
ucts with widespread applications in di-
verse sectors, including food industry, en-
ergy, catalysis, medicine, sensors, etc.>*l
For example, silver nanoparticles present
unique optical properties that have allowed
the fabrication of sensitive and naked-eye
visible colorimetric sensors of a wide range
of molecules.>7] Besides, its excellent an-
tibacterial activity against a wide spectrum
of microorganisms has been used to pre-
vent microbial proliferation in the food
packaging industry,®! water cleaning,*1!
and wound healing devices.['!]

The usual method to obtain the reduced form of silver
nanoparticles (AgNPs), also called zero-valent, is based on the
reduction of cationic ions (Ag*) through the use of reducing
agents. Nevertheless, the use of free-silver nanoparticles has
been extensively limited because they present a strong tendency
to agglomerate, which diminishes their activity and modifies
their properties.['>13] Moreover, there is a great concern over
the damage caused by the leaching of the nanoparticles into the
environment.**15] Immobilizing nanoparticles into a substrate
has been presented as a promising method to guarantee the
safety and sustainability of the material.['*1%] Moreover, a strong
anchoring of the nanoparticles can avoid the formation of aggre-
gates leading to a large polydispersity that reduces the efficiency
of their activity.[*17]

Polymers have been presented as excellent substrates for
metallic nanoparticles that provides a wide range of applications
(e.g., catalysis, sensor, drug delivery, etc.).'>81% The function-
alization method selected is strongly correlated to the final size,
shape, size distribution, and morphology of the silver nanopar-
ticles, which define the final properties of the material.[?! The
incorporation of nanoparticles is usually performed using two
techniques defined as ex situ, which means that the nanopar-
ticles are synthesized first, and then added to the premade
polymer, or in situ, when silver is synthesized directly within
the polymer matrix by reduction of Ag salts (Ag*).20%1] Gen-
erally, the in situ method is preferred because the polymer
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interaction avoids the agglomeration of nanoparticles obtaining
higher performance.l*!) However, embedding nanoparticles into
the polymeric matrix could reduce their interaction with the en-
vironment, crucial for some applications like catalysis and wa-
ter remediation.[1?2223] This drawback could be partially over-
come by using polymeric porous scaffolds, which could provide a
higher active surface incrementing the nanoparticle activity.[1224]

Melamine foam (MeF) is a commercially available polymer
foam with an open porous structure and high porosity.?>2¢] The
great success of MeF can be explained because of its three-
dimensional (3D) framework structure, which confers excellent
absorption, mechanical, and insulation properties, lightweight,
etc.?>?7] These properties have attracted the attention of re-
searchers to use MeF as scaffolds for containing active nanoparti-
cles, and for obtaining functional materials with a large spectrum
of applications as catalysts,!?8] water remediation devices,!?6*]
and thermal insulators,**) among others.[332] Regarding the
development of water remediation devices, MeFs have been suc-
cessfully functionalized with hydrophobic compounds, like re-
duced graphene oxide,?*34 to obtain excellent oil-water separa-
tion devices, as well as with metal-organic frameworks (MOF),
for the removal of a wide variety of water pollutants (e.g., dyes,!*’!
and mycotoxins®?)).

However, most of the fabrication routes involve multiple, time-
consuming, and complex steps that require the use of diverse
reagents to overcome the high tendency of nanoparticles to form
aggregates and the poor adhesion between the nanoparticles and
the polymer matrix.[?!3%] For instance, the method proposed by
Deng et al.,[!% to fabricate melamine foams decorated with sil-
ver nanoparticles and graphene consisted of a first preparation of
the graphene oxide, which include the use of aggressive reagents
(e.g., sulfuric acid and potassium permanganate), followed by the
reduction and fixation of the silver salt and modified graphene
oxide into the melamine foam.

On the contrary, Pinto et al.[?* developed a one-step method to
obtain antibacterial MeF using only the neat substrate and a sil-
ver precursor (Ag') solution. In this work, the melamine skele-
ton acted as a reducing agent of the silver precursor generating
zerovalent silver nanoparticles well-anchored to the polymer sur-
face. Moreover, the content of silver nanoparticles in melamine
foam reached up to 18 wt.%, outperforming most of the multiple-
step methods found in the literature.['!3] However, this method
still has a harmful effect on the environment through the use of
a hazardous solvent, tetrahydrofuran (THF) in high concentra-
tions. Many studies collect the adverse consequences of THF to
the environment and human health, such as carcinogenic effects,
nervous system dysfunction, and DNA damage.>’-4

Herein, the full substitution of THF by water was addressed
through the optimization of the operating conditions of the
nanoparticles synthesis (solvent ratio, reaction time, staticity, and
temperature). A detailed study of the physicochemical proper-
ties of the functionalized melamine foams and silver nanopar-
ticles anchored was performed using multiple characterization
techniques (e.g., infrared spectroscopy, SEM, TEM, and XPS).
This study results in the obtention of well-dispersed and ultrafine
(<12 nm) AgNPs stably anchored to the melamine foam using
water as the only solvent. For this to happen, the employment of
moderate reaction temperatures was fundamental to obtain con-
siderable amounts of silver functionalized in aqueous media. In
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the end, a nontoxic, clean, cost-effective, and sustainable one-step
procedure was developed to obtain highly functionalized silver-
melamine foams without compromising the advantageous tridi-
mensional porous structure.

