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Abstract: This article describes the one-pot microwave synthesis of silver nanoparticles (AgNPs)
assisted with natural polyelectrolytes—humic substances (HS). The humic polyelectrolytes served
both as chemical reductants for silver ions and as end-capping agents for AgNPs. Three commercially
available sodium humates extracted from lignites and leonardite and one sodium fulvate isolated
from natural brown water seeped through peat deposits were used in this study. The dynamics of
the growth rate of AgNPs was characterised by UV–VIS spectroscopy by measuring the intensity of
surface plasmon resonance at 420 nm. Transmission electron microscopy was used to characterise the
size and morphology of AgNPs. Dynamic light scattering was used to determine size distributions of
the synthesised AgNPs in the solutions. It was established that both conventional and microwave
syntheses assisted with the coal humates produced small-size AgNPs in the range from 4 to 14 nm,
with the maximum share of particles with sizes of (6 ± 2) nm by TEM estimates. The peat fulvate
yielded much larger NPs with sizes from 10 to 50 nm by TEM estimates. DLS measurements revealed
multimodal distributions of AgNPs stabilised with HS, which included both single NPs with the
sizes from 5 to 15 nm, as well as their dominating aggregates with sizes from 20 to 200 nm and a
smaller portion of extra-large aggregates up to 1000 nm. The given aggregates were loosely bound
by humic polyelectrolyte, which prevented the coalescence of AgNPs into larger particles, as can be
seen in the TEM images. The significant acceleration in the reaction time—a factor of 60 to 70—was
achieved with the use of MW irradiation: from 240 min down to 210–240 s. The coal humate stabilised
AgNPs showed antimicrobial properties in relation to S. aureus. A conclusion was made regarding
the substantial advantages of microwave synthesis in the context of time and scaling up for the
large-scale production of AgNP-HS preparations with antimicrobial properties suitable for external
wound-healing applications.

Keywords: microwave heating; natural polyelectrolytes; humic substances; silver nanoparticles;
surface plasmon resonance; TEM

1. Introduction

Humic substances (HSs) are natural polyelectrolytes with many unique physicochemi-
cal and biological properties [1–3]. They find applications in nanoscience as polyfunctional
macroligands for the formation of nanoparticles and nanocomposites [4–6]. However, the
reported applications, except for the systematically studied synthesis of iron oxohydrox-
ides [7–9], are mostly sporadic and scarce. This is because of the extreme complexity of
HS mixtures produced by oxidation from the plant biomacromolecules during stochas-
tically driven humification processes. As a result, HSs are composed of both low- and
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high-molecular-weight components highly substituted with multiple carboxylic and phe-
nolic groups. This causes their acidic character and polyelectrolytic properties. Due to the
above-described complexity of HS compositions, they are operationally defined according
to solubility in alkalis and acids [10]. HSs are alkali extracts of organic matter from fossil
fuels (e.g., coal, peat), as well as from soils and sediments, which can make up to 90% of OM
in the highly oxidised low-rank lignites (e.g., leonardite). HSs, in turn, could be segregated
into two further classes: humic acids (HAs), which are not soluble at acidic conditions
(pH < 2), and fulvic acids (FAs), which are soluble in the full pH range. In practice, they are
isolated by the acidification of HS extracts until 2. The properties of HSs vary largely and
are dependent both on the source of their origin and fractional composition. Coal HSs are
the most hydrophobic among all other sources due to them having the highest content of
aromatic fragments in the coal structure. They are mostly composed of aromatic acids and
phenols. Coal HA fraction is enriched with phenols, whereas FA fraction is more acidic and
dominated by carboxyl-substituted components. On contrary to the rather homogeneous
aromatic structure of coal, the structure of peat is extremely heterogeneous due to the
presence of both aromatic lignins and aliphatic polysaccharides. As a result, peat HSs are
much more hydrophilic as compared to coal HSs, and peat FAs are the most hydrophilic
among all other sources of HSs. Hence, if the application calls for material, which should
be small, acidic, hydrophilic, highly charged, peat FAs should be selected; if the application
calls for material with more complex, multidentate, phenolic, hydrophobic properties, then
coal HAs should be considered.

Despite these substantial differences in the acid–base, redox, as well as the molecular
weight properties of HS, which are completely defined by the source and fractionation
procedure, they are often used interchangeably without a clear understanding of their
specific properties. This undermines the quality of the obtained results and brings about
the “bad flair” of HS applications: among the most frequent accusations are low trans-
ferability and reproducibility of the results, which kills all high-tech applications of HSs.
We understand that reproducibility for technology is above benevolent properties and
the lack of toxicity of HSs in the whole range of their concentrations in nature [3]. This
is why the task of this research was to demonstrate the boundary conditions that make
HS applications predictable and transferrable. For such a demonstration, we used the
application of HSs for the synthesis of silver nanoparticles (AgNPs).

