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Abstract: In recent decades, metal-containing nanocomposites have attracted considerable attention
from researchers. In the present study, a detailed analysis of the preparation of Ag/C nanocomposites
through the thermolysis of silver maleate was carried out. Thermolysis products are nanocomposites
containing silver nanoparticles (NPs) uniformly distributed in a stabilizing carbon matrix. The
composition, structure, and properties of the obtained nanocomposites were studied using IR-
spectroscopy, X-ray diffraction (XRD), atomic force microscopy (AFM), scanning electron microscopy
(SEM), transmission electron microscopy (TEM), and energy dispersive X-ray spectroscopy (EDS).
This article reports on the possibility of using Ag/C nanocomposites to create new indicator papers
that are sensitive to iodide ions in the concentration range of 0.03-1.6 mg/L (0.24-12.6 uM). The
developed papers are used in a technique based on the oxidation of iodides with the formation
of molecular iodine, which is extracted in an air stream and transferred to a sensitive paper layer
containing silver NPs. The interaction of silver NPs with iodine leads to optical changes that can be
tracked using a conventional scanner.

Keywords: metal-containing nanocomposites; thermolysis; metal nanoparticles; paper test strips;
dynamic gas extraction; digital colorimetry

1. Introduction

At present, numerous methods have been developed for obtaining functional metal-
containing nanocomposites [1-4]. The most important task of increasing the aggregative
stability of reactive nanoparticles (NPs) with an advanced surface is the passivation of their
surface with the help of various stabilizers [5]. The properties of such materials depend on
the synergy between NPs and the matrix and are determined by the nano/microstructure, as
well as the degree of their organization. The synthesis of metal-containing nanocomposites
is based on two groups of methods: ex situ and in situ [6,7]. The ex situ method includes
the preliminary production of metal NPs and their subsequent introduction into the matrix
by pre- or post-synthesis methods. The widespread use of this approach is explained by
the absence of restrictions in the choice of the nature of metal NPs and, in most cases, the
matrix. Difficulties in the application of this method are associated with the complexity of
the dispersion of metal NPs.

Such difficulties can be avoided by obtaining metal-containing nanocomposites by the
in situ method, which combines in situ formation of metal NPs and (or) in situ formation of
a matrix. The use of this method is more promising due to the one-step procedure, which
uses a matrix with the required molecular weight, composition, and structure, and metal
NPs are formed in situ through the dissolution of inorganic precursors in a suitable solvent.
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Thermolysis of suitable precursors is a universal, convenient, and generally well
reproducible method for obtaining nanocomposites [8]. Under certain conditions, this
process is environmentally friendly and easily controlled. At the thermolysis stage, it
is convenient to introduce various additives into matrices, including metal-containing
additives, which simultaneously change the thermolysis mechanism and lead to several
interesting products [9]. One of the practical directions of thermolysis is the production of
carbon nanomaterials, various ceramics, and nanocomposites with a “core-shell” structure.
On the other hand, thermolysis is a complex process, during which the whole spectrum of
chemical transformations is manifested: destruction, crosslinking of chains, transformation
of functional groups, and intramolecular rearrangements [10]. It should be noted that the
study of such reactions is also relevant for many accompanying processes; for example,
the combustion of polymers, components of solid rocket fuels, polymeric binders for the
thermal protection of spacecraft, etc. An analysis of the literature data shows that the
approach based on (co)polymerization and transformations of metal-containing monomers
is recognized as one of the promising one-stage methods for creating functional metal-
containing nanocomposites [11]. It is convenient to use and versatile in terms of the type of
products obtained.

Recently, the thermolysis of metal-containing monomers, which act as single-source
precursors for obtaining a nanocomposite contained metal nanoparticles (NPs) in a carbon
or polymer shell, has been actively studied [12]. Metal-containing monomers have been
studied most extensively by the example of unsaturated metal carboxylates, the simplest
representatives of which are the corresponding acrylates [13-15]. In addition, carboxylate
complexes have an interesting structure, which is mainly due to the different ways of bind-
ing metal ions with carboxylate groups [14]. Metal derivatives of unsaturated carboxylic
acids constitute a large group of metal-containing monomers that are of interest both in
terms of coordination and polymer chemistry [16-19].

