
Introduction

Thermal decomposition of metal carboxylates is now

widely used for the preparation of highly dispersed

metals and metals oxides; synthesized metals and

metal oxides can be used as catalysts [1–3].

Nanoparticles of metal can be obtained in such

processes because of rather low temperature of this

intramolecular reduction of metals.

Experimental

The salt CH3COOAg was synthesized by the reaction of

silver carbonate with glacial acetic acid at 45–60°C; the

precipitate was filtered after cooling [4].

The study of thermal decomposition was

performed by means of Derivatograph Q-1500-D

(MOM, Hungary). Thermogravimetric curves were

obtained for kinetic studies (plate-like sample holder,

sample mass about 100 mg, heating rate 2.5 and

10°C min–1; helium flow 60 cm3 min–1). DSC curves

were obtained on Mettler DSC-822e/700 (m=

13.5 mg, argon flow 25 cm3 min–1). For the study of

the structural and morphological change in the silver

acetate crystals, the sample (m=1 g) was heated

consecutively at 180�1°C, 210�1°C and 350�1°C

(during 15, 25 and 25 min, accordingly).

SEM and TEM studies of intermediate products

and residue were made by means of a

JEM-2000 FX II microscope (the resolution 200 �),

equipped by ASID-20 gear, with the accelerating

voltage 200 kV. The dimensions of product decom-

position were evaluated by the examination of

approximately 300 particles on TEM images, formed

by Sigma Scan Pro (version 3.0, Jandel Scientific

Software, 1966).

Mass-spectrum were recorded by a mass-spec-

trometer with high resolution (R=2000)

Funnigan MAT 8200; ionizing electrons energy

70 eV, accelerating voltage 3000 V. Gaseous

products (from the special heating system) were

injected into the ionic source through the leak (with

molecular leaking regime), with ionic source temper-

ature from 10 till 340°C.

The non-isothermal thermogravimetric data were

processed using the computer program ‘NETZSCH

Thermokinetics’ (version 2001.9d). Since the thermal

decompositions were multi-step, the convenient variant

of calculation was selected. Special program module,

‘Model free’ allows processing several thermo-

gravimetric curves, obtained with different heating

rates, without the information about the kinetic

topochemical equations. Programs ‘Ozawa–Flynn–Wall

Analysis’ and ‘Friedman Analysis’ [5] allow calculating

both the activation energies for the every experimental

point of fractional conversion (in the interval

0.02<�<0.98, conjointly from two curves). The same

set of experimental data was used further for searching

the topochemical equation [selecting from 16 equations

(chemical reaction on the interface, nucleation, and dif-

fusion)]. This calculation is made by the improved dif-

ferential method of Borchardt– Daniels with linear re-

gression [6]. F-test is used for the search of the best ki-

netic description [7]. If the calculations result in two or

three kinetics equations with near values of correlation

coefficients (or F-test), but with noticeably different val-

ues of kinetics parameters, it is rationally to choose the

equation with parameters values near to data of ‘Model

free’ module programs.
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Results and discussion

The decomposition of the salt (under the conditions of

linear heating) proceeds at 170–280°C, the mass loss

(30%) corresponds to the formation of metallic silver

(Fig. 1).

The mass-spectrum of gaseous products points

to the evolving of CO, CO2, H2O, CH3COOH and

fragments with mass numbers 107, 216, 275.

DSC curve (Fig. 2) confirms that the decom-

position process itself is complex: the heat-evolution

at 260–286°C itself is multistep, the long flat

exothermic peak at 286–331°C is not connected with

any mass loss and can be referred to the fine particles

enlargement (recrystallization).

The initial crystals of silver acetate are long

needles: length is 70–100 �m, and thickness is

5–10 �m (Fig. 3). The fine silver particles appearance

is observed at the decomposition beginning (X-ray

analysis detects the metal silver after 15 min heating

at 180°); the initial size of Ag-particles is 40–50 nm

(Fig. 4); they intergrow and form the porous structure

at higher temperatures (Fig. 5). It is worth to note, that

all consecutive temperatures of the long-term iso-

thermal treatment of samples (for the study of the

structural and morphological changes) are lower than

appropriate transformation temperatures under linear

heating, which is understandable.

The kinetic analysis by Ozawa–Flynn–Wall and

Friedman methods shows the complex course of the

decomposition: the relative constancy of the

activation energy realizes only at �=0.45–0.90

(Fig. 6), Ea=330–376 kJ mol–1. The search of the best

kinetic equation in this �-region results in two

equations: C1B and Bna with the catalysis by the

product (Praut–Tompkins equation and n-th order

with autocatalysis, Table 1).