AgNPs are promising agents for suppressing resistant strains of pathogenic microorgan-
isms, which makes them of particular importance for the healing of infected wounds [11–13].
Various studies have demonstrated that AgNPs can release Ag+ and generate reactive oxy-
gen species for bacterial cell membrane destruction. They can also cause enzyme function
disruption and DNA damage in bacteria, which ultimately leads to bacterial death [13–17].
There is a number of publications that show that HSs can be successfully used to reduce and
stabilise silver NPs [18–23]. All reported studies used different sources and fractions of HSs.
Alexandrova et al. [21,22] used coal HAs, mud Has, and shale HAs; Sal’nikov et al. [20] used
peat FAs; and Litvin et al. [18,19] used artificial FAs. Our recent publication also presented
screening results for a set of humic materials from different sources and fractional composi-
tion [23]. However, all reported studies so far used conventional heating technology [18–23].
This kind of synthesis is time- and labour-consuming. In addition, the shape and size of
nanoparticles are difficult to control.

Microwave (MW)-assisted heating is of particular importance in this context. It has
been widely used as an alternative to conventional heating for the synthesis of various
polymers, inorganic compounds, nanoparticles, and biological nanomaterials [24–26]. Con-
ventional heating tends to use a convective gradient to transfer heat from the surface to
the reactor interior; moreover, the temperature is higher at the surface, which results in
uneven heat distribution and reduces reaction yield [27]. High-energy MW irradiation can
accelerate reactions, while modulation of its frequency may increase the selectivity of the
formation of the desired reaction product. The use of MW heating offers quite a few ad-
vantages over conventional heating, such as instantaneous and rapid heating (deep inside
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heating), high temperature homogeneity, and selective heating [28]. MW-assisted heating
has been also successfully used for the synthesis of AgNP [29–32]. However, there are only
a few reports available on the synthesis of MW-assisted humics-based nanomaterials [33,34],
but none of them are devoted to the synthesis of AgNPs.

Here, we present rapid a one-pot MW-assisted synthesis of AgNPs that was transferred
from the conventional prototype. We used HSs from four different commercial sources to
assess the reproducibility of the synthesis with regard to the quality of the final product—
the size and antibacterial properties of AgNPs. Three similar humic products—sodium
humates from coal extracted with alkali—were used for the purpose of this synthesis. We
had to drop two more humates from the initial experimental set—they were manufactured
with the use of sodium carbonate extraction instead of NaOH, which formed insoluble
silver carbonate and prevented the formation of AgNPs. One more commercial product
was used—sodium fulvate from peat—to add a structural gradient to the experimental
sample set. The same conditions were applied with regard to the concentration of humic
and silver precursors, as well as heating regime and isolation. A use of concentrated HS
solutions (12 g/L) enabled the preparation of highly concentrated AgNPs of 40 mM. The
sizes of AgNPs synthesised in the presence of all three sodium humates were smaller than
10 nm (6–7 nm), whereas much larger AgNPs were obtained in tne case of sodium fulvate
at 20 nm. We provide data on the antimicrobial properties of the HS-stabilised AgNPs and
a rationalisation of the prospects of their wound-healing applications.

2. Materials and Methods
2.1. Materials

Three sodium humates were used in this study: sodium humate extracted from lignite,
which is marketed under the trade name “Relict” and produced by the Genesis LLC
(Novosibirsk, Russia); sodium humate extracted from leonardite, which is marketed under
the trademark Powhumus (Humintech GmbH, Grevenbroich, Germany); and sodium
humate extracted from lignite, marketed under the trademark Life Force (Life Force Group
LLC, Saratov, Russia). The humates were designated as CHG, CHP, and CHL, respectively.
The sodium fulvate was extracted by ion exchange from water leachate of underground
peat. It is marketed under the trademark Fulvagra (Humintech GmbH, Grevenbroich,
Germany). Silver nitrate (Molychem (Mumbai, India), 98%) was used as a silver precursor,
and sodium hydroxide (Kemphasol, Moscow, Russia, 95%) was purchased and used as
it was.

The contents of elements (CHNS) in the humic materials used in this study were
determined using a 2400 Series II CHNS/O elemental analyser (PerkinElmer, Waltham,
MA, USA).

The structural group compositions were determined using 13C NMR spectroscopy. 13C
NMR spectra were recorded in 0.3 M NaOD/D2O (99+% isotopic purity, Sigma Aldrich, St.
Louis, MI, USA). The spectra were recorded on an Avance-400 NMR spectrometer (Bruker,
Berlin, Germany) with a carrier frequency for 13C nuclei of 100 MHz. The INVGATE pulse
sequence was used to exclude the nuclear Overhauser effect. A relaxation delay of 8 s was
used for the complete relaxation of quaternary carbon atoms. To calculate the structure–
group composition, the spectra were divided into nine intervals corresponding to the main
structural components of HSs, and the intervals were integrated. The obtained integrals
normalised to the whole spectrum represent the quantitative data of the structure–group
composition of the studied HSs [35].

The content of silver in the final products was determined using an ICP-AES 720-ES
spectrometer (Agilent Technologies, Santa Clara, CA, USA).

UV-visible absorption spectra were recorded using a UV/Vis Cary 50 Probe spectrom-
eter (Varian, Palo Alto, CA, USA).