Silver NPs favorably stand out among various metal NPs due to the manifestation of a
wide range of properties: plasmonic, antibacterial, and catalytic activity, chemical stability,
and good thermal and electrical conductivity [20-24]. An undoubtable advantage of this
is that the integration of silver NPs into carbon-containing nanomaterials will not only
increase their antibacterial efficacy, biocompatibility, and durability, but also reduce their
biotoxicity and make these materials more environmentally friendly [25].

It should be noted that silver-containing salts of unsaturated mono- [26-28] and dicar-
boxylic [29-34] acids attract the attention of chemists as precursors of various nanocom-
posites. They make it possible to obtain a wide variety of Ag/C nanocomposites [35-42],
which can subsequently be used in many areas, including chemical analysis [43-48]. The
use of carbon as a matrix is due to its very promising physical, chemical and mechanical
properties. The properties of metal-carbon nanocomposites depend on the character of the
phase interaction and the structure of the interfacial regions, the volume fraction of which
can reach 50%. Interfacial regions have specific mechanical properties that differ from those
of both the matrix and metal NPs. In nanocomposites, the surface of NPs is bound to the
carbon matrix and forms ionic and coordination bonds that limit the mobility of molecular
chains and their segments.

Previously, we described the use of silver NPs in the analysis of halides [49-56].
In continuation of these studies, in this work, we investigated the possibility of using
Ag/C nanocomposites to obtain new test strips that change their color upon contact
with iodine. Considering that iodine in molecular form is quite rare in the objects of
analysis, the determination of iodide ions is of greater interest. Therefore, we suggest first
oxidizing iodides in solution, then extracting iodine with an air stream to interact with
Ag/C nanocomposites on the surface of the test strip outside the analyzed solution.
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2. Materials and Methods
2.1. Starting Materials

Silver nitrate (AgNO3, >99.0%), maleic acid (C4H4O4, >99.0%), and sodium hydroxide
(=>99.0%) were purchased from Sigma-Aldrich and used without further purification. Sulfu-
ric acid, potassium permanganate, potassium iodide and xylene, corresponding to the qual-
ification “pure for analysis”, were purchased from the trading company “Vekton” (Russia).

2.2. Synthesis of Silver Maleate

The preparation procedure is carried out in a room with diffused light or under illumi-
nation through a red-light filter. A sample of NaOH (0.4 g, 0.1 mol) was dissolved in 50 mL
of bidistilled water and maleic acid (0.58 g, 0.05 mol) was added to it with constant stirring,
and the reagents were completely dissolved. In another beaker, AgNO;5 (1.7 g, 0.1 mol)
and 20 mL of bidistilled water were placed. The contents of both glasses are gradually
mixed with constant stirring on a magnetic stirrer. The formation of a white precipitate was
observed, and the rate of its formation increased with time. The resulting precipitate was
left for 12 h. After the specified time, it was filtered through a porous glass plate, protected
from direct light. The precipitate was dried first in air at room temperature, and then heated
to 60 °C for 8 h. In total, 1.7 g of a white crystalline powder was obtained, which is 92.9%
of the theoretical yield in terms of silver maleate dihydrate. Found, %: C—12.99; H—1.72;
Ag—59.7; 0—25.59 (by calculation). Calculated for C4HOgAgy (C4HyO4Agr-2H0), %:
C—13.11; H—1.6; Ag—59.01; 0—26.28 (by calculation).

2.3. Characterization Technigues

Elemental analysis was performed using a CHNOS vario EL cube analyzer (Elementar
Analysensysteme GmbH, Langenselbold, Germany). Silver was determined on an energy
dispersive X-ray fluorescence spectrometer «X-Art M» (Comita, St. Petersburg, Russian) or
atomic absorption spectrometer «MGA-915» (Lumex, Russia). The Fourier transform IR
(FTIR) spectra were recorded with a Perkin Elmer Spectrum 100 FTIR spectrometer (Perkin
Elmer, Waltham, MA, USA) from KBr pellets using Softspectra data analysis software
(Shelton, CT, USA). Thermal analysis (TA) and differential scanning calorimetry (DSC)
were carried out on a synchronous thermal analyzer STA 409CLuxx coupled to quadrupole
mass spectrometer QMS 403CAeolos (NETZSCH, Selb, Germany) and on a Perkin-Elmer
Diamond TG/DTA derivatograph (Perkin Elmer, Waltham, MA, USA) in a helium flow
(powders weighing from 0.3 to 0.4 g) with standard «-Al,O3, the rate was 2°/min in
temperature range 20-500 °C. X-ray diffraction (XRD) analysis was carried out on the
diffractometers DRON-UM-2 (JSC “Burevestnik”, St. Petersburg, Russia), Philips PW
1050 (Philips Analytical X-Ray B.V., Almelo, The Netherlands) and ARL™ X'TRA Powder
(Thermo Fisher Scientific, Waltham, MA, USA) with CuK« radiation (Acy = 1.54184 A) in
the range of 26 = 5-80° angles 26 with a scanning speed of 5°/min and a temperature of 25
°C to determine the phase composition and crystallite size. The sizes of the crystallites of
nanomaterials (D, nm) were determined by the Debye-Scherrer Equation (1) [57]:

