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AHHOTaUuA

This paper reports obtaining the new silver-containing nanocomposites based on the ion
exchangers with the controlled size of metal nanoparticles and metal content. The redox sorption of
oxygen dissolved in water by silver-containing nanocomposites with metal particles of different sizes and
metal content is considered. The kinetic study showed that the rate of molecular oxygen reduction
increases with the decrease of silver nanoparticles size and silver content in the NC.

Keywords: Nanocomposite, metal nanoparticle, ion exchanger, oxygen reduction reaction, redox
sorption, kinetics, size effect, precursor, silver.

B pabote coobmaercss 0 MOIyYeHUH HOBBIX cepeOpocoIepKamliux HAaHOKOMIIO3UTOB Ha OCHOBE
HMOHOOOMEHHHMKOB C KOHTPOJHMPYEMBIM DPa3MEpPOM HAHOYACTUII MeTajula M COJICp)KaHHEeM MeTajlla.
PaccmarpuBaercss mpolecc BOCCTaHOBUTENbHOW COpPOLMH  PAacTBOPEHHOTO B BOJE KUCIOpOJa
cepeOpocoiepkalliiMi HAHOKOMIIO3UTaMH € YacTHULAMH MeTajula PasHOro pasMepa M COIepKaHHS.
KuHernueckue ucciefoBaHus MOKa3ajid, YTO CKOPOCTh BOCCTAHOBIICHHS MOJIEKYJSIPHOTO KHCIOpOJa
BO3pacTaeT C yMEHbIIEHHEM pa3Mepa 4acTHIl cepedpa U cojiepKaHusi cepedpa B HAHOKOMITO3UTE.

KawueBble cJIoBa: HAHOKOMIIO3UT, HAHOYACTHIIA METAJUla, WOHOOOMEHHHK, pPEaKIUsI
BOCCTAHOBJICHUsI KHCJIOPOJId, PEIOKC-COpOLMsI, KHHETHKA, pPa3MepHbIi 3 deKT, mpekypcop, cepedpo

Introduction

Nowadays the functional nanosize materials of the new generation are produced
increasingly in order to find the ways of progress in the chemical technology.
Nanocomposite (NC) polymers are especially promising among materials in which metal
nanoparticles (or their compounds) are introduced into the porous matrix (support) with
fixed ion-exchange centers [1-11]. The extended surface of the metal nanoparticles and
high reactivity increase the efficiency of a wide variety of catalytic, electrocatalytic,
sorption and biochemical processes [12-16]. For example, ion exchangers with metal oxide
nanoparticles with the unique sorption and magnetic properties for sensing heavy metal
ions and sorption of environmental contaminants were obtained by SenGupta and co-
workers [12, 13]. Also it is demonstrated by Muraviev et al. [8, 9] that bimetallic
catalytically active NCs can be used as an active element of sensors for H,O, detection.
NCs, which combine ion-exchange and redox properties, are able to deoxygenate water
[17-20]. The target attribute of such materials is their bifunctionality [12-14]: the ionogenic
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centres of the polymer represent the inner source of the ionic reagents and the sink for the
ionic products. The multifunctional composite systems can be arranged into a self-
assembling structure by means of the templated substrates [21].

As previously established [17], the reaction rate is determined by both the nature of
the metal and its level of dispersion. It was calculated in the case of copper-containing
NCs, that the dimensional factor plays an important role until the process moves
completely into the area of the internal diffusion kinetics; i.e., until it reaches the
maximum possible rate.

Therewith it is noted [22] that, starting from the certain critical metal content, its
state ceases to be a set of isolated particles. The metal forms an assembly of clusters, in
which the transfer of the charge is possible with the optimal distance between the particles.
This factor must be taken into account, because it leads to the dramatic change in the rates
of stages, including the charge transfer and ion transport. Consequently, it is very
important to find the relation between the size of the embedded metal particles, the metal
content in the ion-exchanging matrix and the kinetic mechanism of the chemical reaction
with their participation.