2. Results and Discussion

2.1. Microstructural Analysis

Figure 1 displays the cross-section images of the dry functional-
ized foams after shaking in the precursor solution for 1, 3, and
7 days, as performed in our previous article.?l All micrographs
exhibited the characteristic open porous structure of melamine
foams. The highly 3D porous structure guaranteed the rapid up-
take and transport of the precursor solution into the foam. A de-
tailed visual inspection indicated that the melamine structure re-
mained unspoiled after the fabrication treatment in all samples.
The SEM micrographs of MeF exposed to the different solvent ra-
tios (H,O:THF) for 7 days (Figure S1 of Supporting information)
confirmed the innocuous effect of the solvent on the polymer
structure. This indicated that the final functional materials ob-
tained will benefit from the high porosity and surface area of the
pristine MeF. In addition, the SEM micrographs exhibited bright
nanoscale structures dispersed over the foam surface. A deeper
analysis performed with the STEM-EDS revealed that the bright
clusters corresponded to the silver nanoparticles, confirming the
successful grafting of the AgNPs on the MeF surface, Figure S2,
Supporting Information. The ability of the melamine foam to
carry out the in situ anchoring of AgNPs was already reported
in our previous work.[?! The SEM images reported in Figure 1
suggest that the density and distribution of the silver nanoparti-
cles changed with the presence of THF and the exposure time,
observing a greater presence of agglomerates with the water ra-
tio and time of the processing.[?**!l Additional SEM images of
the melamine foams using a different synthetic method: static,
shaking, and stirring, after a certain reaction time of 7 days was
reported in Figure S3, Supporting Information.

2.2. Study of the Mechanism Reaction Through FTIR
Spectroscopy

The chemical characterization of the silver-functionalized
melamine foams was performed using infrared spectroscopy.
As schematically represented in Figure 2a, the silver synthesis
is based on the redox reaction between the positively charged
silver ion (Ag') and the amine group (—NH,) located in the
melamine foam skeleton. Herein, the —NH, group will reduce
the positively charged silver salt (AgNO,) molecules to Ag® and
oxidize to oxime (=N—OH).[?* This synthesis mechanism of
silver nanoparticles on melamine foams was demonstrated in
our previous work.[?*l The comparative study of the infrared
spectra of the neat melamine foam and the melamine foam
after soaking in the reaction solution can prove the success of
the reaction. Figure 2b displays the infrared spectra of pristine
MeF and two representative samples of MeF doped with silver
nanoparticles (AgMeF_B_20_5_5d, and AgMeF_B_20_20_5d).
The spectra of the rest of the samples containing AgNPs (Ag-
MeF) are reported in Figure S4a (see Supporting Information).
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Figure 1. SEM images of the cross-section of MeF samples processed via shaking with a solvent ratio (H,O:THF) of 5:15 v:v after a) 1 day, b) 3 days,
and c) 7 days of soaking. MeF samples treated with a solvent ratio (H,O:THF) of 10:10 v:v for d) 1 day, e) 3 days, and f) 7 days of soaking. Samples
processed with a solvent ratio (H,O:THF) of 20:0 v:v, for g) 1day, h) 3 days, and i) 7 days of soaking.

In Figure 2b, MeF has an intense width peak located at 3335
cm™! that corresponded to the stretching vibration of the sec-
ondary amine (—NH,) and imino (—NH—) groups. At 2950 cm™!
and 2980 cm™! appeared the symmetric and asymmetric bands
were attributed to the v(CH,), while the bands at 1540 cm™!
and 1330 cm™! were assigned to the stretching vibration modes
of (C=N) and (C—N) of the triazine ring, respectively. Bands
at 1480 cm™! and 1160 cm™! referred to the bending vibration
modes of methylene (—CH,), while the stretching band of
hydroxymethyl groups (—CH,—OH) was located at 1010 cm™.
Finally, the bending vibration of the triazine ring was located at
810 cm 1 [2842-44]

Regarding the functionalized AgMeF samples, the infrared
spectra did not show peaks related to the presence of Ag-
NPs because silver has no active vibration modes in infrared
spectroscopy.*’l The most noticeable change was identified in the
peak at 1300 cm ™!, where the vibration band of the O—H in-plane
bending of the oxime (=N—OH) group can be observed. The de-
convolution of this peak is shown in Figure 2c and resulted in
two peaks corresponding to the stretching vibration of the C—N
bond of the melamine foam, v(C—N) (1330 cm™!) and the O—H
in-plane bending of oxime, §(O—H) (1285 cm™), marked in yel-
low and red respectively. The area of the vibration peak (O—H)
of different melamine samples was used to quantify this func-
tional group, which can be related to the reaction yield, by using
the same infrared peaks of untreated MeF as reference. The sam-
ples under evaluation were kept under shaking for 1 or 7 days
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in different H,O: THF solvent ratio solutions (5:15, 10:10, and
20:0 v/v) and subtracted by the neat melamine foam processed
under the same solvent ratio conditions. The resulting areas are
reported in Figure 2d. As observed, there is a positive correla-
tion between the reaction time and the presence of THF. Samples
soaked in the precursor solution for 1 day showed values of the
area very similar to neat foams, indicating the low functionaliza-
tion yield independent of the solvent ratio. The favorable effect of
the THF in the foam functionalization was clearly noticed after
7 days.

