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Abstract

The paper describes the preparation of silver-containing nanocomposites by thermolysis of
silver cinnamate and their application for the manufacture of reactive indicator paper (RIP)
sensitive to iodine. The composition, structure, and properties of the obtained materials
were studied using IR spectroscopy, X-ray diffraction, the gravimetric analysis method,
scanning electron microscopy, transmission electron microscopy, and energy-dispersive
X-ray spectroscopy. Optimal conditions for modifying a cellulose carrier with nanocompos-
ites in laboratory conditions were selected, ensuring high sensitivity of RIP to iodine and
uniform and reproducible distribution of the reagent. A new gas extraction colorimetric
technique for determining iodide ions in the range of 0.03–1.6 mg L−1 (limit of detection
0.01 mg L−1) was developed, allowing iodides to be determined in multicomponent objects
such as food products, pharmaceuticals, and various water bodies with minimized sample
preparation. The use of iron(III) as an oxidizing agent and the use of dynamic gas extraction
ensure high selectivity and good analytical performance.

Keywords: dynamic gas extraction; silver-containing nanocomposites; reactive indicator
paper; iodine

1. Introduction
Iodine is an essential element for humans because it is a key component of healthy

metabolism. In particular, it promotes the normal functioning of the thyroid gland, an
endocrine organ that produces and accumulates iodine-containing hormones (T3 and
T4). T3 and T4 are the main regulators of energy consumption in the body; maintaining
their concentration at a certain constant level is necessary for the normal functioning
of almost all organs and systems. Excess synthesis of thyroid hormones is the cause of
hyperthyroidism (thyrotoxicosis), the symptoms of which are heat intolerance, weight loss,
diarrhea, and an enlarged thyroid gland. Conversely, a deficiency in these hormones can
lead to sluggishness, depression, and weight gain [1]. Iodide ions are taken up by thyroid
cells (thyrocytes) and, reacting with L-thyronine, form the aforementioned hormones
T3 and T4 [2,3]. The World Health Organization (WHO) recommends consuming about
150 mg of iodide per day. Optimal daily iodine intake with food and water helps to
avoid iodine deficiency. However, in iodine-deficient regions, iodine-containing food
supplements are additionally needed [4,5]. Based on this, it is clear that the need to control
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the content of iodides in various objects will always justify the search for new methods
for their determination. It is worth noting that the quantitative analysis of iodides is often
difficult due to the presence of chlorides and bromides in the sample analyzed. Many
existing analytical methods allow us to determine their total concentration, but not each
ion separately [6–9]. Accordingly, the task of determining halides in the case of their joint
presence in the analyzed object is also quite relevant. Currently, many different analytical
methods for determining iodides have been developed, among which the following are
of the greatest importance: a group of voltametric methods [10,11], neutron activation
analysis and radiochemical analysis [12–14], ion chromatographic analysis with various
forms of detection [15–17], emission optical spectrometry with inductively coupled plasma
(with radial or axial view) [18,19], and also mass spectroscopy with inductively coupled
plasma [20–23]. Comparative characteristics of some methods for determining iodides are
given in Table 1.

Table 1. Comparative characteristics of methods for determining iodides.

Method of Analysis Lowest Limit of Detection (LOD) Range of Determined
Concentrations Ref.

Neutron activation 5 ng/sample (at a concentration of
10 µg/100 g) – [14]

Voltammetry 0.127 µg/L 1–500 µg/L [10]
Ion chromatography 0.120 µg/kg 0.21–172 µg/kg [15]

Fluorimetry 0.3 µg/L 1–50 µg/L
Inductively coupled plasma mass

spectroscopy ISP-MS 0.1 µg/kg 0.1–1000 µg/kg [20–23]

Inductively coupled plasma
emission optical spectrometry 1.6 mg/L 1.6–80 mg/L [18]

Photometric (modification of the
Kolthoff–Sandell method) 0.14 µg/L 30–300 µg/L [24]

Visual colorimetric determination
using a polyacrylate matrix 0.4 mg/L 0.4–3.6 mg/L

Nanoparticle-based colorimetric
Gold nanoparticles 0.16 µg 0.4–400 µg [24]
Silver nanoparticles 0.76 µg/L 1.27–31.7 µg/L [25]

Air is used as the carrier of the analyte in the reactive zone. Thus, the proposed
analytical method utilizes a well-known method of chemical vapor generation, which
involves generating the analyte in the gas phase from a non-volatile precursor. This
allows for the efficient transport of the analyte from the condensed phase to the gas phase,
increasing the sensitivity and selectivity of the method. This method allows for the most
efficient separation of matrices, even complex ones, reduces the interfering effects of other
compounds, and allows for additional stimulation of the ongoing gas extraction using
ultraviolet irradiation or other physical methods [26].

Methods of synthesis and possible applications of metal-containing nanocompos-
ite materials are currently being intensively studied. Particular attention is paid to
silver-containing nanocomposites (AgNCs), due to their wide range of properties: plas-
monic, catalytic, and antibacterial activity, chemical stability, and good thermal and electri-
cal conductivity [27–31].

In accordance with modern requirements for analysis, simple methods of identifica-
tion and determination of substances at the sampling site (test methods) are becoming
increasingly widespread [32]. As a rule, they require virtually no sample preparation,
bulky or complex laboratory equipment, or, as a result, the involvement of highly qualified
personnel. The use of test methods allows for visual semi-quantitative and quantitative
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determination of substances with registration of the analytical signal by molecular spec-
troscopy, as well as significantly reducing the analysis time. Most often, test methods
involve the use of a solid-phase analytical reagent consisting of a carrier and a component
applied to it that is sensitive to the substance being determined. The authors [33–36]
described the production and use of various indicator forms. The preparation of reactive
indicator papers (RIPs) is preceded by a detailed study of the processes of sorption and
desorption, which are widely used not only in chemical analysis but also in solving various
technological and environmental problems [37–39]. In addition, the method of manufac-
turing RIP (impregnation method, drying mode, sequence of reagent application, their
concentration, etc.) is carefully developed in order to obtain RIP with maximum sensitivity
to the analyte [40–43].