The purpose of this paper is to study the kinetics of the redox sorption (ROS) of the
molecular oxygen dissolved in water by the silver—ion exchanger nanocomposites
depending on the size of incorporated metal nanoparticles and the metal capacity.

Experimental

For the synthesis of nanocomposites the sulfonic type cation exchanger KU-23
15/100 (copolymer of styrene with 15% divinylbenzene, Azot Ltd., Cherkassy, Ukraine)

with an ion-exchange capacity € of 1.25 mmol/cm’ was used. The grain size was Ry =

0.45 £+ 0.02 mm (pore size: 5-100 nm).

The synthesis of metal nanoparticles in the polymer macroporous matrix of the
sulfonic type cation resin (KU-23) occurs in three stages: (1) saturation of the resin by
metal cations (by using 0.05 M AgNOs); (2) metal precipitation in the polymer (precursor
formation by using 1.6 M KCl, 1.6 M KBr, 1.6 M KI, 0.63 M NaOH); (3) reduction to the
zero valent state (by using 0.34 M N,Hy, 0.08 M NaBH4, H,):

ZRH" +Me”" — R, Me”" + zH" (1)
R, Me”" + zNaX — [R'Na'], MeX, (2)
[R'Na], MeX,+ Red — [RNa'], Me” + Ox + zX, (3)

where R is the polymer matrix with negatively charged sulfonate groups, X = Cl, Br, I,
OH", Red is the reducing agent. After receiving metal particles in the ion exchanger, the
patterns were transformed into the H'-form by means of the contact with 0.06 M H,SO4.
Between each of these steps the ion exchanger was washed out by distilled water. The
water and the acid solution were deaerated by the argon to prevent an oxidation of NC. The
amount of silver deposited inside the matrix was estimated by the complexometric method
with ammonium thiocyanate (with Fe’ ions as an indicator). Solutions for the titration
analysis were obtained by the dissolution of a known amount of NC in several portions of
boiling 10 wt% HNO:s.

The distribution of metal particles, including the average size, was obtained by
Scanning Electron Microscopy (SEM, Jeol JSM-6380) and X-ray analysis with DRON-3
diffractometer. Sliced NC grains were attached with the conducting graphite glue to the
lead substrate for SEM studies and for Energy Dispersive Spectrometry (EDS). EDS was
carried out by using Jeol JSM-6380 to analyse the metal distribution along the radial
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direction of the granule. For this, 5-6 areas of 3,4 pm’ were selected passing from the grain
centre to its periphery, with the accumulation time of 50 s in each area.

X-ray diffractograms of nanocomposites (dispersed up to powder state) and of the
massive metal were registered for 20 angles from 10° till 70° with scan rate of 2° per min
(accumulation time: 3 s) with Cu Ka source, A = 0.154 nm. For precise determination of
the peak broadening, diffractograms were re-measured in the vicinity of the (111) peak
with scan rate of 0.25° per min. The coherent scattering length for nanocrystals in the
composite being found from broadening of its (111) peak compared to that of the massive
metal. The value of the peak broadening was inserted into the Scherrer equation.

The degree of the oxygen sorption o = Q(f)/Omax Was measured by the gasometric
method described elsewhere [17]. The measurement in this method is based on the
determination of the oxygen volume change in the reaction chamber with the stirred
distilled water and NC grains. The constant concentration of oxygen dissolved in water
was maintained. The reacting system was in equilibrium at a constant temperature (7' = 293
K), and oxygen pressure was equal to atmospheric pressure. The quantity of the granulated
NC in the experiment was 1 cm’.

Results and discusion

The chemical deposition of metals in the ion exchangers allows us to obtain
composite materials containing nanostructured metals in their structure. Metal particles
stabilized within a sulfonic type cation exchanger are complex formations that are actually
aggregates of smaller nanostructured particles. The investigation of the samples shows
from the X-ray analytical data, that nanometer particles in the size range 10-100 nm are
distributed inside the NC (Table 1), with a portion of the nanoparticles joined into
aggregates. Therefore, the particle sizes found microscopically are overestimated; due to
difficulties in discrimination the interfacial boundaries in the above mentioned
polycrystallites.

