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The mechanism and kinetics of high-temperature sonochemical reactions in the binary oxide systems LiFeO, + Fe,0;, ZnO + Fe,04
and NiO + Fe,0; were studied.

Sonochemical synthesis is an integral part of contemporary Iron(lll) and nickel oxides were prepared by thermal decom-
material science because it allows one to obtain a wide rangmsition of the corresponding nitrates followed by annealing at
of functional materials including magnetic nanocomposites800 °C for 3 h. Commercial ZnO (Aldrich) was used without
catalysts, molecular sievetc! The mechanism of sonochemical any additional processingi-LiFeO, was synthesised by the
reactions in aqueous and non-aqueous solutions is governed $glid-state interaction of iron) oxide and lithium carbonate at
two major effects accompanying ultrasonic action on liquid800 °C for 3 h.

media, namely, the intensification of mass-transfer processes The ultrasonic treatment of homogenised and pelletised oxide
and cavitation. At the same time, the collapse of cavitatiomixtures was conducted on a setup shown in Figudre The
bubbles results in an enormous rise of local temperatures amdtrasonic frequency was 21.45+0.03 kHz, and the displacement
pressures leading to the decomposition of dissolved volatilamplitude was 10.0+04Im. Ultrasonic treatment was carried out
compounds and the formation of amorphous and crystallinat 550-900 °C for 0.5-2 h. Reference samples were prepared under
nanopowders.

Sonochemical reactions in solids proceed in quite a different
manner because in this case sonication primarily results in an
increase of the concentration of dislocations (up fotib@es),
an increase in effective diffusion and self-diffusion coefficients
(up to 10 time<) and the formation of new interphase contacts
due to displacement of individual crystallites. Thus, it can be
supposed that ultrasonic treatment could give rise to a substan-
tial acceleration of solid-state reactions and, probably, to lower
reaction temperatures. For instance, it was shown that the
B-PbO- a-PbO phase transition proceeds in an ultrasonic field
with a notable rate at ambient temperatures, while without
acoustic treatmerf}-PbO is kinetically stable even at elevated
temperatures (up to 500 °€).

Unfortunately, the kinetics and mechanism of ultrasonically
assisted solid-state reactions in binary and ternary oxide systems are
poorly understood. Thus, the aim of this work was to study the
kinetics of the model sonochemical reactions of ferrite formation

LiFeO, + 2Fg0, - LiFe,0y, (1) .
ZnO + Fg0O, - ZnFe0,, ©) 7 T
NiO + Fe,0; - NiFe,0, @)

Figure 1 Experimental setup: (1) static load (25 kg), (2) passive wave-
guide, (3) resistance furnace, (4) active waveguide, (5) ultrasonic amplitude

and the evolution of the microstructure of reaction m'Xturesensor, (6) magnetostriction radiator, (7) water cooling, (8) master oscil-

QomponentS_in 0I_’der to detel’min_e the mechanism of diffusionator, (9) power amplifier, (10) temperature controller, (11) frequency
limited reactions in an ultrasonic field. meter, (12) sample.
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obtained by analysis of F@; (104) and resultant ferrites (220)
(0) © peaks broadening at various stages of interactions. It was shown
that, in control experiments, @, diffraction peak broadening
&5 value 3) does not change during thermal treatment, and in all
|2 the cases it is equal to 0.2—-0.3 (iM),2vhich corresponds to a
CSD size of about 30—45 nm. On the other hand, in an ultra-
sonic field, an increase in the treatment time up to 2 h results in
the growth off(Fe,05) values from 0.2 up to 0.4-0.5, 0.6-0.8
and 0.3 for reaction systems (1), (2) and (3), respectively. The
estimation of FgO; CSD size using relation (4) gives the fol-
51 g lowing values: ~45; 18-23; 12-15 and 30-35 nm, respectively.
5T ‘ g--82 We can conclude that the sonication of reaction mixtures (1)—(3)
- results in a notable decrease in thedgeCSD size.
/- A The plots off(Fe,0,) vs.«a also distinctly reflect the evolu-
30 60 90 1200 30 60 90 120 0 30 80 90 T tion of FgO; microstructure. At the beginning of reaction
30 60 90 1200 30 60 90120 0 30 60 90 120 (a = 0-0.4),5(Fe,0,) values are practically identical (0.2—-0.3)
for both control and sonicated oxide mixtures. This means that,
'(:i)gurg 2 Kinetic curves for Soléd-tstate "tea?tions (Ih),((Z) (3) ff;}lnc:i (3)  at the initial stages of interaction, acoustic treatment does not
C)- Open squares correspond 1o control samples, and lled squarggfect significantly the microstructure and reactivity of inan(
ggg.eg?%%%.t%)sggéc:;%dor%%%t'?g mixturd): §50; @) 600; €) 650; &) oxide. Therefore, a considerable growth of the reaction rate at
' ' ' the initial stage corresponds to the increase of the quantity of
the same conditions without sonication. The degree of conversidnterparticle contacts and the extension of the reaction zone.
() was estimated by quantitative X-ray analysis using referencéhis supposition was confirmed by additional experiments.
mechanical mixtures of (1¥{ZnO + a-Fe,Oz} + xZnFe,0,; Reaction mixture (2) was sonicated at 100-400 °C (these tem-
(1 —x){NiO + a-Fe,0g} + (X)NiFe,0, and (1 x){2a-Fe,05 + peratures are too low for this reaction to proceed) for 1 h and
+a-LiFeO,} + (X)LiFe;Oq (x is the molar fraction of the cor- then kept at 750 °C for 1 h without acoustic treatment. Further
responding ferrite). Calculated values were plotted against quantitative XRD analysis demonstrated that under these con-
time ) and thus obtained kinetic curves were analysed usingditionsa values for presonicated samples are 0.08-0.15 higher
conventional kinetic modebsinformation concerning the influ-  than those for control ones.
ence of ultrasonic treatment on the microstructure of reactants Analysis of the CSD size of reaction products (L;(Bg
and reaction products was obtained by scanning electron micréhFe0, and NiFgO,) as a function of time indicates that
scopy (SEM) and X-ray diffraction peak broadening analysiswithout sonication small particles (10-12 nm) of ferrites formed
Coherent scattering domain (CSD) size was estimated using tla the initial stage of reaction grow rapidly (within approxi-
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Scherrer equation mately 30 min) to ~20 nm, while the further thermal treatment
/1 did not result in a change of the particle size. At the same time,
DCSD:M%. (4) in an ultrasonic field, the CSD size of lithium, zinc and nickel
hkl hkl

