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I. Introduction

Dissolved oxygen is always present in aqueous and non-

aqueous media that are in contact with the atmosphere.

Molecular oxygen (dioxygen) is a reactive chemical in

particular, a strong oxidant. For example, the action of

oxygen is responsible for corrosive destruction of metals

and alloys the corrosion protection of which has been a

central problem for many years. Moreover, due to its

reactivity, oxygen often represents a competitive impurity

that has an adverse effect on many industrial processes. For

this very reason, modern technologies have to use high-

purity water.

Decreasing the content of dissolved oxygen is an impor-

tant stage of pretreatment of process water used in large-

scale industries such as microelectronics, oil and gas indus-

try (injected water), food industry, thermal and nuclear

power engineering. The concentration of dissolved oxygen

in water under ambient conditions is 8 mg kg71. Mean-

while water meant, for instance, for nuclear power stations

and microelectronics should not contain more than 7 ± 10

and 1 mg kg71 of oxygen, respectively.

The physical, chemical, electrochemical and sorption

methods of oxygen removal from liquid and gaseous media

are well known. The conventional chemical methods are

suitable for high degrees of water purification from dis-

solved oxygen. However, some of them (e.g., reduction with

hydrazine hydrate or sodium sulfite at elevated temper-

atures) have some drawbacks associated with the toxicity of

used reagents (particularly, those based on hydrazine) or

undesired presence of additional suspended solid particles

in water (in the case of sodium sulfite).1 The approach based

on the use of metal nanoparticles proved to be the most

promising and generally accepted modern method.2 ± 5

In recent years, considerable progress in catalytic proc-

esses was achieved as a result of development of the concept

put forward by V M Gryaznov 6 ± 10 of catalytic membrane

reactors, particularly, polymer catalytic membrane reac-

tors.11 ± 14 The key idea was that a membrane serves as the

catalyst and simultaneously provides the selective transfer

of one component of the reaction mixture. For example,

palladium membranes permeable only to hydrogen proved

to be quite efficient in hydrogenation and dehydrogenation

catalyzed by palladium. The removal of the dehydrogen-

ization product (hydrogen) makes it possible to enhance the

yield and selectivity of the equilibrium reaction, among

other things, due to suppressing undesirable side processes.

For liquid-phase hydrogenation, hydrogen is supplied on

one side of the palladium membrane, selectively diffuses

through the membrane and appears in its active form on the

other side where hydrogenation occurs. It deserves mention

that in the initial stage of these studies, relatively thick non-

porous metallic membranes (foils and tubes 50 ± 100 mm
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thick) were used. For the practical use, the palladium layer

thickness should be decreased.

The development of catalytic membranes based on

metal/polymer composites is a radically new approach to

the problem of reducing the consumption of expensive

noble metals. In a relevant patent,12 the polymer matrix

was proposed to be made of polydimethylsiloxane with

silica gel-immobilized palladium particles. Besides their

low cost, such membranes display additional advantages.

For example, for membranes with catalytic solid particles,

the polymer matrix can be chosen in such a way as to exhibit

different sorption capacity with respect to reactants and

products, which would enhance the catalyst efficiency. The

production processes of polymer membranes are well devel-

oped, so that their characteristics can be varied over broad

limits; this is why organic polymers are now used in the

fields that earlier employed only inorganic materials.15 ± 18

The successful use of polymers is due to several factors.

Among the major ones, mention should be made of the

following aspect: a considerable number of catalytic reac-

tions in fine organic synthesis are carried out in the temper-

ature range from 720 to 200 8C and the majority of

polymeric materials are sufficiently stable in this temper-

ature range. Taking into account the versatility of polymer

synthesis and the wide diversity of polymeric materials, one

can find a polymer with properties to suit just a particular

catalytic reaction. Moreover, it is not only the temperature

stability of a material but also its resistance to acids, bases

and various oxidants that is required. Methods of enhanc-

ing the stability of polymeric materials with respect to

solvents have also been developed. The best known method

consists of partial cross-linking of the polymer.

Ion-exchange materials (ion exchangers) are a kind of

reactors.2 For synthesizing metal/polymer composites by

the chemical deposition of metals, the use of ion-exchange

matrices containing charged sites may prove to be prefera-

ble because in this case, the amount of deposited metal and

its distribution throughout the matrix can be controlled.

The metal in an ion-exchange matrix can exist as fine

particles (as a rule, nanoparticles) in the zero-valent state

or as a part of oxides, poorly soluble hydroxides, simple or

complexing salts fixed in the polymer matrix (Fig. 1). The

matrix can exhibit cation- and anion-exchange or complex-

ing behaviour. By immobilizing metals in polymer matrices,

the catalytic and chemically active composite materials can

be prepared in which two types of reaction sites coexist: the

dispersed metal particles and the ionogenic matrix centres.

In the presence of counter-ions located near the fixed

charged groups, the metal/ion exchanger composites exhibit

ionic conduction. The metal component and also the matrix

with its conjugated bonds can promote electron conduction

of the composite. The ion-exchange matrix stabilizes not

only metal particles but also metal oxidation products. In

view of the fact that metal/ion exchanger nanocomposites

are simultaneously capable of electronic (redox) and ion-

exchange reactions, they are referred to as electron ion

exchangers and called redoxites.19 ± 22

In the present review, we discuss the methods of syn-

thesis of metal nanoparticles and metal/polymer nanocom-

posites, in particular, ion-exchange systems. Attention is

concentrated on the membrane catalytic systems used in the

advanced removal of dissolved oxygen from water. The

most efficient systems that make it possible to reach

record-breaking degrees of water purity with respect to

oxygen are described. The review includes an analysis of a

variety of processes Ð from the synthesis of nanoparticles

to special methods of oxygen removal.

II. Synthesis of nanoparticles

The methods of synthesis of nanoparticles are widely

diverse (for instance, see Refs 23 ±27). We will consider

several main methods which serve as the basis for the

development of their various versions aimed to control not

only the size and composition but also the shape of nano-

particles. Note that nanoparticles are thermodynamically

unstable systems. The use of nanoparticles in applied

technologies brings about the problem of conservation of

their functional properties and their stabilization. This

problem should be solved in each particular case. The

main methods that provide stability of nanoparticles are

discussed below.

1. Method of evaporation ± condensation
The procedure of evaporation ± condensation forms one of

the main methods of preparation of metal nanoparticles.28

According to this method, the metal is evaporated into an

inert gas flow, the gas with metal vapour is fed into a

chamber with the wall temperature varying by a certain law.

The temperature variations are usually calculated based on

the heat and mass transfer equations and the kinetics of

nucleation in order to provide the necessary rate of metal

vapour condensation at which the particles have time to

grow to the desired size.

The grown particles should be deposited on a substrate

where they lose their mobility. The deposition should be

quick because nanoscale particles are very mobile and due

to their thermodynamic instability stick together to form

sufficiently stable aggregates in which they easily coalesce.

The detailed studies of the kinetics of nanoparticle aggre-

gation during their synthesis by the evaporation ± conden-

sation method have shown 29 that, for example, nanosized

zinc particles manage to aggregate in 10 ± 100 ms depending

on their growth mode. This produces a fractal structure

with the logarithmically normal size distribution, where the

average size of aggregates fits the micrometre region.

Metal/ion exchanger nanocomposite

Complexing ion exchanger

Anion exchanger

Cation exchanger

Ion-exchange matrixMetal component

Metal salt

Metal hydroxide

Metal oxide

Zero-valent metal

Figure 1. Components of a metal/ion exchanger nanocomposite.2
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Nowadays, the interest in the evaporation ± condensa-

tion technique pertains because it affords metal particles of

the highest purity. The improvement of the method is

largely associated with the search for approaches for depos-

iting nanoparticles not onto a solid substrate but into the

liquid phase, which opens up the possibility of further

manipulation of nanoparticles. Methods were pro-

posed 30, 31 in which the solid substrate was replaced by

conventional solvents, co-deposition of the solvent and the

particles took place and thus the volume of nanoparticle-

involving composite could be gradually increased. By sub-

sequent heating, the composite was transferred into a

colloid dispersion of nanoparticles. By an analogous

scheme, the metal/polymer nanocomposites can be synthe-

sized 32, 33 provided that monomer polymerization is carried

out after co-deposition of the monomer and nanoparticles.

