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IntroductionIntroduction
 Wet chemical synthesis using conventional hydrolysis Wet chemical synthesis using conventional hydrolysis 

approaches, including solapproaches, including sol--gel methods, is a common technique gel methods, is a common technique 
for preparing functional inorganic materials, particularly, metafor preparing functional inorganic materials, particularly, metal l 
oxide oxide nanoparticlesnanoparticles

 MicrowaveMicrowave--assisted synthesis is a convenient, green and assisted synthesis is a convenient, green and 
efficient method to obtain functional efficient method to obtain functional nanoparticlesnanoparticles for catalytic, for catalytic, 
sensing and biomedical applicationssensing and biomedical applications

 Microwave treatment provides heating and direct energy supply Microwave treatment provides heating and direct energy supply 
to the whole system, facilitates chemical reactions and to the whole system, facilitates chemical reactions and 
accelerates reactionaccelerates reaction--diffusion processesdiffusion processes
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 In recent years, most of the studies on microwaveIn recent years, most of the studies on microwave--assisted assisted 
chemical synthesis of ironchemical synthesis of iron--containing inorganic materials were containing inorganic materials were 
focused on the particle size distribution, crystalline structurefocused on the particle size distribution, crystalline structure, as , as 
well as chemical and phase composition of the resulting productswell as chemical and phase composition of the resulting products..

 However, little attention has been paid to the microscopic However, little attention has been paid to the microscopic 
structure of the system at the initial stages of the hydrolytic structure of the system at the initial stages of the hydrolytic 
process preceding a complete process preceding a complete desolvationdesolvation, especially to the self, especially to the self--
organization of the colloidal system under microwave treatment. organization of the colloidal system under microwave treatment. 
Most of the studies have not addressed morphology of the Most of the studies have not addressed morphology of the 
dissipative structures emerging in the course of soldissipative structures emerging in the course of sol--gel transition gel transition 
in the colloidal precursor.in the colloidal precursor.

 In this report we briefly discuss the multifactor nature of selfIn this report we briefly discuss the multifactor nature of self--
organization processes and selforganization processes and self--assembly of dissipative assembly of dissipative 
microstructures in microstructures in liophilicliophilic inorganic colloids at the initial steps of inorganic colloids at the initial steps of 
microwavemicrowave--enhanced hydrolytic polymerization of ferric oxides / enhanced hydrolytic polymerization of ferric oxides / 
oxohydroxidesoxohydroxides..

IntroductionIntroduction



Saturated ferric chloride solutions were irradiated 
in a thin layer (1-3 mm) on a glass Petri dish using 
a standard 2.45 GHz magnetron microwave 
source with the power varying from 200 to 800 W. 
Morphological characterization of the resulting 
structures has been performed at magnification of 
100-200x using an optical microscope POLAM-
111 combined with a photocamera Canon A590 
IS with processor DIGIC III (based on iSAPS
technology) for 9-point or 
1-point focusing regimes. 









A possible mechanism of microwaveA possible mechanism of microwave--induced induced 
structure formation in colloidal precursorsstructure formation in colloidal precursors

 During microwave irradiation of the precursor, scattering occursDuring microwave irradiation of the precursor, scattering occurs
due to the loss of the beam energy through ionic conductivity andue to the loss of the beam energy through ionic conductivity and d 
dipole rotation, leading to the energy dissipation. The larger tdipole rotation, leading to the energy dissipation. The larger the he 
scattering coefficient of the precursor, the lower the microwavescattering coefficient of the precursor, the lower the microwave
penetration. The latter are associated with the movement of ionspenetration. The latter are associated with the movement of ions
and depend on the ion size, charge and electrical conductivity, and depend on the ion size, charge and electrical conductivity, as as 
well as on the interaction of the ions with the solvent moleculewell as on the interaction of the ions with the solvent molecules.s.