Previously, we described the use of AgNCs in the analysis of some halides [42,44–50].
This article proposes a method for determining iodides using RIP modified with silver
cinnamate-based nanocomposites. The proposed approach to determining iodides involves
their soft oxidation to iodine by Fe(III), followed by its dynamic extraction from the solution
by an air flow with simultaneous detection of RIPs.

2. Materials and Methods
2.1. Chemicals

Potassium iodide (KI), sulfuric acid (H2SO4), nitric acid (HNO3), hydrochloric acid
(HCl), ferric(III) chloride (FeCl3), silver nitrate (AgNO3, Sigma-Aldrich, Burlington, MA,
USA), (E)-3-phenylpropenoic acid (HC9H7O2, Sigma-Aldrich, Burlington, MA, USA) and
sodium hydroxide (NaOH, Sigma-Aldrich, Burlington, MA, USA) were at least of analytical
grade. Working solutions of the substances were prepared by dissolving their weighed
portions or aliquots and diluting them in deionized water. Working standard iodide
solutions were prepared by dilution of the stock solution immediately before use. The
potassium iodide solution was standardized by argentometric titration. AgNCs were
synthesized according to the procedure described below. All glassware was thoroughly
washed with aqua regia (3:1 ratio of HCl/HNO3) and was then rinsed with deionized water.

2.2. Characterization

The portions of substances were weighed on an analytical balance of the 2nd class
VLR-20 (Gosmeter, Moscow, Russia) with an error of ±0.0001 g. Elemental analysis was
carried out on a CHNOS vario EL cube analyzer (Elementar Analysensysteme GmbH, Lan-
genselbold, Germany). Silver was determined on an energy-dispersive X-ray fluorescence
spectrometer “X-Art M” (Comita, St. Petersburg, Russia) or atomic absorption spectrometer
“MGA-915” (Lumex, St. Petersburg, Russia). The Fourier transform IR (FTIR) spectra were
taken with a Perkin Elmer Spectrum 100 FTIR spectrometer (Perkin Elmer, Waltham, MA,
USA) from KBr pellets, using SpectrumTM 10 software for data analysis (Perkin Elmer,
Shelton, CT, USA). Thermal (TA) and differential scanning calorimetry (DSC) analyses were
carried out on a synchronous thermal analyzer STA 409CLuxx coupled to a 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 stream
(powders, m = 0.3–0.4 g) with the standard α-Al2O3 at a rate of 2◦/min in the range of
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 CuKα radiation (λCu = 1.54184 Å) in the range of 2θ = 5–80◦

angles 2θ with a scan rate of 5◦/min and a temperature of 25 ◦C to determine the phase
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composition and the size of the crystallites. The sizes of crystallites of nanomaterials (D,
nm) were determined by the Debye–Scherrer Equation [51]:

D =
K λ

β cosΘ

where K is a constant (ca. 0.9), λ is the X-ray wavelength used in XRD (1.54184 Å), θ is the
Bragg angle, and β is the pure diffraction broadening of the peak at half-height, that is,
broadening due to the crystallite size.

Scanning electron microscopic (SEM) images were taken with a ZEISS Crossbeam
340 device (Carl Zeiss, Jena, Germany) at an accelerating voltage of 3 kV. Secondary elec-
trons were detected with an Everhart-Thornley detector (SE2). The distribution of chemical
elements on the surface of the samples was determined by X-ray energy-dispersive mi-
croanalysis (EDX) on an Oxford X-max 80 microanalyzer (Oxford Instruments, Abingdon,
Oxfordshire, UK) with an electron probe energy of ≤10 keV. Transmission electron mi-
croscopy (TEM) was performed using a Tecnai G2 Spirit BioTWIN FEI high-resolution
transmission microscope (Tecnai Osiris FEI, Hillsboro, OR, USA). Sample preparation
was conducted as follows: a powder suspension in hexane was prepared and applied
to a carbon-coated copper grid, and the solvent was dried in air. The deionized water
was obtained using the Millipore Simplicity water purification system (Merk Millipore,
Burlington, MA, USA).

Dynamic gas extraction was processed using a setup proposed earlier [43,44] and
represented in Figure 1. It included a glass vessel for the analyzed solution (1) closed with
a rubber stopper (2), a test strip holder (3), an RIP strip (4), a reaction mixture (5), a polymer
hose (6), an air microcompressor (7), and a glass bubbler (8) sealed in the vessel.

Figure 1. The setup for processing dynamic gas extraction: 1—reaction glass vessel; 2—rubber stopper;
3—test strip holder; 4—RIP strip; 5—reaction mixture; 6—polymer hose; 7—air microcompressor;
8—glass bubbler.

2.3. Synthesis of Silver Cinnamate

Silver cinnamate was synthesized in a room with diffused light; 0.4 g NaOH (0.01 mol)
was dissolved in 50 mL deionized water, and 1.4817 g HC9H7O2 (0.01 mol) was added
with heating (50 ◦C) and constant stirring until complete dissolution. In a separate beaker,
1.6987 g AgNO3 (0.01 mol) was dissolved in 20 mL of deionized water. The resulting silver
nitrate solution was quantitatively transferred to a dropping funnel and slowly added to
the sodium cinnamate solution with constant stirring on a magnetic stirrer. The resulting
product (yellowish voluminous precipitate) was left for 12 h without access to light. After
the specified time, the precipitate was filtered through a porous glass plate, dried first
in air at room temperature, and then at 70 ◦C for 12 h, protecting it from direct light.
A total of 2.4627 g of yellow crystalline powder was obtained, which, when recalculated for
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anhydrous silver cinnamate, is 96.56% of the theoretical yield. Elemental analysis found, %:
C—42.35; H—2.74; Ag—42.35. Calculated for C9H7O2Ag, %: C—43.11; H—2.69; Ag—42.31.