This scheme is implemented rather easily, for instance, with

polyxylylene.

However, colloid dispersions prepared according to the

above scheme are also not always stable. To overcome this

problem, it was proposed 34 to add surfactants into the

dispersion through their co-deposition (or subsequent intro-

duction). As a result, solvent-dispersed nanoparticles meas-

uring down to 1 nm with the concentration of up to 1020

particles per m3 were synthesized. According to electron

microscopic studies, no aggregates were formed in such

systems.

The first experiments on the synthesis of colloid dis-

persions by the evaporation ± condensation method were

carried out with silver nanoparticles. Later, using this

method, nanoparticles of Bi, Cu, Te were synthesized.35

For all systems under study, it was shown that by varying

the pressure and composition of the carrying gas, particles

measuring from 1 to 10 nm can be formed. The particles

had a sufficiently narrow size distribution: the standard

deviation fitted the range from 1.4 to 1.6. Dimesso et al.36

synthesized nanoparticles of Ag ±M (M=Co, Fe, Ni)

alloys with similar characteristics.

The method of evaporation ± condensation has not

found wide use for several reasons (although, as was

mentioned above, it is most attractive from the standpoint

of synthesizing pure nanoparticles). First of all, this method

is characterized by low efficiency. Second, according to the

modern concepts, the nanoparticle size dispersion is too

wide. Third, fine variation of the size of nanoarticles

requires considerable effort. The classical colloidal methods

of nanoparticle synthesis are more popular. Their attrac-

tiveness has been revived due to the appearance of a wide

class of surfactants that allow one to tune nanoparticle

characteristics.

2. Method of reduction from solutions
Metal sols are conventionally synthesized by chemical

reduction.37 As the precursors, the corresponding metal

salts and various reducing agents are used. To suppress the

aggregation of particles formed, the reduction is carried out

in the presence of stabilizing agents (special ligands, poly-

mers, surfactants).38, 39 The particle size cannot be predicted

a

b

1.73� 0.26 nm 3.39� 0.26 nm 7.16� 0.37 nm

Cubic Cubooctahedral Porous

Figure 2. Illustration of the possibility of varying the size and shape of platinum nanoparticles prepared by chemical reduction method.
(a) Particles of various sizes stabilized by polyvinylpyrrolidone,43 (b) particles of various shapes stabilized by cetyltrimethylammonium
bromide.53, 54
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because it depends on several factors, namely, the nature of

solvent and stabilizer and their concentration, the temper-

ature and the reaction time.

It is well known 40, 41 that the attained supersaturation

largely determines the particle size: the higher the super-

saturation, the finer the resulting particles. By varying

supersaturation, one can control the nanoparticle size.42

Recently, for this purpose, the inhibitors of particle growth

were brought into use, which play the dual role: on the one

hand, they inhibit the removal of the reduced metal from

solution thus increasing supersaturation and, on the other

hand, they limit the particle growth rate. Usually, to inhibit

the particle growth, the adsorbed layers (adlayers) of

surfactants, polymers 43 ± 49 or block copolymers 50 ± 52 are

used. Both the size and shape of nanoparticles can be

controlled. Thus, it was shown 53, 54 that platinum particles

can not only be shaped hexagonal or cubic but also can

acquire the intermediate shape of cubooctahedra (Fig. 2).

The surface of cubooctahedral particles is formed by (111)

and (100) faces, whereas the surface of cubic particles is

formed by only (100) faces. This difference is of principal

importance for the catalysis.

Note that the nanoparticle shape is determined not only

by synthetic conditions but also by the type of stabilizer

used.55 When metal is reduced in porous media, the particle

size is obviously restricted by the pore size.44, 56, 57 By using

additional reagents, one can adjust the shape of synthesized

nanoparticles. Roix et al.58 used polyvinylpyrrolidone and

silver salts as the additives in the synthesis of platinum

nanoparticles in mesoporous silica gel. They have shown

that regular nanoparticles (cubes, octahedra, cubooctahe-

dra) can be prepared. Moreover, this synthesis can be

carried in a different way to obtain platinum nanoparticles

with finer silver nanoparticles deposited on their surface.

Note that sometimes nanoparticles fail to be deposited

on the surface of certain oxides. Thus the gold deposition on

the silica gel surface is impeded. This can be overcome by

modifying the surface according to the sol ± gel technol-

ogy,59 which is suitable for depositing thin layers on wide

surfaces. For instance, the silicon dioxide surface can be

coated with a thin layer of titanium dioxide, which rises the

isoelectric point from 2 to 6, thus making easier the

deposition of gold nanoparticles. This method can be used

for the deposition of several modifying layers of different

nature to obtain high-performance catalysts.60

Recently, not only traditional oxides (silica, alumina)

but also carbon nanotubes 61 ± 64 and oxide nanotubes 65

have been used as the porous media. In some cases, the

use of nanotubes is associated with the necessity of modify-

ing their surface to provide stronger binding of metal

nanoparticles. Particularly, such modification is needed for

producing efficient metal/carbon nanotube composites,

which are used as proton-exchange membranes in fuel

cells.66 However, even fairly efficient modification of car-

bon nanotubes sometimes fails to suppress the aggregation

of deposited metal nanoparticles, which are weakly bound

to the tube surface.67 According to one solution of this

problem, the metal nanoparticle/carbon nanotube compo-

site was coated by a silicon dioxide layer (51 nm

thick).68 ± 70 The oxide layer was deposited 70 onto carbon

nanotubes containing a metal salt and the latter was then

reduced in the hydrogen flow at high temperatures. In the

presence of this protection layer, the catalyst stability

substantially increased without any noticeable loss in its

performance.

Some dendrimers, i.e., polymers with a highly branched

tree structure measuring 2 ± 15 nm, can serve as the natural

nanoreactors. Dendrimer molecules have hollows in which

molecules and nanoparticles can be stabilized. After reduc-

tion, a nanoparticle is formed inside the dendrimer hollow

(Fig. 3). Moreover, the dendrimer provides not only the

hollow to house the formed nanoparticles but also the

protective coating that prevents their aggregation. Den-

drimers make it possible to efficiently regulate the size of

nanoparticles at the level of 1 nm.71 ± 80

The synthesis of silver nanoparticles measuring 7 nm by

photochemical reduction in dendrimers with terminal

amino and carboxyl groups occurs by the following

scheme:72

Synthesis of copper nanoparticles with the size of

2 ± 4 nm stabilized by polyamide-imine was carried out.71

The use of dendrimers containing thiol 73 or carboxyl 74

groups proved to be successful in the synthesis of gold

nanoparticles, while the polyarylether-based dendrimers

turned out to be a good choice in the synthesis of platinum

Ag++[dendrimer] Ag0+ [dendrimer] NH�2
hv

NH2

Ag0+ [dendrimer]
.
+CO2

Ag++ [dendrimer] Ag0+ [dendrimer] COO
.hv

COO7

(1a)

(1b)

Complex formationDendrimer Reduction

NaBH4metal ions

Figure 3. Illustration of the formation of a dendrimer nanocomposite.78
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nanoparticles.75 It is evident that dendrimers can also be

used for synthesizing bimetallic nanoparticles.

Alkanethiols were successfully used as the stabilizing

surfactant layers. Detailed studies 81 ± 89 have shown that in

the presence of alkanethiols, various procedures of gold

reduction from HAuCl4 solutions under the action of

NaBH4 produced virtually monodisperse particles. The

resulting gold nanocrystals consisted of a metal core involv-

ing from 10 to 5000 atoms and a dense alkanethiol shell.