 Ionic conductivity depends on the concentration of ions, their Ionic conductivity depends on the concentration of ions, their 
mobility and temperature of the solution, while an increase in tmobility and temperature of the solution, while an increase in the he 
ion concentration leads to an increased scattering coefficient. ion concentration leads to an increased scattering coefficient. 
Since ionic conductivity is due to the Since ionic conductivity is due to the electrophoreticelectrophoretic migration of migration of 
ions in solution when an electromagnetic field is applied, they ions in solution when an electromagnetic field is applied, they 
move within the irradiated precursor in the direction determinedmove within the irradiated precursor in the direction determined
by the field parameters.by the field parameters.

 Contributions of the electric and magnetic fields will be differContributions of the electric and magnetic fields will be different ent 
depending on the magnetic susceptibility of the precursor, whichdepending on the magnetic susceptibility of the precursor, which
suggests the contribution of suggests the contribution of magnetophoresismagnetophoresis to the effects to the effects 
observed.observed.



A possible mechanism of microwaveA possible mechanism of microwave--induced induced 
structure formation in colloidal precursorsstructure formation in colloidal precursors

 Since the movement of ions represents currents leading to the enSince the movement of ions represents currents leading to the energy ergy 
losses equal to the amount of heat released due to the resistanclosses equal to the amount of heat released due to the resistance to e to 
the ion flow, a local heating of the medium arises, depending onthe ion flow, a local heating of the medium arises, depending on the ion the ion 
composition of the flow emerging in the local region.composition of the flow emerging in the local region.

 Contribution of the certain ions is determined by their mobilityContribution of the certain ions is determined by their mobility, so there , so there 
are prerequisites for heterogeneous medium composition at the loare prerequisites for heterogeneous medium composition at the local cal 
scale, determined by the difference in the chemical composition scale, determined by the difference in the chemical composition and and 
the ion mobility. As a result of this, the ion concentrations inthe ion mobility. As a result of this, the ion concentrations in the local the local 
areas change, due to which a spatial areas change, due to which a spatial disproportionationdisproportionation of the flows in of the flows in 
these directions occurs, and the local increase in the ion concethese directions occurs, and the local increase in the ion concentration ntration 
leads to an increase in the scattering coefficient and the medialeads to an increase in the scattering coefficient and the media heating.heating.

 Heating efficiency depends on the scattering coefficient (the raHeating efficiency depends on the scattering coefficient (the ratio of the tio of the 
dielectric loss to the dielectric constant). So, microwavedielectric loss to the dielectric constant). So, microwave--activated activated 
processes in the layers of different thickness will proceed in dprocesses in the layers of different thickness will proceed in different ifferent 
ways, due to the differences in the energy supplied, because theways, due to the differences in the energy supplied, because the heat heat 
and mass transfer occurs not only in the horizontal direction, aand mass transfer occurs not only in the horizontal direction, and the nd the 
halfhalf--attenuation layer thickness is approximately inversely proportioattenuation layer thickness is approximately inversely proportional nal 
to the square root of the microwave frequency.    to the square root of the microwave frequency.    



A possible mechanism of microwaveA possible mechanism of microwave--induced induced 
structure formation in colloidal precursorsstructure formation in colloidal precursors

 As the temperature increases, the dielectric losses occurring duAs the temperature increases, the dielectric losses occurring due e 
to the contribution of the dipole rotation decrease (coherence to the contribution of the dipole rotation decrease (coherence 
increases), and the dielectric loss is determined by the ionic increases), and the dielectric loss is determined by the ionic 
conductivity. Therefore, during irradiation there is a transitioconductivity. Therefore, during irradiation there is a transition from n from 
orientationalorientational ordering in the medium to the structure formation due ordering in the medium to the structure formation due 
to the ionic conductivity in the irradiated precursor, accompanito the ionic conductivity in the irradiated precursor, accompanied ed 
by the heat and mass transfer as a result of heating.by the heat and mass transfer as a result of heating.

 Since the heating efficiency in the framework of the rotational Since the heating efficiency in the framework of the rotational 
mechanism depends on the characteristic relaxation time of the mechanism depends on the characteristic relaxation time of the 
dielectric, which depends on its viscosity, a transition from thdielectric, which depends on its viscosity, a transition from the e 
orientationalorientational ordering to a ordering to a heterophaseheterophase system is directly related system is directly related 
to the induced phase transitions, resulting in selfto the induced phase transitions, resulting in self--organization of a organization of a 
complex of the coupled processes of ionic conductivity or ion complex of the coupled processes of ionic conductivity or ion 
transfer, operating  within a transfer, operating  within a microheterogeneousmicroheterogeneous colloidal system colloidal system 
with dynamic membranes and morphologicallywith dynamic membranes and morphologically--different colloidal different colloidal 
phases.phases.