ferrites did not change significantly for about 1 h and then
Kinetic curves for solid-state reactions (1)—(3) are depictedhotably increased from 10-12 to ~20 nm.
in Figure 2. One can see that sonication results in a notable Thus, based on kinetic, XRD and SEM data, we can propose
increase of the rate of all of reactions, especially, at the initizthe following mechanism of the influence of ultrasound treat-
stage. A comparison of obtained data allows us to assume thaent on the reactions of spinel ferrite formation. Without
the mechanisms of reactions in these systems in an ultrasorsionication, a reaction product forms only on the surface of
field and without it markedly differ. dense F¢O, particle aggregates, and their size does not change
In order to verify this assumption, the results were analysedignificantly as the reaction proceeds while ferrite particles
in terms of a formal kinetic approach. It was shown that all ofgrow quickly due to coherent coalescence. On the other hand, a
the reactions proceeding both in an ultrasonic field and withoutotable decrease of the iron oxide crystallite size, as well as the
it are diffusion-limited. A further analysis based on the Fishetong-term conservation of the CSD size of resulting ferrites in
ratio test demonstrated that, in the absence of ultrasonic activan ultrasonic field, evidenced that the reaction zone in this case
tion, solid-state reactions proceed according to the Jander modsl not smooth due to ultrasound-induced intensification of the
3 . diffusive transfer of lithium, zinc and nickel ions through the
(1 -V1-ap=kg, ®) intergrain boundaries of @;.
which describes reactions in spherically shaped particles limited
by the diffusion of one of the reactants through the layer of This work was supported by the Russian Foundation for Basic
reaction products. On the other hand, the kinetic curves obtaindResearch (grant no. 03-03-32813) and a complex programme of
for ultrasonically assisted reactions (1)—(3) can be fitted by thecientific research of the Russian Academy of Sciences.
Zhuravlev—Lesokhin—Tempelman (ZLT) model

1 2
3 — 1 =k, (6) .
V1—a 1 A. GedankenCurr. Sci, 2003,85, 1720.
. . " . 2 0. V. Abramov, Ultrasound in Liquid and Solid MetalsCRC Press,
which is based on the supposition that the driving force of a | gngon, 1994.

reaction decreases as (&)- The main difference between 3 A E.Barantchikov, V. K. Ilvanov, A. N. Baranov, N. N. Oleynikov and
these two models is as follows: in the Jander model, the Yu.D. Tretyakov,Zh. Neorg. Khim 2001,46, 2067 Russ. J. Inorg.
reaction zone localizes only on the outer boundaries of reacting Chem, 2001,46, 1874).
aggregates, while in the ZLT model it also penetrates into aggré- V- M. Kuznetsov, A. N. Baranov, N. N. Oleynikov, E. V. Kisterev, O. V.
gates and localises on their outer and inner surfaces. Abramov and Yu. D. TretyakovDokl. Akad. Nauk 1997, 352 355
Thus, based on kinetic analyss dala, we can conclude, hatlo s, ChenEnoy T 19T L
the similar appearance of sonochemical reactions kinetic curvesis, Tretyakov,sélid State lonic2001 141142, 689,
due to identical mechanisms of solid-state interactions in an ultrg- \; ‘£ Brown, D. Dollimore and A. K. Galwey, @omprehensive Chemical
sonic field. This is evidenced in a notable growth of reaction rate inetics eds. C. H. Bamford and C. F. H. "ripper, Elsevier, Amsterdam,
at the initial stage of interaction, as well as a slight deceleration 1980, vol. 22.
of reaction at high values of the degree of conversion.
Additional information on the mechanism of the initial and
main stages of solid-state sonochemical reactions (1)—(3) waeceived: 2nd June 2004; Com. 04/2279
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