Apparently, the efficiency of alkanethiols as the terminators

of nanoparticle growth is determined by their ability to

form dense self-assembled layers on the surface of gold

single crystals.90 The use of alkanethiols proved to be

successful in the synthesis of silver nanoparticles.90 ± 96

Probably, alkanethiols could form self-assembled layers on

the surface of other nanoparticles too.

Electron microscopic data have shown that gold single

crystals are compact and have a face-centred cubic lattice.87

The particles are predominantly shaped as octahedra or

icosahedra. The nanocrystal size depends on the alkyl chain

length and the thiol-to-gold ratio in the solution.87, 97 Single

crystals consist of pure gold, while sulfur atoms are located

only on the surface being bound to alkyl chains. The state of

alkanethiol adlayers depends on the size of the metal core.98

The alkyl chain has a more ordered conformation on

coarser particles. The critical size is 4.4 nm. For larger

particles, alkanethiol forms a two-dimensional layer,

whereas on finer particles the adsorbed layer shows ele-

ments of the three-dimensional packing.

The ligand shell plays the important role in the structur-

ing processes when nanoparticles are being distributed in

the matrix. In connection with this, studying the behaviour

of the ligand shell under different conditions is of funda-

mental importance. The restructuring of the ligand shell can

occur upon replacement of the solvent in the colloid

dispersion, deposition of nanoparticles on a substrate or

incorporation of nanoparticles into the polymer matrix.

Bauer et al.99 studied in detail the structural transitions in

alkanethiol ligand shells deposited on silver nanoparticles.

They have shown that the restructuring processes in

adlayers are determined by the nanoparticle size, the hydro-

carbon fragment length and the dispersion medium. Corre-

lations that can be used to control of the behaviour of

nanoparticles under various conditions were established.

3. Combined nanoparticles
Recently, specialists in the field of catalysis focused atten-

tion on particles formed by several metals. In these par-

ticles, one of components is preferentially distributed over

the surface of other components.100 By using these systems,

it is possible to tune rather finely the catalyst properties.

Bimetallic catalysts are synthesized based on preliminarily

obtained nanoparticles, which serve as the nuclei for depo-

sition of the second metal.101, 102 For instance, in the syn-

thesis of palladium/cobalt nanoparticles, palladium

nanoparticles served as nuclei.103 Nanoparticles iron/plati-

num, cobalt/platinum 104, 105 and gold/palladium, gold/plat-

inum 106, 107 were also formed by this method. The metal

layer on the nucleus surface may exhibit structural charac-

teristics different from those of the compact metal, which

considerably enhances the catalytic activity of nanopar-

ticles.

The shells can be formed by nanoparticles on the oxide

surface and also by oxides (or other inorganic substances)

on the surface of metal nanoparticles.24, 108 ± 110 A lot of

metal core/oxide shell nanoparticles were synthesized with

cores of transition metals (Pt, Pd, Ru, Ni, Co, Fe, Au, Cu)

and oxide shells (ZnO, MnO2, TiO2, Fe3O4). The interest in

these systems was associated with the fact that the metal/

oxide transition area exhibits enhanced catalytic activ-

ity.111, 112 The difficulties in the development of such sys-

tems are mainly associated with the short time of shell

formation, which complicates the reliable control over its

thickness. There are wide prospects for the synthesis of

oxide spheres with the size of *100 nm coated by metal

nanoparticles. Methods have been developed for the for-

mation of spherical particles of oxides of aluminium,

cerium, titanium and zirconium 113 and also of mixed oxides

such as lead niobate.114 These systems are interesting as

regards studying the catalytic processes,115 ± 118 because, on

the one hand, they serve as well-characterized models and,

on the other hand, they largely resemble real catalysts in

their properties. The methods of synthesis of such systems

were briefly surveyed.110

For example, consider the synthesis of silver and plati-

num nanoparticles on the surface of polystyrene spheres.119

Here, a metal salt and organic monomers [styrene and a

macromonomer, namely, poly-(N-isopropylacrylamide)]

were added simultaneously to the solution, then co-poly-

merization in the presence of an initiator was carried out

together with the reduction of copolymer-coordinated metal

ions so that the resulting metal was distributed over the

surface of polystyrene spheres.

Other methods of particle deposition are possible. Thus,

nanoparticles can be coated by polyelectrolyte that bears a

charge opposite to the charge of dielectric spheres, which

results in heterocoagulation. Nanoparticles can also be

bound by special groups grafted to the surface of oxide

spheres. Moreover, the active sites on the surface of dielec-

tric spheres can be used as nucleation centres for the

reduced metal.120

Yet another method of formation of nanoparticles with

unusual structure is based on the Kirkendall effect. This

effect is associated with the difference in diffusion coeffi-

cients of components of the system (e.g., binary). If one

component diffuses faster than the other, excessive voids are

left in the alloy. This may result in restructuring of atomic

planes, as can be observed by migration of inert markers.

Hollow nanoparticles may serve as a sort of nanoreactors.

Such systems can be obtained most easily for nanoparticles

or thin layers of cobalt, where cobalt sulfonation or oxida-

tion reactions occur on the surface.121 Cobalt atoms diffuse

faster towards the shell surface than sulfur or oxygen atoms

diffuse towards the metal core. As a result, voids are formed

in nanoparticles. Thus the hollow nanoparticles of the `nut'

type with the metal core can be prepared (Fig. 4).

Hollow particles with metal cores are obtained in three

stages.121 First, a nanoparticle, e.g., of platinum, is grown;

then, a cobalt shell is formed thereon and then oxidized to

form a void in which the platinum nanoparticle remains.

The formation of voids was observed for Co/Co9S8,

Co/CoO, Pt/CoO, Ag/Au and Fe/FexOy systems. Particles

inside the void retain their catalytic activity. This is

explained by the fact that, as a rule, the shell is polycrystal-

line and contains small pores through which reagents can

penetrate into the void. Although the shell may decrease the

rate of the catalytic process, it also plays an important role

of preventing the aggregation and sintering of metal nano-
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particles. Yet another advantage of the shell is associated

with its low permeability, because small pores prevent the

penetration of large molecules. The latter can enhance the

selectivity of the catalytic process. Thus nut-type nano-

particles represent a catalytic membrane reactor in which

the metal core serves as the catalyst and the porous shell

operates as a selective inorganic membrane.

4. The effect of nanoparticle size and shape on their
properties
It is a well known fact that the transition to nanosized

particles is associated with a dramatic change in their

catalytic activity.24 The brightest example is the catalytic

activity of gold nanoparticles.122 ± 128 The catalytic proper-

ties of gold nanoparticles with respect to carbon monoxide

oxidation were surveyed and numerous experimental and

theoretical data were analyzed in a review.129 The possibil-

ity of commercial use of gold-based catalysts was dis-

cussed.130 At the same time, it deserves mention that there

is no direct correlation between the catalytic activity of

nanoparticles and their size. A lot of publications were

devoted to detailed investigation of this correlation; these

studies are generalized in Refs 55 and 131.