KA

b= Bcosb’ @
where K is a constant (ca. 0.9); A is the X-ray wavelength used in XRD (1.5418 A); 0 is
the Bragg angle; B is the pure diffraction broadening of the peak at half-height, i.e., the

broadening due to the size of the crystallites.
Scanning electron microscopic (SEM) images were obtained using a ZEISS Crossbeam
340 device (Carl Zeiss, Jena, Germany) at an accelerating voltage of 3 kV. Secondary
electrons were recorded with an Everhart-Thornley detector (SE2). The distribution of
chemical elements on the surface of the samples was determined by X-ray energy dispersive
microanalysis (EDX) on an Oxford X-max 80 microanalyzer with an electron probe energy
of <10 keV. High-resolution transmission electron microscopy (HRTEM) was performed on
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a Tecnai G2 Spirit BioTWIN FEI high-resolution transmission microscope (The Netherlands).
The samples were prepared as follows: a suspension of the powder in hexane was prepared,
deposited on a carbon-coated copper grid, and the solvent was dried in air.

Atomic force microscopy (AFM) was performed on a PHYWE Compact AFM (PHYWE,
Gottingen, Germany) in the semicontact mode using a wide-range piezoelectric scanner that
provides lateral scanning up to 10° um (x-y) and scanning in the vertical (z) direction up to
5000 pm at a scanning speed of 1000 pm x 1000 pum/min. Scanning was carried out with a
probe made of single-crystal silicon with an aluminum coating, with a resonant frequency
of 190 £ 60 kHz and a constant hardness of 48 N/m. The scanning speed is 0.3 ms/line.
Before the AFM analysis of the synthesized metal powders, they were sonicated in ethanol
for 30 min. Then, the colloidal solution was applied to a cover glass and dried in air. The
AFM images were analyzed using the Gwyddion 2.10 program [58].

2.4. Thermolysis of Silver Maleate

Thermolysis of the silver maleate was carried out under two conditions: solid-state
thermolysis and thermolysis in xylene.

In the case of solid-state thermolysis, the silver maleate (0.9 g) was introduced into
a quartz test tube with a height of 10 cm and diameter of 2.8 cm, which was then placed
into a quartz tube, 30 cm long and 6 cm in diameter, sealed at one end. The assembled
device is evacuated to a residual pressure of 4 mm Hg and filled with argon (99.99%)
through a hydraulic seal, in which silicone oil was used as a sealing fluid. After that, the
assembled device was heated to 400 °C (heating rate was 5 °C/min), after which the argon
and thermolysis products were pumped out, creating a residual vacuum of 4-6 mm Hg and
kept in dynamic vacuum at the indicated temperature for 1 h. After the time had elapsed,
the heating was turned off and the reaction mixture was left to reach room temperature in
a dynamic vacuum. As a result, 0.32 g of black powder was obtained.

In the case of thermolysis in xylene, a weighed portion of silver maleate was placed
in a flask with o-xylene, a reflux condenser was attached, and maintained at the boiling
point of xylene (144 °C) for 8 h (Figure 1). The thermolysis product was separated using
a porous plate under vacuum, washed with three portions of hexane, 50 mL each, dried
first in air and then in vacuum at 80 °C for 6 h. Thus, a black powder was obtained. IR
spectrum, ecm~1: 3420, 1608, 1542, 1382, 768, 631, 620. Elemental analysis, %: C—15.63;
H—2.67; Ag—69.74; O—11.96.

ny ~)

Revers refrigerator

Vessel termolysis of silver salt

Silver - containing nanoparticles

Heating plate up to 144 °C

Figure 1. Image of the setup for the thermolysis of silver maleate in xylene.
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2.5. Study of the Thermolysis Kinetics

The kinetics of the isothermal transformations of silver maleate was studied based
on gas evolution using a membrane zero manometer. Thermolysis was carried out under
static isothermal conditions at temperatures Texp in an argon atmosphere. At the end of
the experiments, the weight loss of the sample (Am, wt.%) and the amounts of gaseous
products at ~20 °C were determined. The volume of the heated tube did not exceed 0.05 V.
The ratio mg/V = (0.60 — 3.85) x 1073 g cm~3, where my is the initial weight of the sample.