By applying particular conditions for the chemical deposition of metal in a
macroporous sulfocation exchanger, it is possible to obtain Ag"KU-23, in which the size
of the metal component is controlled. The influence of two factors, precursor and reducing
agent, on the size of metal nanoparticles is shown further. The formation of the first solid-
phase product, or precursor, which predetermines the structure of the particles of the
deposited metal [24], plays the most important role in the process of preparing a NC.

Table 1. Average diameter of Ag particles d in Ag"-KU-23(H") nanocomposites depending
on the nature of the precursor and the reducing agent, as determined by Scanning Electron
Microscopy (SEM) and X-ray diffraction

. Solubility d, nm
Reducing €pg?
NC agent Precursor 3 product at SEM S
mmol cm 25 °C [23] y
AgCl 0.80 + 0.03 1.6:10"° 260 97
N,H,4 AgBr 0.76 = 0.02 7.7-107" 130 72
Ag’"KU-23 Agl 0.81 +0.03 1.5:107° 96 37
NaBH, AgOH 0.82 + 0.03 1.9-10° 96 30
H, Ag’ 0.31+0.02 - 66 10

In order to estimate the influence of the type of precursor on the mean size of silver
particles, the samples obtained from silver halides, namely, chloride, bromide, and iodide,
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were investigated. In addition, all the above samples were also characterized by the
function of the particle size distribution according to their sizes in the grain volume of NC
on the basis of microphotographs obtained by SEM. It was found from these microscopic
observations that in all these cases, spherical particles (aggregates) of silver of various
sizes (Table 1) are formed with a normal size distribution. Not only the mean size of silver
particles is reduced, but also their size distribution narrows according to the following
series of precursor compounds AgCl > AgBr > Agl (Figure 1a).

d

o(d) a o(d) b

0.016 0.016

0.012 + 0.012

0.008 0.008

0.004 0.004

0.000 W 0.000 |
0 100 200 300 400 500 0 100 200 300 400 500
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Fig. 1. Function of the distribution of silver particles by size d for Ag®KU-23 NCs
synthesized using different precursors (@) and reducing agents (b): 1 — AgCl precursor,
N,H, reducing agent; 2 — AgBr precursor, NoHy4 reducing agent; 3 — Agl precursor, NoHy
reducing agent; 4 — AgOH precursor, NaBH, reducing agent, 5 — Ag" precursor, H,
reducing agent.

In a series of the precursors AgCl > AgBr > Agl [25], the solubility product of the
precursor compounds (Table 1) decreases, and their aggregate stability increases.
Consequently, the supersaturation of the solution in pores reduces that leads to the
decreasing of silver ions concentration, which participate in the following nucleation.

The second factor that controls the size of metal particles in NCs is the nature of the

reducing agent. In samples obtained using hydrazine, (EI(\),2 mn, =031V [26]), the mean

size of silver particles is 100-200 nm, and when sodium borohydride is used
(EI(\)IaB(OH)4 /naph, — 040V [26]), the sizes are in the range 80—100 nm. The composite that

was reduced by gaseous hydrogen has the smallest size of silver particles, which is equal to
40-70 nm (Figure 1b). It also has the lowest metal content and the most uniform grain
distribution (Figure 2).

The redox potential of a solution of the reducing agent and the pH value during
precipitation play a crucial role from the point of view of thermodynamics. The shift of the
redox potential of the reducing agent towards more negative values fosters the increase in
the dispersity degree of the produced metal particles. It means that the potential difference
of the two partial reactions of the oxidation of the reducing agent and the reduction of the
metal ion increases. Increasing the pH of solution shifts the potential of the concerned half-
reaction to more negative values. Therefore, strongly alkaline solutions of the reducing
agents with high pH values were chosen for the synthesis.
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Fig. 2. Dependence of the relative content f(R) of silver on the radial coordinate R
of'a NC grain with radius Ry, (designations for the curves are the same as Fig. 1).

According to X-ray spectral microanalysis, the content of silver is distributed
nonuniformly along different points of the grain radius and increases from the center to its
surface in all the silver-containing materials, with the exception of the sample synthesized
with hydrogen. This is shown by the dependency of relative concentration of silver on the
radius of the NC grain (Figure 2).