As the nanoparticle size decreases, the nanoparticle

specific surface area increases; however, the reaction rate

per unit weight of the catalyst does not necessarily

increase.132 ± 137 Thus, in the hydrogenation of 2,4-dinitro-

toluene to form 2,4-diaminotoluene, the coarse palladium

nanoparticles exhibit high catalytic activity because the

particle activity in hydrogenation is determined by the

formation of the palladium hydride surface phase, which

occurs more readily on coarse particles.132 In contrast, for

reactions involving NO and CO to produce mainly N2 and

CO2, the catalytic activity increases with a decrease in the

nanoparticle size, but not in the direct proportion to the

increase in the nanoparticle surface. This is explained by the

increase in the fraction of the surface area coated by

strongly bound nitrogen, resulting in a decrease in the

number of sites for NO dissociation.137

The catalytic activity of particles is determined to a large

extent by their shape. The catalytic activity of palladium

nanoparticles in the Suzuki reaction between phenylboronic

acid and iodobenzene was studied.138 In experiments, the

nanoparticles measuring 3.0, 3.9, 5.2 and 6.6 nm were

examined. Their catalytic activity was determined from the

reaction turnover frequency vs. the number of surface

atoms. The turnover frequency decreased in the following

sequence of nanoparticle size: 3.9>3.0>5.2>6.6 nm.

The calculation of the catalytic activity for the number of

atoms located on vertices and edges of polyhedral nano-

particles revealed no relationship between the turnover

frequency and nanoparticle size. This confirmed once

again the generally accepted opinion that the edges and

vertices of such nanoparticles serve as the active sites of

these catalysts.

The concept of active sites on the catalyst surface was

put forward rather long ago.100 The rate of each catalytic

reaction depends on its own active sites, which determine

the height of the energy barrier to the rupture of a particular

bond. For example, in hydrocarbon reactions, the C7H

bond cleavage on platinum surface steps proceeds more

easily than the break of a C7C bond.139 On kinks, in

contrast, C7C bonds are broken more easily. The effect of

the catalytic site structure on the reaction parameters was

surveyed 140 and for CO oxidation, the relationship between

the reactivity and the electronic structure of active sites was

examined. In this case, the selectivity of the catalytic

reaction is determined by the ratio of concentrations of

active sites of different natures. This ratio can be varied by

adjusting the size and the shape of nanoparticles. However,

it deserves mention that the ratio of concentrations can also

change in the course of the reaction.139

Narayanan and El-Sayed 141, 142 studied how the particle

characteristics change in different reactions. In particular,

they have shown 141 that during the Suzuki reaction, the

palladium nanoparticles stabilized by polyvinylpyrrolidone

become coarser due to the Ostwald ripening of the disper-

sion. When the reaction was carried out for a long time,

even sedimentation of particle aggregates was observed as

well as the transformation of tetrahedral nanoparticles to

spheres.142

Thus, the preset size and shape of synthesized nano-

particles can change during operation of a catalytic reactor.

Recently, the interest in atomic-level studies into changes of

nanoparticle properties during catalyst operation has

increased. Due to application of new devices and miniatur-

ization of reactors, considerable progress was achieved in

investigation of the particle properties and their changes

under conditions resembling the real conditions of indus-

trial processes. To determine the structural characteristics

of catalyst nanoparticles during their work, the following

methods were used: scanning transmission microscopy,

high-pressure scanning tunnelling microscopy, sum fre-

quency generation spectroscopy, X-ray electron spectro-

scopy at atmospheric pressure, diffuse reflectance IR spec-

troscopy, surface-enhanced Raman spectroscopy, environ-

mental transmission electron microscopy, analysis of the

electron energy loss near-edge fine structure, quartz crystal

microbalance, X-ray diffraction, small-angle/wide-angle X-

ray scattering, thermogravimetric analysis, near-edge X-ray

absorption fine structure spectroscopy (NEXAFS),

extended X-ray absorption fine structure spectroscopy

(EXAFS), quick-scanning EXAFS, field ion appearance

energy spectroscopy. The data on the potentials and the

practical use of the listed methods can be found in several

publications.131, 139, 143 ± 151 Note that theoretical modelling

also considerably helps to interpret experimental data.151

a

Pt particles

Co salt

oxidation

Pt/CoO
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reduction
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core ± shell Pt/Co

particles

Pt salt

nanoreactor Pt/CoOnanoparticles Ptb

50 nm 50 nm

d
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c

Figure 4. Schematic of preparation of nanoreactors (a) and
images of original platinum nanoparticles (b, c) and nut-type
nanostructures synthesized based on these particles (d ).121
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5. Deposition of particles on supports
As was noted above, the progress achieved in the synthesis

of nanoparticles made it possible to control not only their

size, but also their shape so that the attention was shifted

from well characterized planar surfaces of single crystals to

catalytic properties of nanoparticles.152 Well-characterized

surfaces are convenient study objects; however, they fail to

reflect many specific properties of catalysts, for instance,

their turnover frequency and selectivity, because these

characteristics are predominantly determined by the pres-

ence of steps, kinks and other surface defects. The impor-

tant factor determining the catalyst properties is the inter-

action of nanoparticles with the support; hence, the rela-

tionship between the catalytic activity and the nanoparticle

distribution over the support was studied.

A method that can be used to control the nanoparticle

distribution on the surface is associated with the use of

Langmuir troughs.153 A monolayer of hydrophobized nano-

particles is placed on the surface (e.g., of water). By varying

the pressure in the monolayer, it is possible to create in it a

certain density of nanoparticles which is retained after the

monolayer has been transferred to the support. Figure 5

shows the structure of monolayers of platinum nanopar-

ticles, which were formed at different pressures within the

monolayer. By depositing several monolayers, it is possible

to form not only two-dimensional but also three-dimen-

sional assemblies of nanoparticles.

Another efficient method for nanoparticle ordering on

the surface is electron-beam lithography (e.g., see Ref. 154).

This method makes it possible to form catalytic systems of

various metals deposited on different supports. The result-

ing catalysts not only can be adequately characterized for

carrying out model reactions but also make it possible to

follow the changes in the catalyst parameters during reac-

tions.

Layers of catalytic particles were grown directly on the

membrane surface to be used later for oxygen removal. 4 It

was shown that such layers can be deposited on membrane

modules (for details, see below).

III. Catalytic polymer membranes

All the aforementioned methods are engaged in the syn-

thesis of metal/polymer nanocomposites used as catalytic

materials for membranes. Each method has its own special

features, which should be taken into account. Thus, the use

of a scheme according to which the catalyst is formed

simultaneously with the membrane brings about additional

complications associated with the possible effect of strong

polymer ± catalyst interactions.15 This group of methods

includes the membrane synthesis by the phase inversion

process in which a porous polymer matrix is deposited from

solution upon temperature variations or solvent replace-

ment and the particles that usually serve as the new phase

nucleation centres may have a strong effect on the morphol-

ogy of the polymer membrane formed (moreover, this effect

can also be very strong even at the low catalyst content). An

important condition of this method is that stable disper-

sions of catalyst particles in the polymer solution should be

formed in the first stage. Otherwise, the synthesized mem-

brane can turn out to be strongly inhomogeneous as regards

both its structure and the catalyst content. It is necessary for

the catalyst to retain its activity during the membrane

formation.

The uniform distribution of particles throughout the

membrane can be promoted by the polymer itself; this is

why catalytic membranes are often prepared using branched

macromolecules or block copolymers in which micellar

structures can be formed and can serve as microreactors in

the synthesis of nanoparticles preventing their aggregation

and sintering. These can also be polymers cross-linked

either physically or chemically and containing incorporated

particles.155 Sometimes nanoparticles coated by a stabilizing

polymer layer are grafted on a cross-linked polymer matrix

to obtain a sufficiently stable supported catalyst.156

To provide the uniform distribution of particles

throughout the polymer matrix, special techniques were

emplyed. For instance, in the synthesis of catalytic mem-

branes, solutions of pre-polymers and cross-linking agents

were used (Fig. 6). The solvent favours a uniform distribu-

tion of particles throughout the polymer matrix; however,

this gives rise to other problems, because particles can

sediment from the solution, and this also contributes to

the non-uniform distribution. The sedimentation can be

suppressed as follows:157 the polymer is initially partly

cross-linked by rising the system temperature and the

resulting sparse network prevents sedimentation of catalyst

particles.