2.6. Preparation of the Nanocomposites

To obtain nanocomposites, we used the classical method: a sample of silver maleate
(0.8 g) was placed in a quartz test tube (height of 10 cm and diameter of 2.8 cm), located in a
quartz tube (height of 30 cm and diameter of 6 cm) sealed at one end. The assembled device
was evacuated to a residual pressure of 6 mm Hg and filled with nitrogen (99.99%) through
a hydraulic seal, in which silicone oil was used as a sealing liquid. Then, the assembled
device was heated to a temperature of 400 °C, the heating rate was 5°/min. Nitrogen and
thermolysis products were pumped out, maintaining a residual vacuum of 4-6 mm Hg,
and left in dynamic vacuum at the given temperature for 1 h. Then, the heating was turned
off and the setup was cooled to room temperature in a dynamic vacuum. The products
were removed in the form of a porous column 20-25 mm high and crushed. As a result,
0.6 g of black powder was synthesized.

2.7. Procedure of Analysis of lodine Ions

Working solutions were prepared by dissolving their weighed portions and dilution
in deionized water obtained using Millipore Simplicity water purification system (Merk
Millipore, Burlington, MA, USA). For the manufacture of the paper test strips, modified
with Ag NPs, we used Whatman Grade 113 paper (Whatman International Ltd., Maidstone,
UK). The weight of the substances was determined on an analytical balance of the 2nd class
VLR-20 (Gosmeter) with an error of £0.0001 g. The initial solution containing iodide ions
had a concentration of 0.01 g L~1.

The working solutions were placed in a setup for dynamic gas extraction, shown in
Figure 2. It consisted of a glass vessel for the analyzed solution (3) closed with a rubber
stopper (1), inside which there was a test strips holder (4) with a clamped test strip (2), an
air microcompressor (8) connected to a glass bubbler (6), soldered into the vessel, with a
polymer hose (7). Then, the solutions of potassium permanganate and sulfuric acid were
added to the working solutions. A Hailea Aco-6601 microcompressor was used to pump
air through the reactive system under laboratory conditions. The strips were removed
and scanned using Canon CanoScan LiDE 210 (Canon) against a white background at
300 ppi. The scanned images were processed in Adobe Photoshop 7.0 in the RGB mode by
averaging the RGB color coordinates of individual pixels within a circular reactive zone.

2.8. Preparation of Paper Test Strips Modified with Ag NPs

The modification of the paper with Ag NPs was performed by impregnation. A 1.5 mL
portion of Ag NPs solution, with a concentration of Ag NPs of 0.62 mg/mL, was placed
into a Petri dish. Then, a Whatman Grade 113 paper strip (6.0 X 7.0 cm, m = 0.47 g) was
placed into the dish to cover the solution portion. This was accompanied by the rapid and
quite uniform distribution of the solution across the paper. Then, the paper strip was dried
in air for 36 h. The operation was repeated 3 times. The content of Ag NPs on the paper
was calculated based on the added total amount of the Ag NP solution. In this case, this
corresponds to the amount of precipitated Ag NPs 0.62 mg/g. The modified paper was cut
into test strips and placed inside the test strip holder of the reaction system for analysis.
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Figure 2. Setup for dynamic gas extraction: 1—rubber stopper; 2—test strip; 3—glass vessel for the
analyzed solution; 4—holder of test strips; 5—reaction mixture; 6—glass bubbler; 7—polymer hose;
8—air microcompressor.