Transmission electron microscopy (TEM) images were obtained using a JEOL JEM-
2100F microscope (JEOL, Akishima, Japan). For TEM investigation, a drop of the AgNPs-HS
solution was placed onto a copper grid covered with a carbon film. The drop was brought
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to dryness (2 h under ambient air conditions), and the TEM image was detected at an
accelerating voltage of 200 kV, a point resolution of 0.24 nm, and a line resolution of
0.18 nm. The processing of the image files was performed on more than 100 particles using
the image analysis software “ImageJ 1.54d”.

Dynamic light scattering (DLS) experiments were carried out using Malvern Zetasizer
Nano ZS (Worcestershire, UK). The measurements were performed on the AgNPs-HS sam-
ples obtained in this study after diluting them by a factor of 100 with a use of 0.2 M NaNO3
as a background electrolyte. The concentration of HSs was 120 mg/L, the concentration of
Ag was 0.4 mM, and ionic strength was 0.2 M. The data treatment was performed using
Malvern Software 8.01.

All reactions were carried out in a modified household microwave oven (Galanz
MOG-2001M, Foshan, China).

2.2. Synthesis of Silver Nanoparticles

A weight of sodium humate (1 g) was dissolved in 35 mL of distilled water and
centrifuged at 10,000 rpm for 10 min to remove any insoluble admixtures. The obtained
supernatant was transferred into a 150 mL round-bottom flask, and 35 mL of deionised
water was added. The pH of the obtained solution was adjusted to 11 using 1 M NaOH.
Then, 15 mL of AgNO3 solution was added at a concentration of 38.7 g/L. The pH value
of the obtained solution was adjusted to 10 using 1 M NaOH under constant stirring. The
resulting reaction mixture had concentrations of AgNO3 and HSs of 6.8 and 11.7 g/L,
respectively, which corresponded to 40 mM on the basis of metallic Ag in all the systems.

The microwave synthesis was conducted in a modified household microwave oven
operating at 800 W using a sequence of pulses of 15 s and a pause of 10 s (10 s on/off)
to prevent the solution from boiling and splashing due to overheating. The microwave
exposure time was up to 240 s. After the completion of the synthesis, the samples were
frozen and dried under vacuum. All syntheses were performed in the dark. The general
scheme of microwave synthesis is shown in Figure 1.
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For comparison, the synthesis of silver NPs by conventional heating was conducted
with identical stoichiometries of the reagents in a foil-wrapped, three-necked, round-bottom
glass bulb, which was placed into a water bath and heated under continuous stirring at
85 ◦C for 4 h.
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2.3. Screening of Antimicrobial Activity of the Synthesised AgNP-HS Compositions

The antimicrobial tests of the clinical strain of Methicillin-resistant Staphylococcus
aureus (MRSA) were carried out in 96-well plates using a non-agarised Lysogeny broth (LB)
nutrient medium. For the tests, the required volume of 0.9% NaCl solution and 0.142 mL
of LB medium were added to each well, and the corresponding amounts of the tested
compositions of AgNP-HS with the initial concentrations of HSs of 11,700 µg/mL and
40 mM of AgNPs were added. The range of the resulting concentrations was from 0 to
1500 µg/mL for the concentration of HSs and from 0.7 to 5 mM (from 73 to 551 µg/mL)
of AgNPs. MRSA colonies were pre-incubated at 35 ◦C in an unagarised Lysogeny broth
(LB) for 12 h. A total of 0.025 mL of bacterial suspension was added to each well, which
was brought to 2 IU according to McFarland and analysed on a Perkin Elmer Victor X5
multimode microplate reader (Perkin Elmer, Waltham, MA, USA) at a wavelength of
600 nm for 24 h.

3. Results and Discussion
3.1. Characteristics of Humic Materials Used in this Study

The humic materials used in this study were characterised with elemental analysis
and 13C NMR spectroscopy. Elemental compositions are shown in Table 1, and structural
group compositions are shown in Table 2.

Table 1. Elemental compositions of the humic materials used in this study.

Content of Elements, % (Mass Including Ash) Atomic Ratios

Sample C H N S H/C C/N
CHL 39.2 ± 0.2 3.35 ±0.05 0.97 ±0.03 0.48 ± 0.04 1.0 47
CHP 39.6 ±0.5 3.62 ±0.08 0.91 ± 0.03 0.51±0.01 1.1 51
CHG 38.5 ± 0.3 3.78 ± 0.04 0.76 ± 0.01 0.47 ± 0.03 1.2 59

FA 40.2 ± 0.1 4.29 ± 0.03 0.70 ± 0.01 0.67 ± 0.01 1.3 67

Table 2. Carbon distribution in the humic materials used in this study (%) (13C NMR data).

Samples Chemical Shift, ppm

0–56 56–89 89–145 145–165 165–185 185–220
CAlk CAlkO CAr CArO COO C=O ΣCAr/ΣCAlk

CHL 26 10 38 9 15 2 1.3
CHP 9 11 49 11 17 3 3.0
CHG 21 8 47 8 14 3 1.9

FA 28 17 22 7 21 5 0.63

The contents of elements were determined in the samples containing ash (about 20%).
This is why the most informative data are the values of atomic ratios (H/C and C/N),
which do not depend on the content of ash. The obtained values of the H/C ratio are
indicative of much higher aromaticity of all three coal humates under study as compared
to the fulvate from peat. This was expected, as peat contains polysaccharides and other
aliphatic components.