The catalyst-containing polymer membranes are rather

often obtained by the reduction of the metal from its

precursor originally dissolved together with the polymer,

either before or after the preparation of membrane films. To

date, a lot of information has been accumulated on this

method, which is described in detail in the literature.16 For

hydrogenation in gas and liquid phases, both porous and

non-porous polymer catalytic membranes with palladium

particles as the catalyst were used.5

To characterize the state and properties of nanoparticles

in polymer matrices, the following methods were used: IR

and Raman spectroscopies,158 X-ray photoelectron spectro-

scopy,159 electron microscopic techniques (scanning, trans-
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Figure 5. Dependence of the pressure in the monolayer on the
average distance between nanoparticles and microscopic images of
nanoparticles.152
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mission, atomic force and ion field methods),158 nuclear

magnetic and electron paramagnetic resonance spectro-

scopy, thermogravimetry, etc. The modern experimental

physicochemical methods make it possible to follow the

evolution of nanoparticles during their formation from

precursors.160

In recent years, a trend has been emerging towards the

development of unique methods for the synthesis of poly-

mer membranes with incorporated catalyst nanoparticles.

Among the wide diversity of original methods, the following

should be mentioned: the layer-by-layer adsorption of

polyelectrolyte and nanoparticles,161, 162 the synthesis of

nanoparticles by employing specific polymers,159, 163 the

modification of the inner surface of ultrafiltration mem-

branes with oxides,164 the electrospraying (electroforming)

of solutions containing a polymer and a nanoparticle

precursor.165 A convenient synthesis of nanocomposites is

by the ligand exchange reaction. For example, palladium

nanoparticles in polyaniline were synthesized in this way.160

Polymer catalytic membranes can be prepared by irradiat-

ing the nanocomposite precursors with electromagnetic 166

and supersonic 167 waves. In certain cases, the catalytic

membrane composite material is first prepared from a

polymer and a precursor of cluster-type nanopar-

ticles 167 ± 170 and only after this, the proper nanoparticles

are synthesized.

IV. Nanocomposites based on ion-exchange
materials

Among nanocomposites, an important place belongs to ion-

exchange materials including polymer ion exchangers.2 In

the design of these nanocomposites, certain specific factors

should be taken into account, particularly, the fact that the

method of metal insertion into the ion-exchange matrix

depends on the nature of the matrix.

Ion-exchange polymers contain pores of various type

and size, capable of serving as both reactors for the syn-

thesis and transport channels. Depending on the size, three

types of pores are distinguished: micropores (0.3 ± 2 nm),

mesopores or middle-size pores (2 ± 50 nm) and macropores

(450 nm). Pores can be either closed (isolated from one

another and having no exit to the surface) or through

(shaped as channels connected with one another and with

the surface). We will consider particular systems.

1. Cation-exchange systems
In the chemical deposition of a metal into a cation-exchange

matrix (cation exchanger), an aqueous solution of a usual or

complex metal salt is used as the saturation solution. This

solution reacts with the cation exchanger in its H+-form

according to the ion exchange saturation reaction

zRSOÿ3 H++MXz (RSOÿ3 )zMz++ zHX (2)

and the metal ions arriving to the ion exchanger are

concentrated near the ion-exchange groups as the counter-

ions. The number of cations incorporated during the time

required for complete saturation of the ion exchanger is

equal to the total exchange capacity. Then, the cation

exchanger is treated with a solution of alkali (sodium

hydroxide) to induce the formation of a poorly soluble

compound in polymer pores near the ionogenic groups.

The following ionic reaction of deposition proceeds:

(RSOÿ3 )zMz++zNaOH [RSOÿ3 Na+]zM(OH)z (3)

The synthesis of hydroxide-containing composites is

completed at this point.

The composites containing zero-valent metal are synthe-

sized by the redox reaction of metal deposition from its

hydroxide precursor (Red is the reducing agent, Ox is the

oxidant):

[RSOÿ3 Na+]zM(OH)z+Red [RSOÿ3 Na+]zM0+Ox (4)

or directly from the precursor of the metal counter-ion. The

process is completed with an ion-exchange reaction that

transforms the ion exchanger into its initial ionic form

[RSOÿ3 Na+]zM0+ zHX [RSOÿ3 H+]zM0+ zNaX (5)

Repetition of the reaction cycle (2) ± (5) produces the

[RSOÿ3 H+]zM
0
n material with the preset capacity with

respect to metal. Here, n is the number of metal atoms per

z moles of the ion exchanger.

Metal deposition may often involve processes the result

of which depends on penetration of co-ions rather than

counter-ions into the ion exchanger. For cation-exchange

membranes, this is true for all reducing agents of the anionic

type (dithionite, borohydride and other anions). Con-

versely, in anion-exchange systems, metal ions function as

co-ions.

2. Anion-exchange systems
Treating an anion exchanger in its initial OH7 form with a

metal salt solution makes it possible to immediately precip-

itate the metal as a poorly soluble compound in the vicinity

of ionogenic groups; then the redox reaction of metal

deposition with simultaneous recovery of the original ionic

form of the ion exchanger can be carried out, for instance,

zRNMe�3 OH7+MXz [RNMe�3 X7]zM(OH)z (6)

[RNMe�3 X7]zM(OH)z+Red, NaOH (7)

[RNMe�3 X7]zM0+Ox

Solution containing a pre-polymer,

a cross-linking agent and particles

Preliminary cross-linking

Film formation

Final cross-linking

Figure 6. Formation of a catalytic membrane with the preliminar-
ily partially cross-linked polymer.
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First, the ion-exchanger ionogenic groups can be satu-

rated with anions of the reducing agent and then the metal

co-ions are reduced.

As mentioned above, the nature and concentration of all

components of the system affect the size of chemically

deposited metal particles. Hence, the signs of charges of

the reducing agent (cation, anion or neutral molecule) and

the polymer matrix and also the presence of a complexing

agent in solution will determine the size of metal particles

obtained upon chemical deposition into polymer matri-

ces.171 ± 173 The nature of anions in metal salts was found

to affect the resulting particles.174

Thus by selecting the ion-exchange matrix, the reducing

agent and the complexing agent, it is possible to prepare the

metal/ion-exchanger composites with different size of metal

particles.

Nanocomposites containing matrix-immobilized metals

chemically reactive with respect to oxygen were first synthe-

sized back in 1949 175 from anion exchangers by treating

them with solutions of copper and silver salts followed by

the reduction of ions of these metals with sodium dithionite.

It was proposed 21 to combine the ionogenic and redox

functions in a single cation exchanger. The metal-containing

nanocomposites were prepared based on sulfo and carboxyl

cation exchangers that existed either as gels or in the

condensed state; the highest reducing capacity was typical

of copper and bismuth-containing nanocomposites based

on sulfonated shale oil cake. The electron-exchange proper-

ties of such activated carbons were due not only to the metal

but also to their intrinsic quinoid groups.176, 177 Besides

zero-valent metals, transition metal hydroxides (iron,

nickel, copper, manganese) in low oxidation states are

often deposited into ion exchangers.178 ± 181

Nanocomposites that combine the reducing properties

of polymers and metals have been synthesized. Treating

polymers containing hydroquinone or pyrrogallol with

copper salts with the subsequent reduction of the salts

produced electron-ion exchangers the reducing properties

of which were determined by redox groups of the matrix

and copper particles in the matrix pores (see Ref. 182,

p. 147). Based on macroporous ion exchangers, a high

performance copper/hydrazine nanocomposite that con-

tained copper complexes with hydrazine and metallic cop-

per has been prepared.183

By immobilizing metal nanoparticles (palladium, iron,

nickel, indium) in ion-exchange zeolite matrices, materials

chemically reactive with respect to irreversible oxygen

sorption from gases can be synthesized.184

Nanocomposites were also prepared in the form of

metal-containing fibres.185 The chemical or electrochemical

reduction of metal to its zero-valent state took place

throughout the mass of a fibrous ion-exchanger so that the

metal did not mechanically shed. Thus, a palladium-con-

taining composite was prepared based on sulfo cation

exchange fibres.186 The main advantage of metal-containing

fibres is the high rate of reactions.