A possible mechanism of microwaveA possible mechanism of microwave--induced induced 
structure formation in colloidal precursorsstructure formation in colloidal precursors

 Since microwave energy is absorbed during scattering by a Since microwave energy is absorbed during scattering by a 
dispersed precursor according to the scattering coefficient at dispersed precursor according to the scattering coefficient at 
each point of the medium, different dissipative processes can beeach point of the medium, different dissipative processes can be
observed at different points of the precursor, depending on the observed at different points of the precursor, depending on the 
local nature of the material and leading to selflocal nature of the material and leading to self--assembly of assembly of 
various structures.various structures.

 In the case of formation of the dynamic membranes and In the case of formation of the dynamic membranes and 
boundaries compartmentalizing the medium, the excess ion boundaries compartmentalizing the medium, the excess ion 
concentration on one side of the selfconcentration on one side of the self--organizing membrane leads organizing membrane leads 
to the directed movement of ions under the microwave beam.to the directed movement of ions under the microwave beam.

 Similar effect results from the formation of soft matter phases Similar effect results from the formation of soft matter phases 
with a viscosity different from the initial solution, since the with a viscosity different from the initial solution, since the sample sample 
viscosity affects the ability of a substance to absorb microwaveviscosity affects the ability of a substance to absorb microwave
energy and limits its mobility (high viscosity limits the rotatienergy and limits its mobility (high viscosity limits the rotation of on of 
molecules). In the presence of both conductive and dielectric molecules). In the presence of both conductive and dielectric 
phases, the gradient will be sufficiently high, since it is knowphases, the gradient will be sufficiently high, since it is known n 
that microwave penetration is considered infinite for materials that microwave penetration is considered infinite for materials 
transparent to microwave radiation and equal to zero for transparent to microwave radiation and equal to zero for 
reflecting ones (such as metals). reflecting ones (such as metals). 



A possible mechanism of microwaveA possible mechanism of microwave--induced induced 
structure formation in colloidal precursorsstructure formation in colloidal precursors

 A simple interpretation of the phenomena observed as a purely A simple interpretation of the phenomena observed as a purely 
thermal effect of heating is unacceptable because of the selectithermal effect of heating is unacceptable because of the selective ve 
mechanisms operating here, depending on the chemical compositionmechanisms operating here, depending on the chemical composition
of the medium, which dynamically changes during microwave of the medium, which dynamically changes during microwave 
irradiation, and the phases that are different in composition beirradiation, and the phases that are different in composition become come 
separated in space. Therefore, the response of different structuseparated in space. Therefore, the response of different structures at res at 
each new time period of their formation and metamorphism is each new time period of their formation and metamorphism is 
different.different.

 For the small molecules / ions, the dielectric loss due to the For the small molecules / ions, the dielectric loss due to the 
contribution of the dipole rotation decreases with increasing contribution of the dipole rotation decreases with increasing 
temperature in accordance with the known laws of microwave temperature in accordance with the known laws of microwave 
electrochemistry, and for the large molecules / ions this is electrochemistry, and for the large molecules / ions this is 
ambiguous. Therefore, at the points with a different number of iambiguous. Therefore, at the points with a different number of ions, ons, 
selfself--organization can proceed differently.organization can proceed differently.



 ThusThus, , dissipationdissipation andand selfself--organizationorganization areare directlydirectly relatedrelated toto
thethe processesprocesses thatthat occuroccur duringduring microwavemicrowave scatteringscattering..