2.3. Quantification of Silver in Melamine Foams

The quantification of the metal nanoparticles was performed by
considering the residue resulting from the thermal decompo-
sition of MeFs and functionalized AgMeFs foams as reported
elsewhere.[*!l Figure 3 displays the percentage of silver (wt.%)
included in melamine foams after stirring, shaking, and staying
static for 3, 5, and 7 days in the precursor solution with differ-
ent H,O:THF solvent ratios. The silver content in foams ranged
from 0.7 wt.% to 5.2 wt.%, with better results in samples soaking
under stirring for longer times (7 days) and in the presence of
THEF. These conclusions are in concordance with those reported
previously in the infrared section. Samples treated for 1 day were
excluded because the low concentrations of silver (<1 wt.%) may
be under the detection limit of the instrument.
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Figure 2. a) Scheme of the redox reaction between silver cations and amine located in the melamine skeleton. b) The infrared spectra and peaks
assignation of the neat melamine foam (MeF), AgMeF_B_20_20_5d, and AgMeF_B_20_20_5d. c) The deconvolution of the peaks associated with the
O—H in-plane bending of oxime, §(O-H), in red, and (C—N) group of the triazine ring, in yellow. d) The area of the peak belonging to the O—H in-plane
bending of oxime (§(O—H)) was calculated for samples with a different solvent ratio and different soaking days (1 day and 7 days).
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Figure 3. Content in silver nanoparticles of melamine foams fabricated in a) static, b) shaking, and c) stirring conditions.

The outstanding capability of THF of upgrading the activity
of the metal catalyst has been already reported in different pro-
cesses, like in lignocellulose fractionation,'*) among others.[*6—#8]
Herein, the positive effect could be associated with the chemi-
cal nature of the solvents used, water is protic, and THF is an
aprotic solvent.[*>#748] [n the fabrication of materials with cat-
alytic activity via solvent impregnation of metal nanoparticles in
porous substrates, protic solvents (water) have proven to inter-
act through hydrogen bonds with the substrate, reducing the in-
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teraction between the matrix and the metallic salt.[**8] THF, as
an aprotic solvent, is unable to form hydrogen bonds with the
matrix obtaining higher dispersion of nanoparticles and better
performance.[*48]

The content of silver using water showed a maximum value of
2.9% with a stirring time of 7 days. This green synthesis method
gave functionalization yields comparable with other porous
substrates found in bibliography.''*! For example, Karumuri
et al.'¥l fabricated antibacterial carbon foams with similar silver
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Figure 4. a) Cross-section STEM-HAADF micrograph of the foam edge of AgMeF_20_C_5_7d, selected as a representative sample. STEM-HAADF
micrographs of b) AgMeF_C_20_5_7d, c) AgMeF_C_20_10_7d, and d) AgMeF_C_20_20_7d samples. The corresponding particle size histograms are

shown in the insets.

concentrations ranging from 1.5 to 2.5 wt.% through a two-step
method using dimethyl sulfoxide and Tri sodium citrate as re-
ducing and stabilizing agents. The content of silver nanoparticles
was only overcome by chitosan foams and melamine foams with
concentrations ranging from 2 to 24 wt.%, and 0.2 to 18.6 wt.%,
respectively.'®2*] However, high contents of nanoparticles do
not ensure optimal performance regarding the material activ-
ity, as they can lead to agglomerates. In fact, in our previous
study, it was demonstrated that, even when silver contents up to
18.6 wt.% were available in melamine foams, samples contain-
ing only 1.8 wt.% of silver showed excellent antibacterial proper-
ties, and no further improvement was provided by higher silver
contents.[?* This occurs because the material activity is strongly
influenced by the size distribution and morphology of the an-
chored nanoparticles.!8]

2.4. Characterization of Silver Nanoparticles

A deep analysis of the characteristics of the silver nanoparticles
anchored in samples fabricated under the best processing condi-
tions (i.e., stirring after seven days) was performed using TEM
images. The silver nanoparticles are clearly distinguished in the
cross-section STEM-HAADS micrographs of the foam edge as
bright clusters reported in Figure 4a. The lack of nanoparticles
inside the sample revealed that the functionalization reaction
occurred only on the surface of the foam. The STEM-HAADF
micrographs of AgMeF_C_20_5_7d, AgMeF_C_20_10_7d, and
AgMeF_C_20_20_7d samples and particle size distribution his-
tograms (inset) are displayed in Figure 4b—d. These images con-
firmed the proper dispersion of nanoparticles overall in the poly-
meric framework for all cases. The histograms of the parti-
cle size distribution display an average size of 4.3 + 1.4 nm,
4.6 + 1.3 nm, and 4.8 + 2.0 nm for AgMeF_C_20_5_7d, Ag-
MeF_C_20_10_7d, and AgMeF_C_20_20_7d, respectively. Inter-
estingly, the particle sizes obtained are far below than those ob-
served in other polymeric composites fabricated with similar pro-
cessing methods.[**2] For example, the size of silver nanopar-
ticles anchored to polyacrylonitrile nanofibers reported by Phan
etal.,’% was determined ~12-14 nm, which corresponds to three
times the average size of the silver-functionalized melamine
foams obtained in this work. This result is of noticeable rele-
vance because, as it is well known, the performance of silver-
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functionalized materials is strongly associated with a low particle
size.l1651]