2.9. Calibration

To construct a calibration curve, 0.3-; 0.5-; 1.0-; 2.0-; 4.0-; 8.0-, and 16.0-mL aliquots of
0.01 g L~ ! iodide solution were pipetted into 100 mL volumetric flasks and diluted up to the
mark with distilled water. These solutions were successively placed into the reaction glass
vessel (see Figure 2). Then, 2 mL of concentrated sulfuric acid and 10 mL of 0.2 M KMnO4
were added. The neck of the vessel was tightly closed with a stopper containing a test
strips holder with the Ag NPs modified test strip attached. An air microcompressor was
switched on and the air was bubbled through the solution at a rate of 2.8-3.0 L min~"! for
15 min. Then, the test strip was removed and scanned. The resulting image was analyzed
in terms of the R-, G-, B-color coordinates. The color coordinate B was used to plot the
calibration curve.

3. Results
3.1. Synthesis and Characterization of Silver Maleate

In this study, silver maleate was obtained through the direct interaction of silver nitrate
with maleic acid by mixing their aqueous solutions in an alkaline medium. FI-IR, TGA,
and DSC were first used to confirm the structure of silver maleate. In the IR spectrum of
silver maleate (Figure 3), the band at 3412 cm ! corresponds to crystallization water; the
bands at 1392 and 1578 cm ™! refer to symmetric and asymmetric vibrations of the carboxyl
group. The obtained value Av is 186 cm~!, which may indicate a bidentate method of
coordination of the metal-carboxyl group bond (Cy symmetry) [59,60].

The thermogram of silver maleate is shown in Figure 4. Thermal evolution proceeds
in three stages. At the first stage, a weight loss of 11% is observed in the temperature
range of 225-262 °C (red line). The decrease in weight can be explained by the dehydration
of the compound, which agrees satisfactorily with the theoretical calculation (9.8%). The
second stage begins almost immediately after the dehydration stage and proceeds in the
temperature range of 263.2-307.96 °C. At this stage, intense gas evolution is observed and an
impression of the formation of a “boiling solid layer” is created in the vessel, accompanied
by an explosive release of a part of the thermolysis product in the temperature range of
290-300 °C. The weight loss at this stage of thermolysis is 15.93%, which is explained by
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complete decarboxylation and also satisfactorily correlates with the theoretical calculation
(15.27%) (yellow line). The third stage is associated with deep destructive processes and
is characterized by an insignificant weight loss (2.92%) in a wide temperature range of

309-600 °C (pink line).
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Figure 3. IR spectrum of silver maleate.
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Figure 4. Thermogram of silver maleate.

The dynamics of changes in the degree of carbon dioxide conversion during thermoly-
sis is shown in Figure 5. When the sample is heated in the temperature range between 263
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and 286 °C, a relatively slow evolution of gas occurs, which corresponds to no more than
10% of the thermal destruction of the substance. In a very narrow range, between 288 and
298 °C, an explosive release of carbon dioxide occurs, corresponding to the decomposition
of almost 80% of the initially taken substance, and then, again, a low intensity of gas release
is observed.
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Figure 5. Dynamics of the degree of conversion of silver maleate.
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Three peaks are observed on the DSC curve (Figure 6). The first peak was recorded in
the temperature range of between 231.82 and 249.57 °C. It reaches its maximum at 242.61 °C
and has a mixed character: starting from an endothermic effect, the peak turns into an
exothermic effect, characterized by a small thermal value of 72.9 m]. The first peak almost
immediately passes into the second peak, for which an exothermic effect is observed. The
beginning of the peak was recorded at a temperature of 245.7 °C, the maximum at 258.92 °C,
and the end at 262.57 °C. It should be noted that the second peak is pronounced. The
thermal effect is 278.29 m]. The third section of the DSC curve can be characterized as a
wide, but slowly developing, exothermic effect with a rather pronounced heat balance of
278.29 m]. It starts at 275.87 °C, reaches its maximum at 300 °C, and ends at 318.27 °C.
According to its characteristics, it coincides with the second stage of thermal destruction of
silver maleate.

25892 °C

278.29 m]

2457 °C

\

242.61 'L‘\

—0.2

30 40 50 an 70 0 90 100 110120 130 140 150 160 170 180 190 200 210 220 230 240 250 260 270 280 290 300310 320 330 340 C

Figure 6. DSC curve of a silver maleate.