The 13C NMR spectra are shown in Figure 2. The quantitative distribution of carbon
among the main structural groups of the humic materials used in this study is provided
in Table 1 in accordance with the carbon type assignments made in the obtained 13C
NMR spectra.
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The 13C NMR data are indicative of the dominating contribution of aromatic carbon
in all three humates from coal, which is consistent with the highly aromatic character of
their source material. The CHG sample was characterised with the highest contribution of
aliphatic structures (36%) and the least content of aromatic carbon (47%), while the CHL
sample demonstrated the highest content of aromatic carbon (60%) and the least content
of aliphatics (20%). Both samples were extracted from lignite. The CHP sample had 55%
and 30% of aromatic and aliphatic carbon, respectively. This sample was extracted from
leonardite. The least content of aromatic carbon and the highest contents of “carbohydrate”
(17%) and aliphatic (28%) carbons were observed for peat FA, which was consistent with
the presence of polysaccharides in the source material of this HS. Given the found content
of C in the humic materials used in this study (Table 1) and its distribution among the
functional groups (Table 2), the concentrations of ArOH in the 11.8 g/L solutions of CHG,
CHL, and CHP samples accounted for 34, 42, and 31 mM, respectively, and the FA solution
contained 27 mM. The contents of the carboxylic groups in the same samples were 57, 65,
54, and 81 mM, respectively.

The data on elemental and structural-group composition of the humic materials used
in this study demonstrated a drastic difference between the sodium fulvate from peat and
three humates from coal. In addition, substantial variations in the content of aromatic
carbon were observed among the three humates from coal.

3.2. Humic Polyanions—Assisted Synthesis of AgNPs under MW and Conventional Heating
Conditions Followed by UV–VIS Spectroscopy

The reported values of the redox potential of HSs vary between 450 and 650 mV, which
provides us its reducing properties with regard to Ag+ (E0 = 799 mV) [36]. The major
reducing units are phenolic and hydroquinonic moieties. Given that humic polyanioins
have both reducing (ArOH) and capping groups (COO-) in their structure, the used reagent
amounts for all three Ag-HS systems yielded 1:1 to 1:2 ratios for Ag/ArOH stoichiometries
depending on the use of one or two electron transitions by phenolic groups, as well as
around 2:3 for Ag/COOH stoichiometries with regard to the amount of carboxylic groups.
The excessive amounts of both reducing and complexing groups used in this study were to



Polymers 2024, 16, 587 7 of 17

achieve a better conversion rate of ionic to metallic silver and the stabilisation of AgNPs.
Formation of AgNPs in the HS solutions can be schematically described by the reaction (1):

AgNO3 + (ArOH)HS + (COOH)HS + 2OH− = [Ag0(COO)HS] + ArO· + NO3
− + 2H2O (1)

Two-electron reduction of Ag+ ions by quinonoid-like moieties in humic polyanions
can be accounted by the following reaction:
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The typical dynamics of UV–VIS spectra in the Ag-HS system under MW irradiation
used in this study are shown in Figure 3a with the example of CHG-humate. Figure 3b
shows the same system under conditions of conventional heating. Figure 3a shows a rapid
growth in intensity of the surface plasmon resonance (SPR) peak of AgNPs located at
414 nm, along with an increase in the heating time. In the case of the MW-assisted heating,
the SPR peak appeared already after the first 15 s of heating. The maximum value of the
SPR intensity was reached after 4 min of MW irradiation: the longer treatment did not lead
to the further increase in SPR intensity. This is indicative of the complete conversion of
ionic silver species into metallic Ag0 over 4 min of MW heating.
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well as around 2:3 for Ag/COOH stoichiometries with regard to the amount of carboxylic 
groups. The excessive amounts of both reducing and complexing groups used in this 
study were to achieve a beĴer conversion rate of ionic to metallic silver and the stabilisa-
tion of AgNPs. Formation of AgNPs in the HS solutions can be schematically described 
by the reaction (1): 

AgNO3 + (ArOH)HS + (COOH)HS + 2OH− = [Ag0(COO)HS] + ArO. + NO3− + 2H2O (1)

Two-electron reduction of Ag+ ions by quinonoid-like moieties in hu-
mic polyanions can be accounted by the following reaction: 

 

(2)

The typical dynamics of UV–VIS spectra in the Ag-HS system under MW irradiation 
used in this study are shown in Figure 3a with the example of CHG-humate. Figure 3b 
shows the same system under conditions of conventional heating. Figure 3a shows a rapid 
growth in intensity of the surface plasmon resonance (SPR) peak of AgNPs located at 414 
nm, along with an increase in the heating time. In the case of the MW-assisted heating, the 
SPR peak appeared already after the first 15 s of heating. The maximum value of the SPR 
intensity was reached after 4 min of MW irradiation: the longer treatment did not lead to 
the further increase in SPR intensity. This is indicative of the complete conversion of ionic 
silver species into metallic Ag0 over 4 min of MW heating. 
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Figure 3b demonstrates the dynamics of UV–VIS spectra of the reaction mixture
[AgNO3+HS] under conditions of conventional heating (85 ◦C). The formation of AgNPs
occurred for several hours as compared to several minutes for the MW-assisted synthesis.
The plots shown in Figure 3a, b demonstrate a much faster nucleation and growth of AgNP
under microwave irradiation as compared to conventional heating. Evolution curves of
the major SPR parameters, namely, the maximum wavelength and peak area for the four
humic materials used in this study, are shown in Figure 4.