A study of the reduction of oxygen with silver-containing NCs showed a substantial
increase in the process rate with the increasing dispersity of silver particles. Figure 3a
shows the kinetic curves for the completeness degree o of the oxygen ROS by Ag’KU-23
with different microscopically determined mean sizes of silver particles. The increase in
the process rate is not entirely obvious in the case of samples, which are synthesized using
silver bromide and iodide precursors. The reason of this phenomenon is the presence of
specifically adsorbed components that remain after the reduction of the NC at the stage of
its synthesis. Thus, peaks corresponding to Agl are observed in the X-ray patterns (Figure
4).
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Fig. 3. Kinetic curves for the process completeness degree ‘a’ of the ROS of
molecular oxygen from water by Ag"-KU-23 in H'-ion form, obtained by chemical
deposition of silver with different precursors (a) and reducing agents (b)
(curves designations as Fig.1).
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At the same time, the expected relationships are markedly observed in the
experimental curves for the samples reduced by hydrazine (with AgCl precursor), sodium
borohydride, and hydrogen (Figure 3b). The sample synthesized using hydrogen is the
most reactive. As it was noted above, it is characterized by the smallest size of silver
particles in the studied series of materials.

In general, the completeness degree of the oxygen ROS for a certain process time
(100 min) demonstrates that the reactivity of the silver particles increases with an increase
in their dispersity degree (Fig. 5).
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Fig. 4. Peaks of different crystallographic planes in the X-ray diffraction patterns of
Ag’-KU-23 with different precursors: AgCl (1), Agl (3); and reducing agents: NoH, (1, 3),
NaBH4 (2)
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Fig. 5. Dependence of the degree of completeness a of the ROS of molecular
oxygen on the mean diameter d of a silver particle for process time # = 100 min; the dots
represent the experimental data for systems /—5 given in Table 1.

To investigate the rate of oxygen ROS as a function of silver content in NCs,
kinetic curves (Fig. 6) were obtained with different capacity of NCs with respect to silver,
which was less than ion-exchange capacity. Kinetic curves show direct proportionality of
time necessary for the reaction to reach certain degree of completion to the silver content
in the pattern (Fig. 7a). With the decrease of silver loading, the rate of oxygen ROS do/dt
is rather increased (Fig. 7b).
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Fig. 6. Kinetic curves for the process completion degree o of the ROS
of molecular oxygen from water by Ag®KU-23 in H-ion form with different capacity with

respect to silver 8Ag* , mmol/cm®: 1 — 1.02;2-0.76;3-0.62; 4 — 0.58
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Fig. 7. Time #,-925 required to reach a 0.25 degree of process completion vs.
capacity of Ag’*KU-23 with respect to silver (@) and rate of oxygen ROS do/dt (b) by
Ag’KU-23 in H™-ion form with different capacity with respect to silver
(curves designations as Fig. 6).

Recently, we have demonstrated [27] that stage of internal oxygen diffusion is not
rate-controlling step of ROS process in Ag’-KU-23. It means that rate rises because of the
intensification of the chemical interaction on the silver surface. Probably, silver
nanoparticles exhibit the catalytic effect [28], which is strongly marked in the case of silver
content less than ion exchange capacity.

Conclusion

Silver-containing NCs that are chemically active towards dissolved oxygen have
been obtained. By changing the nature of the precursor and reducing agent, it is possible to
control the size of silver particles. The average size of silver particles decreases in a series
of precursor compounds AgCl > AgBr > Agl, and reducing agents N,Hs > NaBH, > H,.
The rate of molecular oxygen reduction increases with the decrease of the size of silver
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nanoparticles and silver content in the NC. On the one hand, the process is accelerated due
to the increased ratio of the surface area to the size of a metal particle. On the other hand,
silver exhibits catalytic properties, which are more obvious with low silver content.

This work is supported by the RFBR (Rus. Fund of Basic Research,
grant Ne 11-08-00174_a).
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