2.4. Thermolysis of Silver Cinnamate

Thermolysis of silver cinnamate was carried out in a quartz test tube with an external
diameter of 2.0 cm and a length of 10.5 cm, which was placed in a quartz tube with an
internal diameter of 4.0 cm and a length of 35.0 cm, sealed at one end. The quartz tube was
closed with a rubber stopper with a glass tube inserted into it and installed in a heating
device so that heating was carried out in the lower part, completely covering the test tube
with the substance being thermolyzed: gaseous products had to freely leave the thermolysis
zone; it was important to completely exclude the possibility of their condensation on the
target product and, associated with this, its contamination. Before thermolysis, the quartz
tube was connected through a stopper to a U-shaped tube filled with silicone oil. In this
case, it served as a kind of water seal. The device assembled in this way was evacuated for
15–20 min to a residual pressure of 5–6 mm Hg. After this, the tube was filled with argon
through a water seal, and the contents of the test tube were heated at a rate of 5 ◦C/min to
400 ◦C. The device was kept at this temperature for one hour, and the system was evacuated
again. As a result, liquid and gaseous thermolysis products were removed from the reaction
zone. Then the heating was turned off, and the device was left in a dynamic vacuum until
room temperature was reached. The cooled device was disassembled, and the test tube
with the thermolysis product was removed.

2.5. Preparation of Reactive Indicator Paper (RIP)

The product of silver cinnamate thermolysis was treated with ultrasound at a power
of 800 W and an oscillation frequency of 16 kHz in the aqueous phase at a temperature of
65 ◦C. A 1.5% solution of polyvinylpyrrolidone was used as a stabilizer for dispersed silver
nanoparticles. The resulting dispersed system was stable for several weeks. It should be
noted that during the processing, sedimentation (within 3 h) of an insignificant part of the
product was observed, which was not dispersed by ultrasound.

To prepare the RIP, adsorption fixation of AgNCs on papers of various types was used.
Modification was carried out in two ways: by dropping and immersion. The operation
was repeated until the required content of AgNCs was achieved. Drying of the samples
was carried out in air and in a drying cabinet at a temperature of 80 ◦C in a horizontal and
vertical position. The resulting RIPs were dark gray with a silvery tint, which changed
to beige after interaction with iodine. When stored in a dark, closed bottle, the RIP is
stable for at least three months. We attribute the stability of the prepared reactive papers
to the use of a nanocomposite material in which silver nanoparticles are embedded in a
polymer matrix, preventing oxidation of the silver nanoparticles by atmospheric oxygen.
The colorimetric properties of the indicator paper remained unchanged during storage
under normal conditions, at least for several months. However, exposure to halogen
vapors should be avoided during storage. Before use, the paper was cut into strips for a
single determination.

2.6. Calibration Curve Construction

To construct the calibration curve, series of iodine solutions prepared from the iodine
0.01 g L−1 stock solution were used. Standard solutions with iodide ion concentrations
of 0.00; 0.03; 0.05; 0.1; 0.2; 0.4; 0.8; and 1.6 mg L−1 were placed in a reaction glass vessel
(see Figure 1), then concentrated sulfuric acid (2 mL) and a solution of iron(III) chloride
(0.2 mol L−1, 10.00 mL) were added. The neck of the vessel was tightly closed with a
rubber stopper, into which a test strip holder with an RIP strip was inserted; the micro-
compressor was turned on, and gas extraction of the formed iodine was carried out with
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an air flow for 20 min. Then the test strip was withdrawn and scanned by the Canon
CanonScan LiDE 210 (Canon, Tokyo, Japan). The saved image file was analyzed in terms of
R,G,B-color coordinates.

2.7. Determination of Iodides in Real Objects

The analyzed objects of liquid consistency were analyzed without preliminary sample
preparation. Objects of solid consistency were crushed and ground in a mortar, an exact
weighed portion was placed in a reaction vessel, 100.0 mL of distilled water and reagents
was added, and the determination was carried out as when constructing calibration graphs.

3. Results and Discussion
3.1. The Synthesis and Characterization of Silver Cinnamate

Silver cinnamate was synthesized by the interaction of silver nitrate and sodium
cinnamate in water. Silver cinnamate was characterized by IR spectroscopy (Figure 2) and
XRD analysis. The low-intensity band at 3419 cm−1 indicates vibrations of the hydroxyl
group. Since it can be assumed with a fairly high degree of certainty that this compound
does not have crystallization water, the corresponding peak in the IR spectrum most likely
refers to water physically sorbed on the surface of the substance. The medium-intensity
band at 1639 cm−1 can be attributed to vibrations of –C = C– bonds in aromatic systems
(benzene ring). The high- and medium-intensity bands at 1561 and 1405 cm−1 refer,
respectively, to symmetrical and asymmetrical vibrations of carboxyl groups. All these
conclusions are in good agreement with the expected structure of the synthesized salt.

Figure 2. IR spectrum of silver cinnamate.

Figure 3 shows the spectrum obtained by XRD. The presented diffraction pattern
shows several clearly defined peaks at 2θ◦ = 5.6, 11.25, 16.94, 22.69, from which it can be
concluded that the product has high phase purity.