Polymers 2024, 16, x FOR PEER REVIEW 8 of 18 
 

 

 
Figure 3. Synthesis of AgNPs mediated with HSs on the example of CHG sample: (a) microwave-
assisted heating; (b) conventional water bath heating (85 °C); concentration of AgNPs at 40 mM, 
concentration of CHG at 11.8 g/L, pH 9. The Roman numbers from I to IV refer to the four stages of 
synthesis of AgNPs as described in the text. 

Figure 3b demonstrates the dynamics of UV–VIS spectra of the reaction mixture 
[AgNO3+HS] under conditions of conventional heating (85 °C). The formation of AgNPs 
occurred for several hours as compared to several minutes for the MW-assisted synthesis. 
The plots shown in Figure 3a, b demonstrate a much faster nucleation and growth of 
AgNP under microwave irradiation as compared to conventional heating. Evolution 
curves of the major SPR parameters, namely, the maximum wavelength and peak area for 
the four humic materials used in this study, are shown in Figure 4. 

 
(a) 

Polymers 2024, 16, x FOR PEER REVIEW 9 of 18 
 

 

  
(b) 

Figure 4. Evolution of the SPR peak of AgNPs during synthesis assisted with the four humic mate-
rials: CHG, CHL, CHP, and FAs under different heating conditions: (a) the MW-assisted heating; 
(b) the conventional heating at 85 °C. Concentrations: Ag—40 mM, sodium humate—11.8 g/L, pH 
9; I (ionic strength) = 0.2 M. The Roman numbers from I to IV refer to the four stages of synthesis of 
AgNPs as described in the text. The left-headed black arrows point out to the dependences of Area 
of SPR on reaction time, the right-headed black arrows point out to the dependences of the SPR peak 
mosition ( SPR(max)) on reaction time. 

AgNP formation in the presence of concentrated solutions of different humic poly-
anions—humates and fulvates—differed substantially. At the same time, the SPR evolu-
tion curves for all three coal humates looked relatively similar. They were characterised 
by the steady initial growth of the AgNP population without any induction period, which 
was followed by a moderate slope and, finally, the steep slope of the curve. This type of 
growth kinetic curve was observed for both MW-assisted and conventional heating pro-
cesses. At the same time, the evolution curve for the peat fulvate had an initial induction 
period, which was followed by a rapid growth of the SPR peak area, and then by a short 
intermediary stabilisation, followed by another very rapid growth period and a final sta-
bilisation. 

The initial stage of Ag+ interaction with the phenol-rich coal humates can be de-
scribed as an ultrafast stage of reduction of Ag+ to Ag0 and nucleation into silver nanoclus-
ters followed by a much slower process of AgNP aggregation (stage II) and, finally, by a 
fast process of coalescence to a final size of 5–7 nm (stage III) and the stable phase of con-
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reduction of Ag+ to Ag0 and nucleation into nanoclusters followed by very fast aggrega-
tion, much faster than in the case of the coal humates, with short stabilisation and a very 
fast coalescence up to the final particle size. 

The character of the growth kinetic curves observed for the coal-humate-assisted syn-
thesis of AgNPs was very similar to those reported by Polte et al. [37] and Van Hyning et 
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Figure 4. Evolution of the SPR peak of AgNPs during synthesis assisted with the four humic materials:
CHG, CHL, CHP, and FAs under different heating conditions: (a) the MW-assisted heating; (b) the
conventional heating at 85 ◦C. Concentrations: Ag—40 mM, sodium humate—11.8 g/L, pH 9; I (ionic
strength) = 0.2 M. The Roman numbers from I to IV refer to the four stages of synthesis of AgNPs as
described in the text. The left-headed black arrows point out to the dependences of Area of SPR on
reaction time, the right-headed black arrows point out to the dependences of the SPR peak mosition
(λSPR(max)) on reaction time.
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AgNP formation in the presence of concentrated solutions of different humic polyanions—
humates and fulvates—differed substantially. At the same time, the SPR evolution curves
for all three coal humates looked relatively similar. They were characterised by the steady
initial growth of the AgNP population without any induction period, which was followed by
a moderate slope and, finally, the steep slope of the curve. This type of growth kinetic curve
was observed for both MW-assisted and conventional heating processes. At the same time, the
evolution curve for the peat fulvate had an initial induction period, which was followed by a
rapid growth of the SPR peak area, and then by a short intermediary stabilisation, followed
by another very rapid growth period and a final stabilisation.

The initial stage of Ag+ interaction with the phenol-rich coal humates can be described
as an ultrafast stage of reduction of Ag+ to Ag0 and nucleation into silver nanoclusters
followed by a much slower process of AgNP aggregation (stage II) and, finally, by a fast
process of coalescence to a final size of 5–7 nm (stage III) and the stable phase of constant
AgNP population density in the solution (stage IV). The same stages for phenol-depleted
but sugar-polyol-rich peat fulvate can be described as a slow initial process of reduction of
Ag+ to Ag0 and nucleation into nanoclusters followed by very fast aggregation, much faster
than in the case of the coal humates, with short stabilisation and a very fast coalescence up
to the final particle size.