In Figure S5a,b, the HRTEM images of the AgNPs revealed
that silver nanoparticles mainly exhibited sphere-like morphol-
ogy and that they accumulate in some cases forming aggregates.
The mean size of the silver aggregates was calculated by ana-
lyzing the bright clusters evidenced by the SEM images at high
magnifications. The average diameter of the silver aggregates
ranged from 220 nm to 341 nm, for AgMeF_C_20_10_7d and
AgMeF_C_20_20_7d, respectively. This indicates that, in addi-
tion of increasing the particle size, using only water as a sol-
vent also promoted the formation of silver aggregates. The pres-
ence of aggregates, if significant, can negatively affect the per-
formance of the properties of the silver nanoparticles by reduc-
ing the active surface.l'>!*] The percentage of silver in aggre-
gates with respect to the total content of silver gradually increased
with the water: THF ratio, from 6.07% in AgMeF_C_20_5_7d
to 19.85% in AgMeF_C_20_20_7d. Moreover, the surface den-
sity of the silver nanoparticles for the functionalized samples
showed values ranging from 2.0 x 10'° to 1.3 x 10 Ag NPs
mm~2, while AgMeF_C_20_10_7d, which showed the greater
value of surface density of silver aggregates, presented 1.9 x 10*
aggregates mm~2. The notable differences in the order of mag-
nitude between the free Ag NPs and agglomerates, ~6-7 orders
of magnitude, highlighted the good dispersion and coating of the
nanoparticles in these materials, as well as the minor occurrence
of aggregates. All these values are represented in Table S2 of Sup-
porting Information.

2.5. Effect of Temperature on the Functionalization of Foams

This section will search for the enhancement of the functional-
ization degree in water by performing the reaction at moderate
temperatures. In the literature it is found that the temperature
has a strong influence on the kinetic of the silver nanoparticles
synthesis reactions, resulting in a change in the growth and ag-
gregation mechanisms of the silver nanoparticles.l>*>* The pho-
tographs of the foams fabricated using only water as solvent un-
der different temperature conditions (40 and 60 °C) are displayed
in Figure 5a. From first sight, the temperature seemed to af-
fect noticeably the foams functionalization due to the apprecia-
ble color change, from light brown to a greater darker brown
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Figure 5. a) Photographs of the AgMeF functionalized with a H,O:THF (20:0) at different temperatures. Cross-section SEM micrographs of b) Ag-
MeF_C_20_20_7d, c) AgMeF_C_40_20_7d, d) AgMeF_C_60_20_7d, e) content of AgNPs (wt.%) of all samples fabricated after 7 days, and f) The values
of Lightness (L") of neat melamine foam (MeF), and samples fabricated using water as solvent at different temperatures.

at 40 °C, and towards dark grey when treated at 60 °C. The in-
spection of the SEM micrographs of AgMeF foams displayed in
Figure 5b—d, showed the bright clusters constituting the silver
nanoparticles, as well as the preservation of the cellular structure
after applying temperature. Interestingly, Figure 5e showed that
samples processed at moderate temperature conditions exhibited
a content of AgNPs (wt.%) superior to other foams fabricated in
the presence of the toxic solvent THF. In fact, the functionaliza-
tion degree of AgMeF_C_60_20_7d sample (8.1%) almost dupli-
cated the values obtained for AgMeF_C_20_5_7d (4.2%) and Ag-
MeF_C_20_10_7d (4.8%), while the content of nanoparticles in
AgMeF_C_40_20_7d was equivalent to the foams fabricated with
THF (4.7%). This improvement of the functionalization yield was
expected because temperatures increase the kinetic of the chem-
ical reaction.l5?)

The color characterization, represented with the parameters
CIE L* (lightness), a* (redness), and b* (yellowness) of each
sample, is displayed in Table S3, Supporting Information. These
results showed that the sample became darker (lower L*) and
lost the coloring red (a*) and yellow (b*). The negative trend
of lightness (L*) with respect to the fabrication temperature is
represented in Figure 5f. According to the bibliography,#5] the
optical properties of noble metals nanoparticles are dominated
by surface plasmon resonance effect. Generally, the dark-brown
tone is a consequence of the formation of agglomeration or a
range of particles of a larger size.['7>?] It has been demonstrated
that the rise in the reaction temperature causes the modifica-
tion of the kinetic mechanism of the reaction along with the
aggregation of nanoparticles.>3] For example, the synthesis of
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AgNPs through the reduction of silver nitrate with banana peel
extract conducted at different temperatures showed that higher
temperatures (80 °C and 100 °C) led to higher particle size or
aggregates, and hence, to dark brown colors, while milder tem-
peratures (such as 40 °C and 60 °C) gave place to light brown
color.>*l To gain more insight into this, the microstructure of the
melamine foams was evaluated under STEM microscopy in the
following section.