Figure 3. XRD spectrum of silver cinnamate.
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3.2. Study of Thermal Behavior of Silver Cinnamate

In the process of studying the thermal behavior of silver cinnamate, a conclusion
was made about its relative thermal stability. The fact that there are no endothermic
peaks corresponding to dehydration on the DSC curve (Figure 4A) allows us to note a
characteristic feature associated with the absence of crystallization water. For the first
time, the studied substance demonstrates thermal activity in the form of an insignificant
exothermic peak in the temperature range from 153 to 191 ◦C with a maximum (23.54 mJ)
at 175 ◦C. Most likely, this is due to insignificant polymerization of the product, since no
gas evolution is observed in this temperature range, and the double bond in the conjugated
position with the phenyl radical and the carboxyl group demonstrates good stability. Then,
up to 309 ◦C, the substance is thermally stable, and after reaching temperatures above
310 ◦C, a significant exothermic effect is observed (76.62 mJ with a maximum at 315 ◦C). The
resulting exothermic effect coincides with significant gas evolution occurring at 317.5 ◦C.
After 319 ◦C, no signs of thermal activity are observed up to a temperature of 500 ◦C. The
thermogravimetric analysis curve coupled with differential thermal analysis demonstrates
a minor weight loss in the region of 175 ◦C and a significant one, 47% of the initial weight
upon reaching a temperature of 315 ◦C, which corresponds to significant destruction of the
substance (Figure 4B).

Figure 4. Thermal behavior of silver cinnamate: (A) DSC curve, (B) differential thermal and thermo-
gravimetric analysis curve.

3.3. The Characterization of the Silver Cinnamate Thermolysis Product

The product of silver cinnamate thermolysis was analyzed by XRD (Figure 5). Accord-
ing to the powder diffraction pattern, the thermolysis products contain silver identified by
characteristic features—the 2θ◦ angle value = 38.06 (111), 44.24 (200), 64.41 (220), 77.34 (311),
and 81.47 (222), which is consistent with map No.4-783 and coincides with ICSD standard
No.98-018-0878 [52]. In addition, the thermolysis product contains an insignificant amount
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of carbon-containing material, which is mainly in amorphous form. Calculation of the
crystallite size using the Debye–Scherrer formula, considering the broadening of the Bragg
peaks, allows us to state that it is in the range from 13 to 50 nm.

Figure 5. Diffraction pattern of the thermolysis product (400 ◦C, self-generated atmosphere) of silver
cinnamate with map No.4-783.

The morphology of the thermolysis product of silver cinnamate was studied using
SEM (Figure 6a). The image shows particles of spherical or nearly spherical shape with sizes
ranging from 19 to 57 nm. It is worth noting that some of the particles are agglomerated,
which creates some difficulties in calculating their sizes.

 
Figure 6. SEM image of the thermolysis product of silver cinnamate in a self-generated atmosphere
(a) and EDX data (b,c).

EDX data allow us to state that the product is fairly homogeneous and contains mainly
silver particles with a small amount of carbon material (Figure 6b,c, Table 2).

Table 2. Elemental composition of the thermolysis product according to EDX data.

Element Weight, % Weight, % Sigma

C 12.43 0.93
Ag 87.57 1.67
Total 100

The size of silver nanoparticles and their morphology were studied using TEM
(Figure 7). The image shows two types of silver particles: large and cylindrical, and spheri-
cal and much smaller. Cylindrical particles are represented by a size range from 50 × 10 nm
to 120 × 30 nm. Spherical particles have a diameter of 4 to 30 nm.
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Figure 7. TEM image of the thermolysis product of silver cinnamate.

3.4. Preparation of Reactive Indicator Paper

In order to study the possibility of using a silver-containing product as a reagent for
the quantitative determination of iodine in the vapor–air phase, at the first stage, we studied
the possibility of interaction between silver nanoparticles and an iodine solution in an
aqueous medium. For this purpose, the silver cinnamate thermolysis product (0.0238 g) was
mechanically ground and was placed in a vessel. An aqueous iodine solution containing
0.0250 g of iodine was added to the same vessel. The mixture was shaken for several
minutes and then separated from the aqueous phase by centrifugation. The precipitate was
washed with water until the washings were free of iodine, dried at room temperature in a
place protected from sunlight, and examined. The product morphology was studied by
SEM (Figure 8a,b).

 
Figure 8. SEM images of the thermolysis product of silver cinnamate before (a) and after (b) iodine treatment.

The presented image shows a significant change in the morphological picture. Before
iodine treatment, silver particles are visualized as objects of spherical or nearly spherical
shape (Figure 8a), while after the reaction, the surface is represented by loosely located
structures of an elongated shape, the longitudinal size of which significantly exceeds the
transverse size and resembles prismatic crystals. Changes in morphology are accompanied
by a significant change in the chemical composition on the surface of the object under
study. Before iodine treatment (Figure 9a,c), according to EDX data, only silver particles
are registered in the carbon material, while after iodine treatment, silver iodide is present
in the sample (Figure 9b,d).

The ratios of the weight fractions of silver and iodine are far from the corresponding
ratios in silver iodide (Table 3), which means that the reaction in the heterogeneous phase
occurred predominantly on the surface of the silver particles. In addition, presumably,
some silver nanoparticles were protected from interaction with iodine by a carbon shell.
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Figure 9. EDX spectra and EDX data of the thermolysis product of silver cinnamate before (a,c) and
after (b,d) treatment with iodine.

Table 3. Elemental analysis of the thermolysis product of silver cinnamate before and after treatment
with iodine according to EDX data.

Element
Before Treatment with Iodine After Treatment with Iodine

Weight, % Weight, % Sigma Weight, % Weight, % Sigma

C 9.36 0.7 7.85 0.86

Ag 90.64 0.33 59.98 1.53

I – – 9.16 1.38

Totals 100 99.99

The second stage of RIP preparation was obtaining finely dispersed silver particles
distributed in the aqueous phase and freed from the shielding effect of the carbon matrix.
For this purpose, the thermolysis product of silver cinnamate was treated with ultrasound
in the aqueous phase upon heating in the presence of a stabilizer.