3.2. Thermolysis of Silver Maleate

The solid-state thermolysis product of silver maleate is a black, free-flowing powder
and was characterized by IR spectroscopy, elemental analysis, XRD, SEM, TEM, AFM and
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EDX. Elemental composition according to the EDX analysis without destroying the object
(according to SEM data, Figure 7), %: C—9.58; O—1.56;, Ag—88.86; according to chemical
analysis, %: C—10.33, H—3.32, Ag—86.35.

Spectrum 1

| Spectrum 1

100 pm

Figure 7. Energy dispersive analysis data for the thermolysis product of silver maleate. (a) spectrum
removal area, (b) EDX spectrum.

In the IR spectrum (Figure 8), there are two low intensity peaks in the region of 2931
and 1560 cm ! and a peak of medium intensity at 452 cm~!. Vibrations in the region of
2931 cm~! may correspond to the stretching vibrations of the C-H bonds in the aromatic
systems. The doublet of bands in the region of 1560 cm~! characterizes the vibrations of
C-C bonds in the aromatic system [59-61].

80

¥

il 1560 M‘M,‘(
n#"wm

V
2931 ‘w'"

0 500 1000 1500 2000 2500 3000 3500 4000 4500
cm-1
Figure 8. IR spectrum of the product of solid-state thermolysis of silver maleate.

The SEM image (Figure 9) visualizes both free-lying and in a carbon-containing matrix
silver particles, mostly spherical in shape, 6.5-82.4 nm in size.

The XRD analysis data (Figure 10) show that the thermolysis product contains metallic
silver. The calculation of the size of the silver crystallites using the Debye-Scherrer formula
gives the values 7.4, 8.6, 11.3, 27.5, and 43.8 nm.
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200 nm

Figure 9. SEM image of a sample of the thermolysis product of silver maleate.
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Figure 10. X-ray diffraction pattern of the thermolysis product of silver maleate.

The product of the solid-state thermolysis of silver maleate was studied using TEM
(Figure 11a). The TEM image visualizes spherical silver particles located in the stroma
of the carbon material. The particle size of silver is between 2 and 32 nm. The particle
distribution histogram is shown in Figure 11b.
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253 324
nm

6.7 50

Figure 11. (a) TEM image of the silver maleate thermolysis product; (b) a histogram illustrating
particle size distribution.

The thermolysis product of silver maleate was additionally analyzed by AFM
(Figure 12). Topographically, silver particles are located relatively evenly in the object, the
amplitude during scanning in a given direction allows us to state that the particles have a
shape closer to spherical, while some of the large particles, about 30 nm, are aggregates of
smaller particles formed during thermolysis.

2um

Line fit 9.88nm
Line fit 16mY

Topography range
Amplitude range

Om

Topography - Scan forward Mean fit

Amplitude - Scan forward Mean fit

14.7nm

Mean fit

16.9mY
Amplitude range

Topography range
Mean fit

=27.5mV

=15.1nm

2um om X 2um

Figure 12. AFM image of a sample of the thermolysis product of silver maleate: (a) 2D-surface
topography image, (b) 2D-amplitude image, (c) 3D-surface image.

In the IR spectrum of thermolysis product of silver maleate in xylene (Figure 13), there
is a wide band of crystallization water at 3420 cm !, two low intensity peaks in the region
of 3050 and 1542 cm ™! and a peak of medium intensity at 620 cm~!. Vibrations in the
region of 3050 cm~! may correspond to stretching vibrations of C—H bonds in aromatic
systems. The doublet of bands in the region of 1542 cm ™! characterizes the vibrations of
the C—C bonds in the aromatic system [59-61].
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Figure 13. IR spectrum of the thermolysis product of silver maleate in xylene.

An analysis of the XRD spectrum (Figure 14) shows a greater number of peaks than in
the solid-phase thermolysis product, which suggests the presence of crystalline structures
that are products of incomplete thermolysis, as well as the presence of graphitized carbon.
The size for silver crystallites, calculated by the Debye-Scherrer formula, is 27.4, 33.7, and
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Figure 14. XRD of a sample of the thermolysis product of silver maleate in xylene.
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The TEM image (Figure 15) shows a large number of elongated elliptical elements,
which are more electron-dense than similar elements in the solid-state thermolysis product.
It can be assumed that on the surface of the silver NPs there is a rather large layer of a
polymer matrix containing graphite, which ultimately increased the optical density of the
particles. The particle size varies from 18.8 to 30 nm. In comparison with the particles
obtained by solid-state thermolysis, the spread of particle sizes in this case is much smaller,
but the particles are larger and more elongated.

a b

0 18.18 31.8 50

& .
Total number of particles counted 824,512

Min - 8.7 nm Max-31.8 nm

Figure 15. (a) TEM image of the thermolysis product of silver maleate in xylene; (b) histogram
illustrating the particle size distribution in the thermolysis product of silver maleate in xylene.