 AsAs a a resultresult, , thethe processesprocesses ofof microwavemicrowave--inducedinduced structurestructure
formationformation inin a a colloidalcolloidal mediamedia cancan bebe divideddivided intointo conservativeconservative
selfself--organizationorganization ((microwavemicrowave--assistedassisted selfself--assemblyassembly similarsimilar toto
crystallizationcrystallization) ) andand nonnon--conservativeconservative oror dissipativedissipative selfself--
organizationorganization associatedassociated withwith thethe scatteringscattering gradientsgradients andand massmass
transfertransfer determineddetermined byby thethe structuresstructures differentdifferent bothboth inin chemicalchemical
compositioncomposition andand microwavemicrowave susceptibilitysusceptibility ((similarlysimilarly toto thethe wayway
itit occursoccurs inin phasephase reactionreaction--diffusiondiffusion processesprocesses withwith thethe
participationparticipation ofof anan activatoractivator andand anan inhibitorinhibitor).).

A possible mechanism of microwaveA possible mechanism of microwave--induced induced 
structure formation in colloidal precursorsstructure formation in colloidal precursors



A possible mechanism of microwaveA possible mechanism of microwave--induced induced 
structure formation in colloidal precursorsstructure formation in colloidal precursors

 FromFrom thethe chemicalchemical pointpoint ofof viewview, , microwavemicrowave--assistedassisted hydrolysishydrolysis
ofof ferricferric chloridechloride solutionssolutions isis knownknown toto produceproduce polymericpolymeric ironiron(III) (III) 
oxyhydroxidesoxyhydroxides / / oxidesoxides. . AtAt lowerlower temperaturestemperatures (100(100--125125ººC) C) ironiron
oxyhydroxideoxyhydroxide chloridechloride isis predominantlypredominantly synthesizedsynthesized, , whilewhile atat
higherhigher temperaturestemperatures (> 150 (> 150 ººCC) ) ironiron(III) (III) oxideoxide isis producedproduced..

 ThisThis processprocess beginsbegins fromfrom thethe partialpartial dehydrationdehydration ofof thethe hydrolysishydrolysis
productsproducts inin saturatedsaturated ferricferric saltsalt solutionssolutions leadingleading toto thethe formationformation
ofof solsol byby meansmeans ofof polycondensationpolycondensation ofof FeFe(III) (III) hydroxohydroxo
complexescomplexes producingproducing olygomerolygomer / / polymerpolymer oxohydroxidesoxohydroxides
((olationolation). ). FurtherFurther crosscross--linkinglinking ofof thethe aboveabove precursorsprecursors byby oxooxo--
bridgesbridges resultsresults inin thethe gelationgelation ofof thethe colloidalcolloidal systemsystem ((oxolationoxolation).).

 SomeSome ofof thethe structuresstructures obtainedobtained werewere shownshown toto containcontain suchsuch
mineralmineral phasesphases asas acageneiteacageneite ((ββ--FeOOHFeOOH), ), ferrihydriteferrihydrite, , goethitegoethite
((αα--FeOOHFeOOH), ), hematitehematite, , lepidocrocitelepidocrocite ((γγ--FeOOHFeOOH), ), maghemitemaghemite, , etcetc..



ConclusionsConclusions

 MicrowaveMicrowave--induced selfinduced self--organization in organization in liophilicliophilic colloids colloids 
results in the dissipative microstructure formation at the results in the dissipative microstructure formation at the 
initial stages of hydrolytic initial stages of hydrolytic polycondensationpolycondensation process.process.

 Morphological diversity of the selfMorphological diversity of the self--organization products is organization products is 
maximal at the nucleation stage, since the high viscosity maximal at the nucleation stage, since the high viscosity 
and heterogeneity of the system favors reactionand heterogeneity of the system favors reaction--diffusion diffusion 
processes to occur.processes to occur.

 Further irradiation leads to a complete dehydration of the Further irradiation leads to a complete dehydration of the 
gel, accompanied by the increase in gel, accompanied by the increase in crystallinitycrystallinity of the of the 
resulting products, decreasing their morphological diversity.resulting products, decreasing their morphological diversity.

 Thus, the intermediate states during the transition between Thus, the intermediate states during the transition between 
a colloidal soft matter through an amorphous precipitate a colloidal soft matter through an amorphous precipitate 
towards the solid state towards the solid state nanocrystalsnanocrystals are capable of selfare capable of self--
organization into dissipative structures.organization into dissipative structures.



Thank you for your attention!Thank you for your attention!
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