The optical properties of the resulting dispersed system are determined by the size and
shape of the particles formed, and, as a consequence of their reduced size, the predominance
of coherent collective oscillations of their conduction band electrons is observed. Such
collective oscillations are known as surface plasmon resonance (SPR). The UV–visible
absorption spectrum in the wavelength range of 300–800 nm is shown in Figure 10. The
SPR peak is observed at 397 nm and has the form of a broad band, which is probably due
to the particle size.

Figure 10. Absorption spectrum of a dispersed system formed by AgNCs.
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The final stage of the RIP preparation was the modification of various types of paper
by the obtained suspension with a known concentration of AgNCs.

3.5. Optimization of the RIP Preparation Process

The principle of the developed method for the quantitative determination of iodides
is their oxidation to molecular iodine with iron(III) chloride and subsequent dynamic
extraction of iodine from the solution by air flow with simultaneous detection on the
surface of the RIP. This approach is schematically presented in Figure 11.

Figure 11. Scheme of iodide determination by dynamic gas extraction method.

Since the analyzed objects quite often contain chlorides and bromides along with
iodides, we used a mild oxidizer and dynamic gas extraction to increase selectivity. Dy-
namic gas extraction allows spatial separation of iodine from interfering ions and other
non-volatile compounds in the solution, and paper modified with AgNCs ensures its detec-
tion. The reaction of iodine with AgNCs leads to their oxidation and a change in the color
of the reaction zone on the test strip. The formation of silver iodide on the RIP surface was
confirmed by XRD (Figure 12).

Figure 12. XRD pattern of the test strip reaction zone before (b) and after (a) interaction with iodine.

Figure 12a shows that the initial composite is characterized by a distinct diffraction
peak at a 2θ degree angle of 26.2, which corresponds to carbon material in the form of
graphite, while the amorphous halo corresponds to amorphous carbon. In addition, diffrac-
tion peaks at 44.2 and 64.4 2θ degrees, characteristic of silver, are visible. The smoothing of
the peaks characteristic of silver deposited on the paper carrier compared to the powder
composite is explained by the interfering effect of the paper matrix. Figure 12b shows the
XRD results of the same sample of reactive paper after the reaction. The peak character-
istic of the carbon material is retained, while the peaks characteristic of silver disappear,
and peaks characteristic of silver iodide appear. Thus, it can be indirectly stated that the
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treatment of the silver-containing composite with iodine from the gas phase leads to the
formation of silver iodide. No changes in the composite matrix (carbon-containing polymer
material) are detected in the diffraction pattern shown. Most likely, the matrix’s role in
this process is limited to an important mechanism—the sorption of iodine on its surface,
followed by diffusion to the active silver nanoparticles, which ultimately contributes to the
high efficiency of the proposed method.

Optimal conditions for determination, ensuring quantitative conversion of iodide ions
to molecular iodine and its complete extraction from the analyzed solution, were previously
experimentally confirmed [43]. Iron(III) chloride selectively oxidizes iodides and therefore
is the most suitable reagent for this method. The air flow rate was 2.8–3.0 L min−1. The
analysis time was 20 min. Working acidity (pH 0–1) was achieved by adding concentrated
sulfuric acid to optimize the RIP preparation process. The sensitivity to iodine and the
reproducibility of the modified paper characteristics for one sample and for different
samples from one batch of manufactured papers were chosen as the main criteria. The
sensitivity was estimated based on the diffuse reflectance spectra and the difference in
color coordinates (∆y) of the reaction zone of the test strips before (y0) and after (y(I−))
interaction with iodine obtained in the reaction system from a potassium iodide solution
with a concentration of 0.1 mg L−1: (∆y = y(I−) − y0). We experimentally studied the
effect of the paper type (Table 4), the method of applying nanoparticles, and the drying
conditions of the modified papers. In addition, the dependence of the sensitivity of the
technique on the amount of AgNCs sorbed on the strip was studied (Table 5).

Table 4. Types of papers and their characteristics.

Designation Paper Type Manufacturer Characteristics

A 595

Whatman (Cytiva, Little
Chalfont, Buckinghamshire, UK)

Density 68 g m−2, thickness
0.15 mm, pore diameter 4–7 µm.

B 597 Density 85 g m−2, thickness
0.18 mm, pore diameter 4–7 µm

C 598-A Density 75 g m−2, thickness
0.19 mm, pore diameter 5–7 µm

D FN 18 Filtrak (Spezialpapierfabrik
Niederschlag, Germany)

Density 280 g m−2, thickness
0.40 mm, pore diameter 7–11 µm

Table 5. RIP samples.

Sample Paper Type Modification
Method Drying Method Concentration (µg mL−1)/Aliquot

(mL) of AgNC Solution
Processing
Frequency

Nanoparticle
Content, mg g−1

1 A dripping h

45.95/0.13

1 0.012
2 B dripping h 1 0.012
3 C dripping h 1 0.012
4 D dripping h 1 0.012
5 A dripping h 2 0.024
6 A dripping h 3 0.024
7 A impregnation h

45.95/1.5

1 0.207
8 A impregnation v 1 0.207
9 A impregnation h 2 0.414
10 A impregnation h 3 0.621
11 A impregnation h 4 0.828

Figure 13 shows a diagram for different RIP samples obtained by single dripping
(samples 1–4), from which it follows that the maximum values of ∆y are observed for type
A paper. The samples were examined from two sides: from the side where the AgNCs were
applied (F) and the reverse side (R).
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Figure 13. Comparison of paper types for RIP samples prepared by single dripping.

Comparison of the ∆y values for both sides of this type of paper allows us to conclude
that their sensitivity is commensurate. This conclusion is clearly confirmed by the diffuse
reflection spectra (Figures 14–17). It can be assumed that the density of type A paper allows
AgNCs to penetrate deeply into it and be adsorbed almost equally by each side.