Yet another method is associated with modification of

ion-exchange membranes. By introduction of metals such as

Pd, Ni, Ru, Rh, Au, Ag into ion-exchange membranes

Nafion, MF-4SK and also into polyaniline (PANI) mem-

branes, the catalytically and chemically active materials of a

new type can be obtained.187 ± 190 Particularly, silver and

silver sulfide nanoparticles were synthesized in nanopores of

a perfluorinated ion-exchange membrane.191

Three-dimensional polymer chains form the basis of the

spatial structure of metal/ion exchanger nanocomposites.

As a whole, such nanocomposites represent highly porous

swelling materials that consist of a polymer framework,

fixed ions, counter-ions and metal particles (Fig. 7).

The macroscopic structures with pores of 50 ± 100 nm

should be preferred. In macropores, metal particles occupy

individual regions in the vicinity of ion-exchange groups

(Fig. 8). According to microscopic examinations, their size

varies from 5 to 500 nm. The distribution of metal through-

out the ion-exchanger volume is relatively uniform. The

macroporous structure provides sufficient diffusion perme-

ability. The metal occupies from 3%± 4% to 16%± 25% of

the pore volume. As a result, ionogenic groups are only

slightly shielded by the metal and the oxygen diffusion

coefficients determined from kinetic data are sufficiently

high. In low-capacity composites, for example, copper-

containing composites (with metal concentration of

0.8 ± 1.0 mg-equiv cm73) based on macroporous sulfo cat-

ion exchanger KU-23, the metal particles are located at a

distance of no less than 100 nm from one another. For the

copper content of up to 10 mg-equiv cm73, no substantial

change in the particle size was observed.

X-Ray diffraction analysis of samples with different

copper contents has shown that the metal particle size was

33 ± 50 nm irrespective of the number of deposition cycles

(Table 1).

To obtain electrocatalysts, the metal was deposited into

ion-exchange polymer films applied on electrode materi-

als.192 The formation of metal particles starts from the

support and their further growth proceeds from particle to

particle with the retention of contact between them. The use

of ion-exchange polymer materials in the form of films gives
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Figure 7. Schematic of a grain (a) and a pore fragment (b) for
metal/sulfo cation exchanger nanocomposite.2

(1) Polymer chain, (2) pore, (3) fixed (SO ÿ
3 ) group, (4) counter-ion

(H+), (5) metal site (M0).
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ultradisperse metal deposits with the grain diameter of

3 ± 5 nm and the high specific surface area.

V. Membrane methods of oxygen reduction

In the present review, we mainly consider the problems

related to the use of nanocomposites for the removal of

dissolved oxygen from water.

An efficient method of advanced water purification

from dissolved oxygen consists of its reduction by hydrogen

on a palladium catalyst.193 ± 198 In their experiments, Huang

et al.194 used Pd-containing microparticles of individual

polyaniline or polypyrrole (PPR) and also modified with

SiO2 (PANI ± SiO2 and PPR ± SiO2, respectively). Hydrogen

was bubbled through 500 ml of deionized water with

distributed Pd-containing microparticles (50 mg). The best

results were obtained for catalysts based on the completely

reduced PANI form (leucoemeraldine) with the addition of

SiO2 (LM± SiO2 sample). The concentration of dissolved

oxygen decreased from 860 to 5100 mg kg71 for LM± SiO2

microparticles with the palladium content of 0.01 mass%.

It should be noted that the catalytic removal of dis-

solved oxygen from water is a vivid example of the com-

mercial use of palladium catalyst deposited on an ion-

exchange resin.199, 200 The process includes two stages: the

dissolution of hydrogen in water and feeding water to the

catalytic reactor.

A patent has been granted 201 on the method of deposi-

tion of metallic palladium on the external surface of

polymer membranes. This disclosure was used to develop a

single-stage method for the removal of dissolved oxygen

from water in a catalytic membrane reactor with the use of

Pd-containing polypropylene hollow-fibre porous mem-

branes (Fig. 9).4, 5, 202 ± 206 Water that contains dissolved

oxygen surrounds the external surface of a hydrophobic

hollow-fibre membrane, while hydrogen is fed to hollow

fibres and migrates through the membrane pores to the Pd-

containing surface where the heterogeneous catalytic reac-

tion of oxygen reduction by hydrogen to form water takes

place. The hydrophobic porous catalytic membrane should

perform three main functions, namely, it provides

Ð the distinct and easily controlled position of the gas/

liquid interface;

Ð the accessibility of catalyst for reactants (hydrogen

and oxygen);

Ð high hydrogen mass transfer parameters.

Palladium was deposited on the external surface of

polymer membranes in the course of reduction of its salts

by methanol, which served as both the reducing agent and

the solvent. To enhance the adhesion of metal particles to

the polymer, the membrane surface was preliminarily

treated with organic solvents and a mixture of inorganic

acids or with alkali solutions.

The discussed method was also implemented for the

deposition of palladium on polypropylene membranes

Table 1. Size of copper particles (d ) as a function of copper content in a
sulfo cation exchanger KU-23 according to X-ray deffraction analysis
results (Na2S2O4 as the reducing agent).2

Cycle Capacity Diffraction Diffraction d /
No. for copper / peak half-width, peak maxi- nm

mg-equiv cm73 2y /deg mum position,
2y /deg

1 0.94 0.38 43.3 41

2 7 0.41 43.3 33

3 2.98 0.37 43.3 38

4 7 0.36 43.3 42

5 4.82 0.34 43.3 45

6 7 0.34 43.3 44

7 6.96 0.32 43.3 50

8 7 0.33 43.3 48

9 7 0.35 43.4 41

10 9.50 0.35 43.3 42

N=1 N=3

N=10N=5

Figure 8. Microscopic images of a cross-section of copper/sulfo
cation exchanger KU-23 nanocomposite.2

N is the number of saturation ± reduction cycles; Na2S2O4 as the
reducing agent; magnification 104.

Water

Hydrophobic

membraneH2+O2 H2O

H2
p=1 bar

Pd

Figure 9. Schematic of oxygen removal from water with the use of
porous hollow-fibre catalytic membranes.206
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located inside an industrial membrane contactor (Fig. 10)

without its disassembling. The structure and morphology of

palladium nanoparticles on the membrane surface were

studied by X-ray diffraction analysis, extended X-ray

adsorption fine structure spectroscopy (EXAFS), scanning

electron microscopy (including energy-dispersive analysis)

and optical microscopy.

Interesting results on the structure and catalytic proper-

ties of palladium adlayers on the surface of polypropylene

membranes were reported.4 Two modes, stepwise and con-

tinuous, were used for palladium deposition (the resulting

membranes are designated below as MC-S and MC-C,

respectively). The samples of the MC-S series were synthe-

sized by varying the time of palladium deposition onto the

external surface of membranes, which took several tens of

hours. The palladium salt solution in methanol was renewed

every five hours. In the continuous mode, palladium was

deposited also for several tens of hours but without replace-

ment of the palladium salt solution in methanol. Figure 11

shows the microscopic images of membranes with deposited

palladium.

A computer-assisted analysis of images presented in

Fig. 11 has shown that the membrane surface porosity

increases after the pretreatment. The porosity was

12� 1%, 17� 2% and 17� 3%, respectively, for the origi-

nal, pretreated and palladium-containing membranes. The

membranes retained their hydrophobicity after the palla-

dium deposition.

In the X-ray diffraction analysis, the coherent scattering

region (CSR) of the X-ray wave was chosen as the param-

eter characterizing the structure of palladium associates on

the membrane surface. The CSR was found to be *40 nm

for MC-C catalytic membranes and *10 nm for MC-S

membranes (synthesized by the stepwise procedure).