The character of the growth kinetic curves observed for the coal-humate-assisted
synthesis of AgNPs was very similar to those reported by Polte et al. [37] and Van Hyning
et al. [38]: they also lacked the induction stage. This type of growth curve does not
obey the sigmoidal two-stage kinetic model for nucleation and the growth of noble metal
nanoparticles, which was developed by the pioneering work of Watzky and Finke [39] that
has been widely applied in the literature since [31,32,40,41]. At the same time, the latter
model is more applicable to the peat FA.

3.3. AgNP Size Distribution Assessment Using TEM and DLS

For obtaining a better understanding of the sizes of the AgNPs formed and their
distributions in the solutions containing high concentrations of HSs and salts, direct size
measurements were undertaken using TEM, and the hydrodynamic radii of the particles in
the solution were assessed using DLS. The TEM images of the AgNPs at the stable stage IV
for all syntheses are shown in Figure 5.

Figure 5. The particle size and distribution of AgNPs synthesised in the presence of three samples
of coal humates used in this study under conditions of MW-assisted heating: (a) CHG, (b) CHL,
(c) CHP, and under conditions of conventional heating: (d) CHG, (e) CHL, and (f) CHP. The AgNPs
synthesised with MW irradiation in the presence of FAs are shown in (g).
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The six Ag-HS systems prepared with the use of the higher-molecular-weight, phenolic-
rich coal humates at the final synthesis stage yielded AgNPs under 10 nm with sizes ranging
predominantly from 4 to 8 nm (Figure 5a–f), whereas AgNPs synthesised with a use of low-
molecular-weight more aliphatic peat fulvate were much larger in size, ranging between
10 and 30 nm, with a predominant size of 20 nm (Figure 5g). The statistics of the obtained
TEM data are shown in Figure 6.
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Figure 6. TEM images of the six Ag-HS systems used in this study obtained under MW irradi-
ation (a–c) and conventional heating (d–f): (a) MW-CHG-AgNPs (6.2 ± 1.7) nm; (b) MW-CHL-
AgNPs (6.4 ± 2.3) nm; (c) MW-CHP-AgNPs (6.4 ± 2.0) nm; (d) NMW-CHG-AgNPs (7.1 ± 2.2) nm;
(e) NMW-CHL-AgNPs (7.1 ± 1.7) nm; (f) NMW-CHP-AgNPs (7.7 ± 2.0) nm. The histograms show
the particle size distribution. The insets in the right upper corner show UV–VIS spectra at the final
stage of synthesis.

The comparison of the size distributions of AgNPs obtained with a use of three coal
humates under conditions of conventional heating and MW irradiation shows a lack of
substantial differences among them: all coal humates showed high performance both in
the reduction of ionic silver and in capping the formed AgNPs. Of particular importance
for this study is the small size of the obtained Ag NPs, which varied from 2 to 12 nm, with
distribution maxima located in the range from 4 to 8 nm. We did not observe a substantial
reduction in size and polydispersity between AgNPs obtained with a use of conventional
and MW heating, despite a much shorter synthesis time—4 min instead of 4 h.

Given that TEM images do not provide realistic data on sizes of NPs in the solutions,
we performed DLS measurements on all AgNP-HS systems used in this study. The systems
were diluted down to a factor of 100 to account for the light absorption of HS. We kept the
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ionic strength of the solutions at the same value of 0.2 M by using sodium nitrate of this
concentration as a dilutor. The obtained results are provided in Figure 7.
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The data shown in Figure 7 reveal substantial differences in the size distribution of the
three coal-humate-stabilised AgNPs from the peat-FA-stabilised AgNPs. While the former
were characterised by multimodal broad distributions with sizes from 5 to 500–1000 nm, the
latter had a much narrower monomodal distribution located between 50 and 500 nm with a
maximum at around 200 nm. It should be noted that the both FA-stabilised AgNP systems
had identical distribution, regardless of the type of heating—conventional or microwave. At
the same time, for the coal humates, the modal distributions of the MW-assisted systems
were much narrower as compared to the conventional heating. The three coal humates were
characterised by the presence of narrow small-size components from 5 to 15 nm and broad
medium-size components from 15 to 200 nm: the medium component had three modes for
the conventional heating and monomodal structure for the MW heating. The CHG- and
CHL-stabilised AgNPs had very similar broad-band distributions under conventional heating,
whereas CHL-stabilised AgNPs in the case of MW synthesis had a single-band medium
component with the smallest size located at around 50 nm. Quantitative characteristics of the
obtained distributions (average sizes of the components) are summarised in Table 3.
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Table 3. The average values of sizes (d) and zeta-potential (Z) for eight AgNP-HS systems used in
this study (ionic strength—0.2 M; concentration of HS—118 mg/L; concentration of Ag—0.4 mM).