Figure 14. Diffuse reflectance spectra of samples 1F and 1R before (a) and after (b) interaction
with iodine.

Figure 15. Diffuse reflectance spectra of samples 2F and 2R before (a) and after (b) interaction
with iodine.

Similar results were obtained for type A paper, from which RIPs were prepared by the
impregnation method (Figures 18 and 19).

Next, paper samples made by single dripping and single impregnation methods were
compared. Since ∆y has a maximum value for sample 7 (Figure 20), it is clear that the most
sensitive RIP can be obtained by modifying type A paper by the impregnation method. In
this case, the reverse side remains more sensitive.
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Figure 16. Diffuse reflectance spectra of samples 3F and 3R before (a) and after (b) interaction
with iodine.

Figure 17. Diffuse reflectance spectra of samples 4F and 4R before (a) and after (b) interaction
with iodine.

Figure 18. Diffuse reflectance spectra of samples 7F and 7R before (a) and after (b) interaction
with iodine.

Figure 19. Diffuse reflectance spectra of samples 8F and 8R before (a) and after (b) interaction
with iodine.
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Figure 20. Comparison of RIP manufacturing methods using type A paper as an example.

In this work, drying of paper samples treated with a solution of AgNCs was carried
out at ~80 ◦C, which allowed us to obtain many samples at a time. In the process of
preparing RIP by impregnation, two drying options were used: horizontal and vertical
(Table 5). Visual analysis of the surface of paper samples showed that horizontal drying led
to a more uniform distribution of nanoparticles on the surface of the paper.

Thus, at this stage, it can be concluded that maximum sensitivity is achieved in the
case of using type A paper, which allows us to recommend it as a cellulose carrier of AgNCs
in the manufacture of iodine-sensitive RIPs. In this case, the paper should be modified by
impregnation followed by horizontal drying. It is recommended to scan the manufactured
test strips from the backside.

It has been proven that the intensity of color and spectral characteristics of RIP samples
are significantly affected by the number of applied nanoparticles [33]. In other words, from
the point of view of chemical analysis, it is obvious that LOD and the range of determined
concentrations of the method depend greatly on the reagent content in any test strip.
Therefore, the next stage of this study was to study the effect of the concentration of AgNCs
on the sensitivity of RIP to iodine.

The content of AgNCs on the RIP samples was increased by multiple repetitions of
the dripping (samples 5 and 6) and impregnation (samples 9–11) procedures.

With an increase in the content of AgNCs, an increase in the intensity of the gray-silver
color of the RIP is observed. The transition to a beige color after contact with iodine
becomes more contrasting. At the same time, the reverse side of the RIP is still slightly
more sensitive for both the samples obtained by dripping and for the samples obtained by
impregnation. Therefore, only the R side was considered further (Figure 21). It is worth
noting that a change in the content of AgNCs did not affect the choice of the modification
method. RIPs obtained by immersion still exhibit the greatest sensitivity to iodine.

Figure 21. Effect of AgNCs on the sensitivity of test strips to iodine.
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Thus, as a result of the analysis of the obtained experimental data for the preparation of
iodine-sensitive RIP, the optimal content of AgNCs should be considered to be 0.62 mg g−1,
and a further increase in the content does not lead to an increase in sensitivity.

Based on the obtained diagrams, in addition, we assumed that when using these RIP
samples to determine iodide ions, the most effective analytical signal will be a change in
the B-coordinate of the R, G, B system.

For sample 10, obtained by the optimized method, a quantitative assessment of the
uniformity of the AgNC distribution over the RIP surface and the reproducibility of the
reagent application was carried out. For this purpose, the relative standard deviation of the
diffuse reflectance coefficient measurement at 615 nm, R615, was calculated for different
surface areas within one sample and for different samples within one batch (Figure 22).
It was found that the relative standard deviation R615 is 0.025–0.043, which indicates the
possibility of using the obtained RIP for the manufacture of test strips. Further studies
were carried out with sample 10.

Figure 22. Diffuse reflectance spectra of the reaction zone of test strips after interaction with iodine
extracted by gas extraction from iodide solutions (1—0.00; 2—0.03; 3—0.05; 4—0.10; 5—0.20; 6—0.40;
7—0.80; 8—1.60 mg L−1).

3.6. Determination of Iodides and Iodine

The range of detectable concentrations was established experimentally using a series
of standard potassium iodide solutions. The change in the color of the reaction zone of
the test strips after the analysis under the selected conditions was observed in the range
from 0.03 to 1.6 mg L−1 (Table 6). A simple and accessible colorimetric method was used
to describe the color. Using scanning technologies and image processing software, color
coordinates were obtained in the RGB system. Table 5 presents the average coordinates of
five parallel measurements.

Table 6. Color coordinates of the reaction zone for the standard series.

C(I−), mg L−1 0.0 0.03 0.05 0.1 0.2 0.4 0.8 1.6

R 111 124 130 141 156 174 196 206
G 102 110 116 130 144 161 179 185
B 95 104 111 125 146 156 164 169
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To select the most sensitive analytical signal, the dependences of R-, G-, B-coordinates
on the concentration of iodide ions were studied. They are exponential equations of the
form y = y0 + A(1 − exp(–c(X)/t)). Table 7 presents their regression parameters (y0, A,
and t).

Table 7. Coefficients of exponential equations of color coordinates.