According to SEM data, the associates of palladium clusters

mainly contained isolated clusters and their aggregates,

their sizes varying in the ranges from 10 to 500 nm and

from 200 nm to several tens of micrometres, respectively.

The kinetics of oxygen removal at different water flow

rates is illustrated by dependences shown in Fig. 12. It is

evident that the increase in the flow rate (u) induces a sharp

increase in the rate constant for this process (according to

estimates, as un, where n& 1). Hence, the rate of this

process is limited by the oxygen transfer from the water

bulk to the membrane surface. Insofar as in various flow

modes, the transfer rate is usually proportional to the

volume concentration of oxygen, the oxygen removal proc-

ess is a first-order reaction. The strong dependence of the

transfer rate on the hydrodynamic mode suggests that the

near-surface flow is not entirely laminar. Apparently, the

roughness and the irregular shape of the membrane surface

induce weak turbulization of the near-surface flow. In the

presence of the turbulent layer formed at a rough surface,

the substance transfer rate is proportional to its volume

concentration and the flow rate. Hence, the kinetics

observed in the reactor approximately corresponds to a

weak turbulent mode of oxygen transfer to the surface.

The first reaction order was confirmed 4 by measuring

the rate of oxygen removal as a function of its current

concentration in water. Figure 13 shows the data obtained

for membranes modified in the continuous and stepwise

modes. In both modes, the amount of palladium was

34 mg cm72. The rate of removal of dissolved oxygen from

water was determined by the formula

w � ci�1 ÿ ci
�ti�1 ÿ ti�Sm

(8)

Water

Gas Gas

Water

Figure 10. Membrane contactor.193

0.5 ÏÍÏ0.5 ÏÍÏ

a cb

0.5 ÏÍÏ

0.5 ÏÍÏ

d

Figure 11. Microscopic images of membranes.4

(a) Original membrane, (b) pretreated membrane, (c, d ) membranes with
concentration of palladium nanoparticles of 5.4 and 38 mg cm72, respectively.
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where the difference ci+17ci implies the change in the

concentration in the period of ti+17ti , Sm is the membrane

geometrical surface area.

The dependences shown in Fig. 13 a are linear, i.e., the

rate of oxygen removal is indeed proportional to its con-

centration in a wide range of values; hence, the oxygen

removal is a first-order reaction. Processing the kinetic

dependences by a standard procedure (see Fig. 13 b) has

shown that the linear dependence of the logarithm of

concentration on time, which corresponds to the first

order, describes the experimental results with the correla-

tion coefficient virtually equal to unity. The rates of

removal of dissolved oxygen achieved with the use of

catalytic membranes prepared in different modes of palla-

dium deposition coincided to a high degree of accuracy (see

Fig. 13 b). Thus, in practice, one can use a method that

appears to be most facile for a particular system. Note also

the high efficiency of the method of oxygen removal

proposed by Volkov et al.4

VI. Oxygen reduction in ion-exchange systems

As was mentioned above, ion exchangers serve as a sort of

nanoreactors for controlled synthesis of metal nanopar-

ticles. It seems quite natural to use nanocomposites synthe-

sized based on them in the removal of oxygen from water.

1. Oxygen removal with the use of catalyst-modified ion-
exchange membranes
Shi et al.198 considered the processes of removal of dissolved

oxygen from water tcatalyzed by palladium nanoparticles

incorporated into a cation-exchange resin based on styrene

cross-linked with divinylbenzene. The resin in its acidic

form was loaded into the reactor (with the inner diameter

of 28 mm and the length of 160 cm) to form a 62 cm thick

bed. Due to the ion exchange process, the resin was trans-

formed into its salt form (Pd2+) and then Pd2+ was reduced

to Pd0 in a hydrogen flow. According to this method, the

catalysts containing palladium nanoparticles with the con-

centration of 3.5 mass% and the average size of 27 nm were

synthesized.

The dissolved oxygen was removed in two stages. First,

hydrogen was dissolved in water in a saturator with ceramic

packing; then water was fed to the catalytic packed-bed

reactor for oxygen reduction with hydrogen. The concen-

tration of dissolved oxygen of 10 mg kg71 could be achieved

when the experiment was continued for at least 30 min.

Presumably, this was due to the fact that in the earlier stages

of this process, the larger part of dissolved hydrogen was

adsorbed on the catalyst active sites.198

The concentration of dissolved oxygen in water can be

lowered down as a result of electrochemical reduction on

the cathode. To accomplish this process, a bulk cathode

packed with graphite (1.0 ± 1.4 mm), nickel (0.6 ± 0.85 mm)

or copper (0.2 ± 1.2 mm) particles was employed.207 ± 209

Among the listed cathode materials, copper demonstrated

noticeable advantages. On the both sides of the cathode,

cation-exchange membranes were placed. A crucial issue is

that membranes should exhibit the maximum barrier prop-

erties (i.e., the minimum permeability) with respect to

molecular oxygen.

The water to be cleaned was supplied to the packed

cathode on which dissolved oxygen was reduced, while

molecular oxygen was generated on the anode. Due to
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Figure 12. Dissolved oxygen concentration (c) vs. time for an
experiment carried out in the dead-end mode of hydrogen supply
to a laboratory catalytic membrane module; water flow rate: 20 (1),
13 (2), 9 (3) and 5 litre h71(4); (5) oxygen content for the case of
helium supplied in place of hydrogen.4
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Figure 13. Kinetic curves of the removal of dissolved oxygen from
water in a laboratory catalytic contactor/reactor.
(a) Rate of oxygen removal from water (w) vs. current concen-
tration of oxygen; (b) logarithm of concentration of water-dissolved
oxygen vs. contact time. Mode of metal deposition on the mem-
brane: (1) continuous, (2) stepwise.
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barrier properties of cation-exchange membranes, molecu-

lar oxygen did not reach the cathode but was disposed

through the outlet channel. In laboratory studies 207 and

pilot-plant tests,208 the oxygen concentration in water could

be reduced to 3 mg kg71. Presumably, the proposed method

of electrochemical removal of oxygen from water can find

its application in those cases where efficient portable devices

for non-toxic removal of oxygen are needed.

However, for water with a reduced salt content, the

efficiency of this method is low. To enhance the method, it

was proposed to use cathodes packed with copper particles

together with particles of a strong cation exchanger (in H+-

or Ca2+-form).209 The best results were exhibited by a resin

that contained small particles and had a low degree of cross-

linking. The oxygen concentration in distilled water with a

low conductivity (0.003 mS cm71) was reduced from 8000

to 3 mg kg71.

2. Oxygen removal with the use of ion-exchange systems
modified with active metal
When dissolved oxygen is to be absorbed from deionized

water using nanocomposites composed of a chemically

reactive metal and a sulfo cation exchange matrix, the

following multistage redox-sorption process takes place:

the diffusion of oxygen molecules through the pores of the

ion-exchange matrix, the redox reaction between metal

particles and oxygen which also involves the matrix coun-

ter-ions and, finally, the substitution of one counter-ion for

another. Generally, the following transformations take

place:2

4 [RSOÿ3 H+]zM
0
n + zO2 4 [(RSOÿ3 )zMz+]M0

nÿ1 +2zH2O (9)

Zero-valent metal is ionized, metal ions displace the

hydrogen counter-ions located near the fixed groups of the

ion-exchange matrix, while hydrogen counter-ions take part

in the reaction of oxygen reduction. The reaction produces

water molecules. Upon exhaustion of hydrogen counter-

ions, the reaction produces metal oxides or hydroxides in

the intermediate or final oxidation states.