2.6. Effect of Temperature on the Morphology and Distribution of
Silver Nanoparticles

The STEM-HAADF micrographs and particle size histograms
(inset) of samples fabricated with water at different temperatures
(20, 40, and 60 °C) are reported in Figure 6a—c. In all samples,
silver (white spots) appeared dispersed over all foam surface.
The particle average size exhibited a slight upshifting with ris-
ing temperature from = 4.8 nm to =~ 6.5 nm, which is not ex-
pected to be responsible for the noticeable color change. The
accumulative mass histograms reported in Figure S7, Support-
ing Information, revealed that the percentage of AgNP bigger
than 10 nm was almost doubled when the synthesis tempera-
ture reached 60 °C, from = 35% (AgMeF_C_20_20_7d) to = 70%
(AgMeF_C_60_20_7d). The study developed by Zhou et al.,[?!
reported that the particle size can modify the activity of the
silver nanoparticles, for example, ultrafine silver nanoparticles
(= 9.6 nm) exhibited excellent antibacterial properties, while big-
ger nanoparticles (~ 25.3 nm) provided excellent SERS activity.
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Figure 7. a) Wide-scan XPS spectra, b) N Ts, Ag 3d, and C 1s region of XPS spectra, and c) high-resolution XPS spectra of Ag 3d for the representative

sample AgMeF_C_60_20_7d.

When compared to the total quantity of AgNPs in melamine
foams (agglomerates excluded), the amount of nanoparticles
smaller than 10 nm was ~11.5 mg g~' in AgMeF_C_20_20_7d,
15.6 mg g! in AgMeF_C_40_20_7d, and 8.5 mg g! in Ag-
MeF_C_60_20_7d. The noticeable difference with respect to
the samples treated with THF (AgMeF_C_20_5_7d and Ag-
MeF_C_20_10_7d), with 42.0 mg g~! and 43.8 mg g~! amount
of nanoparticles, was a result of the lower particle size (all below
the 10 nm) and the minor amount of aggregates, which were be-
low the 10% of the total silver contained in the foams for both
samples. Despite that, the effect of the aggregates on the final
performance of the material could be negligible. According to the
article Pinto et al.,!**) melamine foams containing a total amount
of ~ 18.0 mg g~! of silver (majority ultrafine without considering
the presence of aggregates) showed excellent antibacterial prop-
erties, which performance did not improve by increasing the con-
centration.

As shown in Table S2 of Supporting information, the aver-
age size of silver aggregates of these samples increased with in-
creasing the temperature up to reaching a maximum of 1 um
for AgMeF_C_60_20_7d, almost 5 times above the samples pro-
cessed at room conditions temperature (20 °C). The silver aggre-
gates represented 45.4% and 65.1% of the overall volume of sil-
ver nanoparticles present in the foams. Evaluating all these fac-
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tors (i.e., the quantity of silver, particle size, surface density, and
content of aggregates), 40 °C was established as the optimum
temperature to obtain melamine foams with ultrafine and well-
dispersed silver nanoparticles following a green approach.

Nevertheless, these results evidenced that the presence of ag-
gregates was not enough to explain the relevant differences in
color observed in samples. Therefore, the chemical features of
the silver nanoparticles will be analyzed hereinafter to better un-
derstand the cause of these differences.

2.7. Effect of Temperature on the Chemical Features of Melamine
Foams

Figure 7a exhibits the wide XPS spectra of the Ag-
MeF_C_60_20_7d, which was selected as a representative
example. The rest of the samples showed the same XPS spectra
with irrelevant differences. The XPS spectra exhibits the peaks
of N 1s, C 1s, and O 1s, which are consistent with the elemental
composition of melamine foam.[?*! The detection of the Ag 3d,
Ag 3d, and Ag NMM Auger (MgN,sN,;) peaks confirmed the
presence of AgNPs anchored to the matrix.[?*5°1 A thoughtful
inspection of the XPS peaks marked in red in Figure 7a will be
performed to obtain a complete chemical study of the AgMeF
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Table 1. The relative percentage of Ag® and Ag* in samples on the basis
of peak-fitting of Ag 3d signals.

Sample Percentage Ag® (%) Percentage Ag™ (%)
AgMeF_C_20_5_7d 78.91 21.09
AgMeF_C_20_10_7d 56.64 43.36
AgMeF_C_20_20_7d 67.13 32.87
AgMeF_C_40_20_7d 71.58 28.43
AgMeF_C_40_60_7d 55.6 44

foams. XPS spectra of AgMeF_C_60_20_7d in the range of
260-440 eV is exhibited in Figure 7b. As said above, the peaks of
nitrogen and carbon (N 1s, C 1s) marked in blue were assigned
to the backbone of melamine foams. In yellow is highlighted the
two characteristic peaks corresponding to the 3d core level of
Ag, Ag 3d,, and Ag 3d;,, at binding energy 374 eV and 368 eV,
respectively.!167]

The XPS peaks of Ag 3d were inspected to evaluate the oxida-
tion state of silver. The deconvolution peaks of the Ag 3d;,, and
Ag 3d;, represented in Figure 7c, suggest the existence of silver
in two different oxidation states, Ag® and Ag*. The displacement
of the Auger peaks of Ag, (Auger M;N,sN,), confirmed that Ag®
was the main oxidation state of the silver in the studied samples,
see Figure S8 of Supporting information.

www.mame-journal.de

The ratio between these two species is represented in Table 1.
The relative amount of Ag’ with respect to Ag* varied from
55% to 79%, increasing with the THF solvent ratio. The re-
duction of reaction efficiency with water, in terms of produc-
ing Ag®, was supported by the results reported in Pinto et al.,[2*]
which MeF, fabricated with a solvent mixture of H,O/THF (1:19
vv), present only a 13 wt.% of relative amount of Ag*. Inter-
estingly, previous results show that silver nanoparticles preserve
their antibactericide response in both oxidation states (0, +1),
being capable of releasing Ag* proportionally to the concentra-
tion of nanoparticles.'>>% In fact, some studies revealed that the
Ag* nanoparticles, in the form of Ag,0, could exhibit faster and
more efficient bactericide activities with respect to zerovalent Ag,
which means that the silver oxidation does not represent a draw-
back for the potential application of the foams.[>%!