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

y0 115 ± 2 103 ± 2 94 ± 2
A 90 ± 4 81 ± 2 72 ± 3
t 0.34 ± 0.03 0.29 ± 0.02 0.17 ± 0.02

A/t 265 279 424
R2 0.9900 0.9947 0.9917

Considering that the value of A/t is a criterion for selecting the optimal color coordi-
nate [47], it was found that for the colorimetric determination of iodides using the proposed
method, the blue coordinate B should be selected as the analytical signal. The type of
calibration graph is shown in Figure 23. For convenience, the exponential dependence is
converted to a linear form:

−ln((y0 − y)/(A + 1)) = c(I−)/t,

which is described by the equation

y = 0.76x + 0.11 (R2 = 0.989),

where y = −ln((y0 − y)/(A + 1)), x = c(I−)/t.

(A) (B) 

Figure 23. Calibration graph: exponential (A) and linear (B) dependences.

Mathematical analysis of the obtained regression equation shows that, in accordance
with the law of error propagation and assuming the constancy of the parameters y0, A, and
t, the standard deviation of the analytical signal (brightness) Sr and the standard deviation
of the determined concentration values Sc are related as follows:

Sr = |dy
dc

|Sc =
A
t

e
−c
tSc

or

Sc =
e

c
t

A
t

Sc
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from where the limit of detection (LOD) calculated using the 3S criterion can be found as

Cmin = 3S(0) =
3Sr

A/t

To estimate the LOD of the presented method, iodide solutions with a concentration of
0.1 mg/L were prepared and analyzed (according to the scheme presented above). Using
the values of the previously selected coordinate B (125, 126, 124, 125, 128, 124) obtained in
six replicates (n = 6), the Sr, Sc, and LOD values were calculated. They were 1.4, 0.006 mg/L,
and 0.01 mg/L, respectively.

3.7. Analysis of Interfering Influence

Based on the experimental results of determining iodides of known concentration
(0.100 mg L−1) in the presence of 1 M solutions of known inorganic ion salts, it was
concluded that there is no significant effect of inorganic compounds on AgNCs that do not
form volatile substances in an acidic medium. The results are presented in Table 8.

Table 8. Determination of iodide ions in the presence of some common inorganic ions.

Added I−,
mg L−1 Ion Found I−,

mg L−1 Relative Error, % Lower Limit of
Tolerance (mol/mol)

Lower Limit of
Tolerance (w/w)

0 Each ion <LOD - -

0.100

Na+ 0.101 +1 2.6 × 106 4.6 × 105

K+ 0.102 +2 1.3 × 106 3.9 × 105

Mg+2 0.099 −1 1.3 × 106 2.4 × 105

Ca+2 0.095 −5 1.3 × 106 4.0 × 105

Sr+2 0.102 +2 1.3 × 106 8.8 × 105

Ba+2 0.101 +1 1.3 × 106 1.4 × 106

Mn+2 0.098 −2 1.3 × 106 2.4 × 105

Zn+2 0.099 −1 1.3 × 106 6.5 × 105

NH4
+ 0.102 +2 1.3 × 106 1.8 × 105

Fe+3 0.101 +1 1.3 × 106 5.6 × 105

NO3
− 0.095 −5 2.6 × 106 1.2 × 106

HPO4
−2 0.102 +2 1.3 × 106 9.7 × 105

H2PO4
− 0.102 +2 1.3 × 106 9.6 × 105

SO4
−2 0.099 −1 2.6 × 106 1.9 × 106

C2O4
−2 0.098 −2 1.3 × 106 8.8 × 105

It is necessary to pay special attention to the fact that the presence of volatile com-
pounds (chlorine, bromine, iodine, hydrogen sulfide, and acetic acid) in an acidic medium
in a ratio of 1:1 can have a noticeable effect on the results of determination. However, we
experimentally studied the effects of hydrogen sulfide and acetic acid. According to the
results obtained, RIB is insensitive to these reagents down to a concentration corresponding
to saturation with H2S (0.1 M) and 0.5 M for acetic acid. The interfering effects of other
volatile substances, if necessary, can be eliminated by pre-degassing the sample using
the presented setup (before adding the oxidizer). It should be noted that the choice of a
mild oxidizing agent allows the determination of iodides in the presence of chlorides and
bromides, which is an undoubted advantage of the proposed method.

3.8. Analysis of Samples
3.8.1. Determination of Iodides in Natural Waters

As part of the hydrochemical analysis, water samples collected in the Black Sea near
the cities of Adler (1), Sochi (2), and Tuapse (3) (Russia) were tested (Table 9). It should be
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noted that the analyzed object is a fairly complex and multicomponent system. It is known
that the salinity of the Black Sea water is 86% sodium chloride, and the concentration
of iodides is on average 50 ng g−1. In addition, it contains fluorides, bromides, sulfates,
hydrocarbonates, cations of potassium, calcium, magnesium, etc. Iodide ions in each
analyzed water sample were determined without any additional preparation. Based on
the average concentration of I− in the analyzed object and considering the working range
of the developed method, the aliquot volume was 100.0 mL. The solution was placed in
a glass vessel (1) (see Figure 1) and analyzed according to the scheme described above.
To verify the reliability of the analysis results, potentiometric titration with silver nitrate
was used as a control method, using a silver electrode as an indicator [53]. The addition of
an analytical standard of a pure substance with a known value (“introduced”) to the test
sample showed that the increase in the analytical signal corresponded to the introduced
additive (“found”).

Table 9. Determination of iodides in a sea water sample (n = 3; p = 0.95; Ftheor = 19.2; t = 4.3).