The macrokinetics of redox sorbtion should be consid-

ered based on various assumptions. It can be assumed that

the limiting stage is the redox reaction in the course of

which the groups distributed throughout the matrix are

transformed into the oxidized or reduced groups. In the case

of instantaneous reaction, the process is controlled by the

diffusion of the redox agent through the solution volume

(the external diffusion kinetics) or through the sorbent bulk

(the internal diffusion kinetics) to the interface.

In early studies (see, e.g., Ref. 210) it was assumed that

the diffusion kinetics of the absorption of redox agent is

similar to the ion-exchange kinetics in ion exchangers.

Hence, the mathematical description of the diffusion

kinetics in nanocomposites and ion exchangers may be

expected to be similar. However, this is not the case. The

basic difference lies first of all in the mechanisms of these

processes, which naturally results in a substantial difference

in the mathematical description of their macrokinetics.

Whereas in ion exchange, equivalent substitution of one

ion for another ion takes place on functional groups, in

contrast, upon sorption of oxidizing or reducing agents on

nanocomposites, the majority of redox reactions are irre-

versible so that the active groups can be involved neither in

repeated exchange nor in the further transfer of oxidizing or

reducing agent molecules. The peculiarity of the diffusion

process in the latter system is that it does not involve the

oxygen molecule.

Yet another important peculiarity of the diffusion proc-

ess accompanied by a redox reaction is the multistage

mechanism of the electron transfer to produce a non-uni-

form spatial-temporal structure that consists of reaction

products in different oxidation states. It is rare that all

electrons are generated simultaneously. Usually a multi-

stage reaction takes place, in intermediate stages of which

the compounds in different oxidation states and electrons

are simultaneously transferred through the sorbent. The

intermediate products such as metal oxides with different

oxidation states of the metal in metal/ion exchange compo-

sites can be sufficiently stable. Each stage has its own rate

and propagates correspondingly throughout the sorbent.

Apparently, this explains the presence of several redox

zones (and boundaries between them ) with individual

diffusion coefficients of the redox agent.211

The proposed kinetic models of chemisorption processes

partially consider these stages; their generalized analysis can

be found in several publications, e.g., Refs 2, 212±222.

When reacting with the oxidant, the active metal par-

ticles introduced into the ion-exchange matrix undergo

certain modifications; as regards the effect on the total

sorption rate, most significant is the gradual decrease in

their size from a certain initial value to complete disappear-

ance as a result of transition from the reduced state to one

or another oxidation product. Moreover, besides the

decrease in the reaction surface, some changes in the specific

reaction rate are also probable.32 With due regard to the

latter, the physicochemical model of redox sorption of a

molecular oxidant on metal/ion exchanger nanocomposites

was constructed.223, 224 The authors restricted their consid-

eration to sorbents in the H+-form with the metal content

equivalent to the ion-exchange capacity (in this case, the

metal oxidation can be considered as a single-stage reaction

without taking into account the changes in the mechanism

that accompany its evolution).

According to calculations, as the metal specific surface

area increases due to a decrease in the initial size of nano-

particles (r0), the rate of the chemical stage increases thus

accelerating the overall sorption process, as evidenced from

the dependence of the time necessary for the reaction to

reach the degree of completion of 0.85 (t0.85 ) on the initial

radius of the metal particle (Fig. 14). The independence of

170

190

210

5.5 6 6.5 7 7.5 log r0 (m)

t0.85 /min

Figure 14. Time required to reach a 0.85 degree of process com-
pletion vs. the size of metal particles.223
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the metal oxidation rate of the size of metal particles, which

is illustrated by the invariance of t0.85 for 7log r0> 7.5

(r0< 0.3261077 m), suggests that the oxygen sorption is

limited by its internal diffusion (the system passes to the

region of internal diffusion limitations).

Thus, based on model calculations, it was shown that

with the increase in the degree of dispersion of metal

particles in the nanocomposite, the oxygen sorption rate

substantially increases due to the increase in the contact

area between reacting particles. In this case, the process

passes to the region of internal diffusion limitations.

3. Flow-through reactor
Figure 15 illustrates how the size and distribution of metal

particles over a sorbent grain affect the form of the yield

curve of sorption of water-dissolved oxygen in a flow-

through reactor of the column type (filter). The analysis

involving numerical calculations was carried out for a

nanocomposite containing copper deposited in a single

step to form spherical grains.225 The increase in the metal

surface with a decrease in the metal particle size was found

to strongly affect the shape of the yield curve especially in

its initial segment (see Fig. 15 a). This result is quite logical

bearing in mind the fact that with the process evolution, the

reaction front shifts to the grain centre. This leads to the

complete transition of the system into the region of internal

diffusion limitations. As the grain surface is enriched with

metal and the linear distribution is transformed to parabolic

one (see Fig. 15 b), the curve position changes, the efficiency

of catalyst bed operation in the initial stage increases but

the redox capacity is exhausted much faster (the capacity

with respect to metal).

The practical value of a nanocomposite reactor is

assessed by the period during which the oxygen concen-

tration at the reactor outlet remains equal to zero, i.e., is

determined by the shape of the initial region of the yield

curve. Based on results of calculations shown in Fig. 16, it

can be concluded that the reaction efficiency increases as the

metal degree of dispersion and concentration in the near-

surface layer increase.

Oxygen can be removed most efficiently in a two-step

procedure, namely, by passing water successively through

filters packed with Cu0 .KU-23 in the H+-form and

AV-17-8 in the SO2ÿ
3 -form.2

4. Closed loop
When oxygen is removed from water contained in closed

water loops, its concentration at the inlet of the redox filter

varies. Figure 17 shows the changes in the oxygen concen-

tration in the system equipped with a redox filter packed

with Cu0 .KU-23 in the H+-form with the capacity of

6.5 mg-equiv cm73 with respect to metallic copper in a

100-litre closed water loop.

In 20 min after the activation of the redox filter, the

oxygen concentration in the system decreases from

8 mg litre71 to 10 mg litre71. After this, the filter can be

disconnected and activated again when the oxygen concen-

tration in the system increases. Assuming that the filter

utilization factor is 0.4, its capacity is 2.5 m3 h71 and the

initial oxygen concentration is 0.1 mg litre71 (at this con-
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Figure 15. Effect of size (a) and distribution of metal particles over
the sorbent grain (b) on the pattern of yield curve for redox
sorption of molecular oxygen from water in a copper-packed bed
of an electron ion exchanger.225

The bed height is 0.06 m, the solution flow rate is 10 m h71, the
inlet oxygen concentration (c0) is 0.26 mmol litre71; (a) r0 /mm:
(1) 0.1, (2) 1, (3) 5; (b) distribution: (1) uniform, (2) linear, (3)
parabolic; The form of the function is shown in the inset of Fig. 16.
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Figure 16. Effect of the copper grain size on the utilization factor
of the redox capacity of the granular bed in an electron-ion
exchanger.225

Z0.1 is redox-capacity utilization factor upon reaching the relative
oxygen concentration at the outlet c/c0= 0.1; the bed height is
0.3 m, the solution flow rate is 18 m h71, the form of functions for
the radial distribution of the metal over the grain (inset); distribu-
tion: (1) uniform, (2) linear, (3) parabolic.
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centration, it is recommended to activate the filter), then the

time of filter operation is 5000 h.

Thus, metal(copper)/ion exchanger nanocomposites can

be efficiently used as the redox sorbents of oxygen dissolved

in water in order to produce high-purity water in flow-

through and closed water systems.

* * *

Nanocomposite polymer catalytic membranes and ion

exchangers are able to decrease the oxygen content in

water down to the level required by modern industrial

processes. The metal nanopartcles used therein play the

dominating role in processes of oxygen removal from water.

A high level of control over the properties of nanoparticles

synthesized in various matrices has been achieved, which

points to good prospects of nanocomposite materials in

solving the problem of oxygen removal from various media.

This review was written with the partial financial sup-

port by the Russian Foundation of Basic Research (Project

Nos 11-08-00174-a and 11-08-01083-a).
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