Regarding the notorious color differences between the sam-
ples, the presence of silver oxide (Ag,0), which exhibits a char-
acteristic black or dark brown color, in combination with the
presence of silver agglomerates, can justify the different ap-
pearance of the samples exhibited in Figure 8. For example,
the high concentration of Ag,0O of AgMeF_C_20_10_7d (above
40%) could explain the noticeable darkening with respect to the
AgMeF_C_20_5_7d sample, with similar particle size distribu-
tion (see Figure 4a) and minor content of agglomerates (<10%).
On the other side, the darker color of the samples processed
with water at higher temperatures can be mainly associated with

(a) 20°C (b) 20°C (c) 20°C (d) 40°C (e) 60 °C
(5:15) (10:10) (20:0) (20:0) (20:0)
(f) S0 ~ 1200 50
48 1o L 45
46 1000 >
k900 gi 40 o
—~ 44 - b g 8
= 42- IR S
0 L 700 8 =]
® 40- L@ f
jq:_,' ¥ 600 8 (r\?
f,, 38 [ 200 % L5 O
— 36 .- $
["™Y 2 F20 — ,
34 - 200 3 | Lightness (L*)
- : o0 L 15 - Agglomerates size (nm)
30 : . : . [ 100 - -*- Content Ag,0 (%)
a b c d
Sample

Figure 8. Photographs of samples treated under stirring for seven days with different H,O/THF ratios and temperature conditions: a) 5:15 and 20 °C,
b) 10:10 and 20 °C, c) 20:0 and 20 °C, d) 20:0 and 40 °CC, and e) 20:0 and 60 °C, f) Representation of the Lighness (L") of samples (yellow) against the
agglomerates size (in red) and the content of Ag,O (in blue).

Macromol. Mater. Eng. 2023, 308,2300178 2300178 (8 of 12)  © 2023 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH

85US01 7 SUOLULLIOD @A) 3[cedldde 8Ly Ag peuenob ae sejoiie YO ‘8sn JO Sa|ni o} Akeidi8UlJUO AB]IAA UO (SUONIPUOO-PUR-SLUIB)WIO A8 | 1M Ale.q U1 [Uo//Stiy) SUOIPUOD pue SWs 1 84} 88S " [7202/T0/TE] uo AkeiqiTauliuo A8|iIM ‘Pliope|A 8Q PepSIBAIUN AQ 82TO0EZ0Z SURL/ZOOT OT/I0p/W00" A3 |1m Alelq 1l uo//sdny woiy pepeojumod ‘TT ‘€202 ‘vS0Z6ErT



ADVANCED
SCIENCE NEWS

M} SeSiar

Materiols and Engineering

Open Access,

www.advancedsciencenews.com

(e)

www.mame-journal.de

. . (i) .(k)

1cm

Figure 9. Photographs of representative samples of melamine foams a,b) neat melamine (MeF), melamine reacting with AgNOj in static ¢,d) in H,O:
THF solvent volume ratio of 5:15 for three days, and e,f) in H,O: THF solvent volume ratlo ('IO 10) for five days. Samples were fabricated in water
solution for 7 days in stirring at different temperatures g,h) 20 °C, i,j) 40 °C, and k,1) 60 °C.

the presence of agglomerates, presented in 45.4% and 65.1%
for AgMeF_C_40_20_7d and AgMeF_C_60_20_7d, respectively.
Whereas for the sample AgMeF_C_60_20_7d, its appearance was
also influenced by the noticeable presence of silver oxide, which
reached more than 40%.

Nevertheless, it should be highlighted that sample Ag-
MeF_C_40_20_7d, previously appointed as the optimum sample
achieved by a green method, in terms of ultrafine Ag NPs func-
tionalization and contents of Ag*, similar to those of foams pre-
pared with THF.

3. Conclusions

An alternative green route for the functionalization of melamine
foams with silver nanoparticles has been successfully imple-
mented in this work. The detailed study of several fabrication
conditions indicated that the reaction time, stirring, and higher
THEF ratio with respect to water, displayed a positive effect on the
content of silver in the foams. However, these results also evi-
denced that samples processed only in water could reach similar
or even higher functionalization degrees when an increment of
temperature is applied. The reaction yield showed to be greatly
enhanced with the rising temperature, obtaining 4.7% and 8.1%
of Ag NPs in foams processed at 40 °C and 60 °C, while the max-
imum performance of Ag NPs obtained using THF was 4.8%.
Despite the temperature prompted the formation of aggregates,
45.4% (AgMeF_C_40_20_7d) and 65.0% (AgMeF_C_60_20_7d)
with respect to the total silver in foams, they exhibited well-
dispersed and small nanoparticles, a great percentage in the
range of ultrafine nanoparticles (<10 nm).