Sample
Added I−,

mg L−1

Found (mg L−1) by
Fexp Recovery (%)Proposed Method Control Method

Xav ± δ RSD (%) Xav ± δ RSD (%)

1
- 0.045 ± 0.004 3.6 0.043 ± 0.003 2.8 1.8 104.7

0.03 0.071 ± 0.005 2.8 0.073 ± 0.007 3.8 2.0 97.2

2
- 0.049 ± 0.004 3.3 0.051 ± 0.005 3.9 1.6 96.1

0.05 0.101 ± 0.008 3.2 0.098 ± 0.007 2.9 1.3 103.1

3
- 0.050 ± 0.005 4.0 0.048 ± 0.006 5.0 1.4 104.2

0.10 0.153 ± 0.012 3.1 0.157 ± 0.009 2.3 1.8 97.5

3.8.2. Determination of Iodides in Pharmaceutical Preparations

The developed method is a suitable alternative to quality control methods for phar-
maceutical preparations containing ionically bound iodide ions. The results presented in
Table 10 demonstrate the capabilities of the method and show the convergence with the
control method and the absence of interfering influence of concomitant substances. The
control method in this case was also the potentiometric titration method by silver nitrate.

Table 10. Determination of iodides in pharmaceutical preparations (n = 3; p = 0.95; Ftheor = 19.2;
t = 4.3).

A Drug/
Substance/

Manufacturer
Concomitant Substances

Found (mg) by

Fexp
Recovery

(%)
Proposed Method Control Method *

Xav ± δ RSD (%) Xav ± δ RSD (%)

“Suxamethonium
iodide”/

Suxamethonium iodide,
20 mg L−1

C14H30I2N2O4/
JSC “Novosibkhim-

pharm”, Russia

sodium chloride, disodium
edetate, ascorbic acid,

hydrochloric acid 0.1 M
solution, water for injection

20.1 ± 1.3 2.6 19.6 ± 1.7 3.5 1.7 102.6

“Metacin”/Metocinium
iodide, 2 mg

C19H24INO3/Pharmacor
Production LLC, Russia

lactose mono-hydrate,
pregela-tinized starch,
magnesium stearate

1.96 ± 0.05 1.0 2.01 ± 0.08 1.6 2.6 97.5

“Microiodide 200”/
Potassium iodide, 0.262

mg, KI/
JSC Tatkhim-

pharmpreparaty,
Russia

lactose mono-hydrate,
sucrose, colloidal silicon
dioxide, calcium stearate

0.259 ± 0.019 2.9 0.268 ± 0.016 2.4 1.5 96.6
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Table 10. Cont.

A Drug/
Substance/

Manufacturer
Concomitant Substances

Found (mg) by

Fexp
Recovery

(%)
Proposed Method Control Method *

Xav ± δ RSD (%) Xav ± δ RSD (%)

Complivit Active
chewing/Potassium
iodide, 0.05 mg, KI/
JSC Pharmstandard-

UfaVITA, Russia

α-tocopherol acetate,
ascorbic acid, calcium (as

phosphate dihydrate),
calcium pantothenate,

cholecalciferol,
magnesium (as oxide),

nicotinamide
pyridoxine hydrochloride,
retinol acetate, riboflavin,

thiamine hydrochloride, folic
acid, cyanocobalamin,
binders, flavors, colors

0.051 ± 0.005 3.9 0.049 ± 0.004 3.3 1.6 104.1

* potentiometric titration.

The analysis of the experimental data presented in the table indicates a number
of advantages of the developed determination method. In addition to high sensitivity
(4 × 10−7 mol), the proposed approach allows us to determine iodides in the presence of
chlorides in suspensions and colored solutions. This opens up wide possibilities for using
the method for the purposes of toxicological chemistry and pharmaceutical analysis.

3.8.3. Determination of Iodides in Foods

Since food products account for up to 90% of the total amount of iodine entering
the body, the content of iodides is one of the mandatory standardized indicators in food
chemistry. The methods currently used to determine iodides often involve the use of
argentometric titration by the Mohr method, and, less often, spectrophotometric methods.
In each case, the analysis is preceded by lengthy sample preparation, which consists
of grinding the product, preparing an aqueous extract or mineralizate, filtration, and
neutralization. Sometimes, the determination is carried out with preliminary ashing of
the sample. When using the developed extraction colorimetric method, it is necessary to
grind the sample and, in the case of analyzing canned food in a marinade, to eliminate the
interfering effect of acetic acid by preliminary gas extraction without adding an oxidizer.
As a result, the analysis time is reduced several times. In addition, the cost of reagents
is reduced due to the exclusion of expensive silver nitrate. The results obtained by the
developed and control (Russian GOST 13685-84) [54] methods are presented in Table 11.
Comparison by the Fisher criterion shows that there is good convergence between the
results obtained by the two methods. Precision is shown as the RSD of the results of a
single analysis obtained by the method under repeatability conditions.

Table 11. Determination of iodides in foods (n = 3; p = 0.95; Ftheor = 19.2; t = 4.3).

Product

Found (mg kg−1) by

Fexp Recovery (%)Proposed Method Control Method

Xav ± δ RSD (%) Xav ± δ RSD (%)

Sea bass 1.60 ± 0.11 2.8 1.51 ± 0.12 3.2 1.31 105.9
Cod 1.53 ± 0.13 3.4 1.46 ± 0.11 3.0 1.4 104.8

Squid 2.74 ± 0.17 2.5 2.88 ± 0.19 2.6 1.3 95.1
Beans ** 0.28 ± 0.03 4.3 0.26 ± 0.04 6.2 1.8 107.7

Champignon mushrooms ** 0.24 ± 0.03 4.9 0.25 ± 0.04 6.4 1.78 97.6
** Determined with the additive (results are given after subtracting the additive).
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4. Conclusions
A method for obtaining RIP by sorption modification of paper with AgNCs obtained

by thermolysis of silver cinnamate has been developed. A method for determining io-
dides using the manufactured RIP in complex multicomponent objects has been proposed,
demonstrating good analytical characteristics and convergence with the control method.
High sensitivity and selectivity are ensured by combining RIP and dynamic gas extraction.
The method allows microquantities of iodides against the background of high chloride and
bromide content, including in colored and turbid solutions. Unlike others, the developed
method is more economical and fast and allows analysis with minimal preliminary sample
preparation, which significantly simplifies determination.
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