Sample d-Avg *, nm d-Pk1-Avg *, nm d-Pk2-Avg *, nm d-Pk3-Avg *, nm Z-Potential, mV

NMW-CHG-AgNPs 53 141 3 2918 −(44 ± 12)
NMW-CHP-AgNPs 87 177 2861 1 −(27 ± 19)
NMW-CHL-AgNPs 20 34 1912 1 −(30 ± 14)
NMW-FA-AgNPs 128 263 17 4612 −(43 ± 17)
MW-CHG-AgNPs 80 146 3352 6 −(35 ± 19)
MW-CHP-AgNPs 27 59 3 3500 −(28 ± 24)
MW-CHL-AgNPs 58 124 12 1 −(34 ± 29)
MW-FA-AgNPs 137 233 29 3645 −(36 ± 18)

* d-Avg refers to the average particle size of the whole distribution; d-Pk1, d-Pk2, and d-Pk3 refer to the average
particle size of the main, second, and third peaks of the distributions shown in Figure 7, respectively.

The obtained DLS data are indicative of the presence in the solutions of AgNPs
stabilised with the coal humates of a small portion of the single AgNPs with sizes between
5 and 15 nm, which corroborate well with the sizes seen on TEM images (Figures 5 and 6).
At the same time, a much larger portion of the AgNPs in solution was present in the form
of loose aggregates bound together with humic macroligands. These aggregates had sizes
from 20 to 200 nm, which were displayed as very intense broad peaks with shoulders
reaching out up to 1000 nm in size. These shoulders were particularly distinct for CHG-
and CHL-stabilised AgNPs. The values of zeta-potential measured for all systems showed
good colloidal stability of all the systems under study (the values of potential were near or
below 30 mV), with the highest values (below 40) found for CHG and FAs (Table 3).

The important issue is if the AgNPs stabilised with humic polyanions remain re-
dispersible within aggregates observed in DLS curves. For answering this question, we
conducted theoretical calculations of colloidal stability of the humics-stabilised AgNPs
with a use of the model developed by our group for interactions of gold NPs stabilised with
HSs [5]. As in the case of AuNPs, we considered the interaction of two identically charged
spherical AgNPs with a radius a. We used the following expression for the total energy
of interaction of colloidal NPs (Vtot) expressed in kBT units (kB and T are the Boltzmann
constant and absolute temperature, respectively):

Vtot = Vvdw + Vel−st + Vsolv (3)

The first term refers to attraction Van der Waals forces; the second term refers to electro-
static interactions—both terms are accounted for by the DLVO theory of colloidal stability of
particles in the solution [42]. The third term refers to solvation forces, which are not accounted
by the DLVO theory. The solvation forces account for the contribution of steric factors such
as a mechanical barrier created by the sorbed polymer on the surface of a particle. For the
sake of calculations, let r be the distance between centres of the interacting particles, and h = r
− 2a is the shortest distance between their surfaces. The attraction potential (VvdW) is given
by the Hamaker expression for spherical particles [43]—we used the reported value of the
silver/water/silver Hamaker constant A = 4 × 10−20 J [38]. The Ohshima expression [44–46]
was used for the calculation of Vel−st, since the condition a/rD < 5 was fulfilled. In this study
the ratio a/rD was 4.8, while the particle radius was 3 nm (estimated from the TEM results
in Figure 5), and rD (the Debye radius) was equal to 0.63 nm for the ionic strength of 0.2 M
used in our studies. The Bjerrum length lb was set to 0.6 nm because the syntheses were
performed at T = 350 K. Parameters for the calculation of solvation force potential were:
l = 0.5 nm and Bs = 2.2 × 10−2 J·m−2. We paid particular attention to solvation forces while
at the distances under few nanometres they may substantially contribute to interparticle
interaction and provide stability of the dispersion. In the published model [5], the steric
repulsion of soft adsorbed layers was approximated by a smooth repulsive potential Vsolv
instead of the infinite vertical potential wall, which was used by Chou and Zukoski [47].
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Thus, the solvation repulsive forces potential can be written in the framework of Derjaguin
approximation (h ≪ a) [42] as follows:

Vsolv = 2π
Bsal
kBT

exp
(
−h

l

)
(4)

with the decay length l = 0.5 nm and parameter Bs = 22 × 10−3 J m−2. Full mathematical
expressions are given in the source publication by Polyakov et al. (2017) [5] in the ESI.
The model was applied for the qualitative explanation of how particle surface potential,
which increases along with a sorption of humic polyanions at the surface of NP, affects
the dispersion stability. Figure 8a shows a set of pairwise interaction potentials that
corresponded to different ψ0 values (in V) for the case when only Van der Waals attractive
forces and electrostatic repulsion was accounted for (two terms of Equation (3)), and
Figure 8b shows the same set of interaction potentials calculated with the use of three terms,
which took care of repulsive solvation forces.
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model calculations without consideration of repulsive solvation forces potential (Vsolv), (b) the
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Figure 8a shows that under the used experimental conditions (high ionic strength
0.2 M and small Debye radius), a use of the two-term interaction model prognosticated
irreversible flocculation of nanoparticles—all curves were below 0, which contradicted
experimental data. At the same time, incorporation of the third term responsible for steric
repulsion yielded very different results. The curves of interaction potential in Figure 8b
show that at all values of interaction potential, AgNPs would coalesce only when approach-
ing each other by less than 0.4 nm. Otherwise, the potential barrier was too large to allow
the AgNPs to irreversibly aggregate. The sorbed layer of humic polyanions prevents such
a close proximity of the particles. This corroborates the TEM data (Figure 6)—the particles
existed in the dispersed state due to thermal motion of particles. So, the conceptual results
of the modelling indicate the reversible character of the aggregates of AgNPs stabilised
with HS, which was able to be observed in the DLS curves. They can redisperse under
conditions of smaller ionic strength.