Results manifested that the variations in the relative content
of Ag* (mainly Ag,0), as well as the increment of the aggre-
gates size (although they represented insignificant volume frac-
tions), were responsible for a darker color on samples like Ag-
MeF_C_20_10_7d, and AgMeF_C_60_20_7d.

Among all fabrication conditions, melamine foams stirred for
7 days in the precursor solution (AgNO, and water) at 40 °C was
selected as the sample with the best characteristics. This sam-
ple, produced by a green approach, presents a proper dispersion
of nanoparticles and contained the greater amount of AgNPs
among the samples produced without using hazardous solvents
(~15.2 mg g~! foam) with a particle size below 10 nm, a major

Macromol. Mater. Eng. 2023, 308, 2300178 2300178 (9 of 12)

content of Ag’. After this treatment, the porous melamine struc-
ture kept unspoiled, and its outstanding functionalization yield
overcame most of the materials found in the literature.

4. Experimental Section

Materials: Commercial Melamine foams (MeF) were kindly provided
by Flexicel Industrial S.L. (Spain). These foams presented a very high
porosity (0.994), open pores, and a mean pore size below 500 um. Tetrahy-
drofuran (THF) and silver nitrate (AgNO3) were purchased from Scharlab

L. (Spain). Deionized water was obtained from a RiOs-DI 3 Water Pu-
rification device. Common commercial ethanol (96%) for medical appli-
cations was employed to rinse the samples.

Preparation of Functionalized AgNPs-MeF: Commercial samples of
pristine MeF (2 x 1x 1.cm3) were rinsed in ethanol and THF to ensure
the elimination of the remaining impurities that could be formed during
the industrial fabrication process.[?#] Then, they were immersed in 20 mL
of 1.7 mg mL~" AgNO; solutions with different solvent volume ratios,
H,O:THF (5:15, 10:10, 20:0 v:v) for a certain time (ranging from 1 to 7
days). The redox reaction undergone in the Ag precursor solution was
studied at room temperature (= 20 °C) under three different kinetic condi-
tions: static, shaking in a Heidolph Multi Reax Vortex mixer at 300 rpm, and
stirring on a hot plate at 300 rpm. Then, samples were removed from the
precursor solution and exposed to 5 washing cycles with distilled water to
remove the THF, or nonbonding AgNO3, and AgNPs that remained after
the synthesis process.!?#! Finally, samples were left to dry under the hood
overnight before the characterization. Photographs of some representa-
tive samples are displayed in Figure 9. As observed, all samples exhibited
different colors associated with the formation of silver nanoparticles an-
chored to the foam with certain chemical and structural features, like ox-
idation state or different dispersion and particle size.[?4#' In addition to
this, the effect of the temperature on the MeF functionalization was stud-
ied for the samples with a solvent volume ratio H,O:THF (20:0 vy, i.e.,
pure distilled water). In this case, pristine MeF was put to stir at 300 rpm
in the precursor solution on a hot plate heated at 40 °C and 60 °C for 7
days. The obtained samples were compared with those produced follow-
ing the same route (i.e., stirring) at room temperature and using the same
solvent ratio.

The sample labeling criteria and fabrication details are reported in
Table 2. Other MeF samples were also soaked in the different solvent
ratios H,O: THF (0:20, 5:15, 10:10, and 20:0 v:v) without silver salts to
test the effect of the solvent in the matrix. These foams were labeled as
MeF_A_20_7_0, MeF_A_20_7_5, MeF_A_20_7_10, and MeF_A_20_7_20,
for each solvent ratio respectively. The influence of temperature was also
evaluated in neat melamine samples labeled as MeF_C_40_7_20 and
MeF_C_60_7_20.
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Table 2. The labeling and fabrication parameters of all samples. Acronyms were defined as follows AgMeF_procedure_temperature_water volume ra-

Solution H,O: THF (v: v)

5:15

10:10

20:0

AgMeF_A_20_5_1d
AgMeF_A_20_5_3d
AgMeF_A_20_5_5d
AgMeF_A_20_5_7d
AgMeF_B_20_5_1d
AgMeF_B_20_5_3d
AgMeF_B_20_5_5d
AgMeF_B_20_5_7d
AgMeF_C_20_5_1d
AgMeF_C_20_5_3d
AgMeF_C_20_5_5d
AgMeF_C_20_5_7d

AgMeF_A_20_10_1d
AgMeF_A_20_10_3d
AgMeF_A_20_10_5d
AgMeF_A_20_10_7d
AgMeF_B_20_10_1d
AgMeF_B_20_10_3d
AgMeF_B_20_10_5d
AgMeF_B_20_10_7d
AgMeF_C_20_10_1d
AgMeF_C_20_10_3d
AgMeF_C_20_10_5d
AgMeF_C_20_10_7d

AgMeF_A_20_20_1d
AgMeF_A_20_20_3d
AgMeF_A_20_20_5d
AgMeF_A_20_20_7d
AgMeF_B_20_20_1d
AgMeF_B_20_20_3d
AgMeF_B_20_20_5d
AgMeF_B_20_20_7d
AgMeF_C_20_20_1d
AgMeF_C_20_20_3d
AgMeF_C_20_20_5d
AgMeF_C_20_20_7d

tio_time.
Procedure Temperature (°C) Time (days)
Static (A) 20 1
3
5
7
Shaking (B) 20 1
3
5
7
Stirring | 20 1
3
5
7
40 7
60 7

AgMeF_C_40_20_7d
AgMeF_C_60_20_7d

Scanning Electron Microscopy (SEM): The study of the cross-section
morphology of pristine MeF was performed with a scanning electron mi-
croscopy (SEM) HITACHI FlexSEM 1000. Neat samples of melamine were
coated with gold (10 nm) and the measurement was performed using an
accelerating voltage of 10 kV and a secondary electron detector (SED). The
melamine foams containing silver nanoparticles (AgMeF) were not coated
and the micrographs were taken using an accelerating voltage of 15 kV and
with a backscattered electrons detector to highlight the presence of silver
nanoparticles.