3.3. Determination of lodide

The proposed method combines three processes that occur simultaneously. These are
the oxidation of iodides in solution with the formation of molecular iodine, the extraction
of iodine by an air flow, and the interaction of iodine with silver NPs on the surface of test
strips. The dynamic gas extraction enables iodine to be spatially separated from interfering
ions and other nonvolatile compounds in the solution by an air barrier, whereas Ag NPs-
modified paper ensures its sensitive detection. The reaction of iodine with immobilized Ag
NPs results in their oxidation and a change in the color of the test strip, depending on the
concentration of iodides, which is shown in Figure 16.
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Figure 16. Changes in color and R-, G-, and B-color coordinates of Ag NPs-modified paper on the
concentration of iodide ions in the analyzed solution.

A change in the color can be monitored by an ordinary scanner in the native RGB
color space to construct a calibration curve for the determination of iodide content. The
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graphical dependence of the R-, G-, B-coordinates on the concentration of iodides has the
form of an increasing exponential (see Figure 16) and is described by the equation [62].

y=yo+A(l — efc/t),

where y(, A, t are the parameters of the regression equation describing the location and
shape of the curve; y is the color coordinate varying between 0 and 255; c is the concentration
of iodides (iodine), mg/L.

Table 1 presents the parameters of the equations, which show that the maximum value
of A/t (characterizes the steepness of the graph) is observed for the B-coordinate. This
means that this coordinate is the most sensitive to the iodide concentration and can be
chosen as the optimal analytical signal in the developed technique.

Table 1. Coefficients of exponential equations of color coordinates.

Red Coordinate (R) Green Coordinate (G) Blue Coordinate (B)

Yo 115+ 2 103 + 2 94 42
A 90+3 81+2 7242
t 0.34 £ 0.03 0.29 £ 0.02 0.17 £ 0.02
A/t 265 279 424
R? 0.9900 0.9947 0.9917

Any substance with a potential greater than E°(I;- /317) = 0.54 V can be used as an
oxidizing agent. We used potassium permanganate because we conducted a study on
model solutions. This oxidizing agent can be used in the analysis of objects in which
bromides and chlorides are definitely absent. For example, it may be used in some iodide-
containing pharmaceutical preparations. When using the technique in the analysis of
objects containing simultaneously 17, Br~, and Cl~ ions, a milder oxidizing agent should
be used to avoid the interfering effect of bromides and chlorides.

4. Conclusions

Analysis of the data presented shows that the thermolysis of silver maleate leads to the
formation of Ag/C nanocomposites containing metal nanoparticles uniformly distributed
in a stabilizing carbon matrix. The nanomaterials obtained are characterized by stability
over time; that is, when they are stored for a long time, there are no changes in the chemical
composition, size, and shape of the nanoparticles. The proposed method for obtaining
nanocomposites is simple, mild, and cheap, which makes it very suitable for scale-up
production. It has been established that the size of the silver crystallites obtained by solid-
phase thermolysis varies between 2.1 and 32.4 nm. For the thermolysis product in xylene, a
greater number of peaks are observed than in the solid-phase thermolysis product, which
indicates the presence of crystalline structures that are products of incomplete thermolysis,
as well as the presence of graphitized carbon. In this case, the size of the silver crystallites
is 27.4, 33.7 and 45.4 nm. The optical properties of the Ag/C nanocomposites obtained
by solid-state thermolysis make it possible to use them to create new indicator papers
that change their color depending on the concentration of iodides in the solution. The
method for determining iodides, based on the oxidation of iodides and the extraction of the
resulting iodine with an air stream, is completed through digital colorimetric detection and
is the basis for obtaining the dependences of the color of test strips on the concentration
of iodides. The use of gas extraction in the developed method makes it possible to divide
the space of two-color reactions and increase the selectivity of the determination. Simul-
taneously carrying out of the processes of iodide oxidation, gas extraction of iodine, and
the reaction of iodine with Ag/C nanocomposites ensures rapid determination, which is
another advantage of the method.
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