In total, the obtained results demonstrate that the use of MW irradiation allowed us to
reduce the synthesis time from 240 min down to 240 s, or more precisely, to 210 s; there
was no change observed in the system during the last 30 s of heating. So, the MW-assisted
synthesis proceeded by a factor of 60 to 70 faster as compared to the conventional heating
one. It should also be noted that the use of coal humates turned out to be much more
preferential for achieving smaller sizes of AgNPs as compared to peat fulvate. This could
be connected both to different reducing groups present in the structure of fulvates and
humates, as well as to the higher molecular weights of humates versus fulvates. Given
both the smaller sizes of AgNPs, stabilised with the coal humates, and the much higher
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availability of coal humates on the market, antibacterial activity was tested only for six
coal-humate-stabilised AgNPs.

3.4. Assessment of the Antibacterial Activity of the AgNPs Stabilised with Coal Humates
Synthesised in This Study

The antibacterial effects of the compositions of AgNPs synthesised in the presence of
coal humates were studied in relation to the methicillin-resistant strain of Staphylococcus
aureus (MRSA). The suppression of the growth of this clinical strain was tested with the
six AgNP-HS compositions in the concentration range of HSs from 0 to 200 mg/L and
of AgNPs from 0 to 73.5 mg/L. The results on minimum inhibitory concentration (MIC)
determination for the AgNPs under study are shown in Figure 9.
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Figure 9. The change in optical density in 24 h when measuring the minimum inhibitory concentration
of the synthesised compositions of AgNP-HS in the LB medium with the concentrations of HSs from
0 to 200 mg/L shown in the upper raw of the tables and concentration of AgNPs from 0 to 73.5 mg/L
in relation to the clinical strain of MRSA. Green indicates complete suppression of bacterial growth,
and red indicates the absence of inhibition.

It can be seen that the silver concentration which suppressed bacterial growth (shown
in green in Figure 9) upon the addition of all six compositions accounted for 73.5 mg/L.
The highest antibacterial activity—the lowest MIC—was observed for MW-CHL-Ag com-
position: it accounted for 22 mg/L of Ag. It should be noted that this composition was
characterised with the smaller size AgNP aggregates as compared to CHG and CHP
(Figure 7b). The obtained MIC values lay within those reported for other AgNP-based
compositions against MRSA strains [14]. In total, the obtained data provide a good promise
for wound applications of AgNP-HS compositions. Further studies are planned to reduce
the size of AgNPs stabilised with HSs and to optimise MICs of the AgNP-HS compositions.

4. Conclusions

This contribution reports for the first time the results of feasibility studies on the MW-
assisted synthesis of concentrated solutions (40 mM) of small-size AgNPs in the presence
of natural humic polyelectrolytes. The specific goal of this study was to develop rapid,
large-scale, high-yield synthesis of AgNPs of high antibacterial activity suitable for wound-
healing applications. For achieving this goal, we used MW irradiation as a source of energy
to accelerate both the reduction rate of ionic silver to metallic particles and its growth rate
until a final size of the particles in the range from 4 to 10 nm. This brought about a factor
of 60 to 70 in in synthesis time: we were able to shorten it down to 3–4 min instead of



Polymers 2024, 16, 587 15 of 17

240 min under conditions of conventional heating with a use of a water bath. We used three
commercially available sodium humates extracted from coal and one peat fulvate as the solo
reducing and capping agents for producing AgNPs. The use of humic materials has several
advantages: First of all, by their beneficial biological profile: they are natural polyfunctional
polyelectrolytes which do not pose toxic effects to living organisms in the whole range of
their natural concentrations. In addition, they possess pronounced antioxidant activity due
to enrichment with phenolic groups. We have recently reported that combinations of HSs
with AgNPs [23] bring about enhanced antioxidant effects and reduced cytotoxicity. The
commercial humates are reasonably priced and provide a rich source of widely available
natural polyelectrolytes suitable for biomedical applications. A direct comparison of the
coal humates with peat fulvates has demonstrated an influence of the source of humic
material and a technique of its isolation on the molecular weight and structural group
composition of the isolated humic materials. The obtained results are very promising for the
use of coal-humate-based AgNP compositions in wound-healing applications, which are
very demanding both with regard to the concentration of the antibacterial agent—metallic
Ag—in the medication and regarding the amount of medication needed for the efficient
clinical treatment of infected wounds because of the large size and slow healing process of
infected wounds.

5. Patents

The patent application “Preparation of antibacterial compositions of AgNPs capped
with HS” is underway in its submission to the Russian Patent Office. It results from the
work reported in this manuscript.
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