Attenuated Total Reflection Fourier Transform Infrared (ATR-FTIR): The
infrared spectra were collected using a Bruker Tensor 27 spectrome-
ter working in Attenuated Total Reflectance (ATR) method with an MKI|
Golden-Gate accessory. Each FTIR spectrum was obtained at room tem-
perature after 32 scans, with a resolution of 4 cm™" in the range 4000-600
cm~1. All IR spectra were normalized by the peak 1480 cm~', correspond-
ing to the bending vibration mode of the methylene group.[*4]

Thermogravimetric Analysis (TGA): Thermal gravimetric analysis
(TGA) was performed using a SDTA851, Metter Toledo instrument. The
temperature was set in a range from 50 °C to 800 °C with a heating rate
of 20 °C min~! under a nitrogen atmosphere with a constant flow rate
of 60 mL min~', followed by an isotherm at 800 °C for 15 min under air
atmosphere with a constant flow rate of 200 mL min~'. The remaining
residue after the calcination of functionalized foams (AgMeFs) was
utilized to quantify the silver nanoparticles in the sample. The untreated
melamine foam (MeF) was employed as a reference for the calculating
residue obtained for each AgMeF sample.[*]

Scanning Transmission Electron Microscopy (STEM): For the prepara-
tion of STEM specimens of the Ag Foams, different fragments of each sam-
ple were cut with a razor blade and dehydrated with ethanol. Afterward,
samples were embedded in fresh EMBed 812 epoxy resin and cut at room
temperature with a diamond knife on a Leica EM UC7 ultramicrotome
device. Ultrathin sections of 70-nm thick cross-section membranes were
mounted on carbon 200 mesh copper grids. STEM observations were car-
ried out with a F30-FEI microscope with a X electron source at STEM mode.
Microscopy images were recorded using a high-angle annular dark field de-
tector (STEM-HAADF) in a FEI XFEG TITAN electron microscope operated
with a working voltage of 300 kV. The elemental analysis of the sample sur-
face was obtained with Energy-dispersive X-ray spectroscopy (EDS) using
a EDAX detector. High-resolution TEM (HRTEM) images were used for a
deeper inspection of the morphology of the silver nanoparticles. In this
case, the image acquisition was carried out using a coupled CCD camera
(Gatan).

Analysis of Silver Nanoparticles and Aggregates: The surface number
density of Ag nanoparticles (Nyps) or Ag agglomerates (Npgg) was cal-
culated using Equation (1), where n is the number of Ag nanoparticles or
aggregates present in a surface of the foams with area A. For performing
this calculation, the surface density of nanoparticles (Nyps) was calcu-
lated from HRTEM images, while the surface density of aggregates (Np,,)
was estimated from SEM images at high magnifications, in both cases
using the image processing software Image]. It should be noticed that
in the case of Ag aggregates the effective foam surface for these calcula-
tions was obtained by considering the relative density of the foams (e.g.,
volume fraction of the polymer matrix). The average volume of silver (Ag-
NPs or aggregates) was calculated considering a spherical shape for both
silver nanoparticles and aggregates, according to HRTEM images. Same
to the analysis of surface density, the average diameter of silver nanopar-
ticles (ryps) was calculated from HRTEM images, while the diameter of
aggregates (rpg;) was estimated from SEM images at high magnifications
using the image processing software Image|. Then, the volume fraction of
aggregates (Vpgg), With respect to the total volume of silver (AgNPs and
aggregates), was estimated from Equation (2).

Nips/agg (number of Ag nanoparticles or aggregates/mm?)

= Nips/agg /A M

4 3
Nagg X 37l ngg

Vagg (%) = x 100 @)

4 3 3
Nagg x 3l agg” + N ps X T7INPs

Colorimetry Study: ~ Color measurements were performed using a com-
mercial color reader Colourpin SE (NCS Color AB, USA), using a standard
illumination D65, 10° standard observer were used. This color reader pro-
vides the color coordinates of the samples on the standard color space
CIE L*a"b", where there are three axes orthogonal to each other: mea-
surable lightness L™ (values range from 0 (black) to 100 (white); and two
chromatic axes a* (values from green (negative) to red (positive), and b*
(values from blue (negative) to yellow (positive).

X-Ray Photoelectron Spectroscopy (XPS) Analysis:  X-ray photoelectron
spectra of samples were taken using a XPS Spectrometer Kratos AXIS
Supra. Monochromatic Al-K, source with photon energy 1486.6 eV was
used, operating with an emission current of 8 mA, 15 kV, and at 1072 Torr.
For the quantitative analysis, the energy calibration was performed by
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setting the C—C/C—H component of the C Ts spectrum to a fixed binding
energy value of 284.5 eV.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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