Kinetic parameter (Ea=330–376 kJ mol–1) is

relatively constant only in the region of trans-

formation �=0.45–0.90; the decomposition process is

very complex (the mass-spectrum of the evolved gas

consist CO, CO2, H2O, CH3COOH and small quantity
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Fig. 1 Thermal decomposition curves of CH3COOAg;

m=97.3 mg, plate-like sample holder, helium flow

(60 cm3 min–1), heating rate 10°C min–1

Fig. 2 DSC curve for the decomposition of CH3COOAg;

m=13.9 mg, standard aluminum-sample holder (the lid

with holes), heating rate 10 K min–1, argon flow

(25 cm3 min–1)

Fig. 3 SEM images of initial crystals of silver acetate

(l=70–100, d=5–10 �m)

Fig. 4 TEM images of Ag-particles (40–50 nm), formed at

210°C (isothermal heating)

Fig. 5 The porous structure of silver residue composed of

accreted particles (1–2 �m) at 350°C (isothermal

heating)



of radicals, included Ag). For the equations CnB or

Bna (reactions with autocatalysis) Ea=358 kJ mol–1,

logA=33. Both the high overheating (exothermic

reaction) and autocatalysis by the formed metal

particles complicates the decomposition still more. So

the calculated formal kinetic parameters are

evaluative and conditional (which is well seen from

the very high pre-exponential factor).

The overall exothermic thermal effect of decom-

position process (silver reduction at 270–286°C with

corresponding mass loss 30%) is 13 kJ mol–1. The flat

peak (290–330°C, being not connected with mass

loss, can be attributed to the particles enlargement

(Figs 4 and 5). The thermal effect of this process is

33 kJ mol–1. These values are evaluative ones (simple

average from two measurements), but it is obvious

that the formation of the silver nanoparticles

(non-equilibrium and metastable) takes place at low

temperatures, their enlargement occurs at 290–330°C,

and the heat of the enlargement is distinctly more than

the heat of reduction reaction.

For checking that the heat of chemical reaction

of reduction is really smaller than the particles en-

largement (aggregation) we synthesized new sample

of CH3COOAg and repeated the DSC study, the heat

ratio is the same.

Conclusions

Thermal decomposition of silver acetate in inert

atmosphere is a favorable technique for the prepa-

ration of highly dispersed silver metal. Rather low

temperature of this intramolecular reduction of metal

(210°C under isothermal heating, 260–286°C from

DSC experiment) results in the formation of non-

equilibrium and metastable nanoparticles of silver;

this nanoparticle phase is kinetically hindered: the

nanoparticles enlargement, occurring with the big

exothermic effect (and the constant rate) at

290–330°C, confirms their non–equilibrium state in

the moment of formation.

The thermal decomposition of salts and complex

compounds of varied metals (lanthanides and tran-

sition metals, in general) with carboxylic and other

organic ligands is widely studied nowadays [8–13].

Most of decomposition processes were conducted in

the air; really the studied process (terminologically)

was not the substance ‘thermal decomposition’

(intramolecular reduction of the metal by organic

ligand), but the substance ‘thermooxidative degra-

dation’, i.e. oxidation by air oxygen under heating

(intermolecular reaction); so the final residues were

metal oxy-salts, oxides or sulfides (nanoparticles

sometimes [11, 14]). Only the noble metals can be

obtained directly during such thermal decomposition

in the presence of air [15].

The silver nanoparticles formation (with the

reduction of silver ions in aqueous solution by

hydroquinone) was studied by the method of titration

microcalorimetry. It is interesting to note that there

are three consecutive steps leading to the formation of

silver nanoparticles: 1) nucleation step (exothermic),

2) growth step (endothermic) and 3) aggregation step

(exothermic) [16]. This reduction reaction is inter-

molecular {Ag++C6H4(OH)2}.

We think that the intramolecular reaction of

silver reduction in solid state, considered above, does

not give a chance for clear separation of all these steps

in thermoanalytical experiments, especially with

linear heating. But the existence of nucleation and

aggregation steps is evident.
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Table 1 Silver acetate AgCH3COO. Data of F-test on fit-quality (for the search of the best kinetic description, �=0.45–0.90)

No. Code Type Fact Fexp Fcrit (0.95) Corr. coeff.

1 S CnB 5 1.00 5.10 0.998360

2 S Bna 4 1.29 6.32 0.998359

3 S D3 6 5.96 4.42 0.988083

4 S A2 6 132.80 4.42 0.687516

Fig. 6 The kinetic analysis by Friedman method of TG curves

(5 and 10°C min–1)



References

1 M. E. Brown, D. Dollimore and A. K. Galwey, Reactions

in the solid state, in: C. H. Bamford and C. F. H. Tipper

(Eds), Comprehensive Chemical Kinetics, Vol. 22,

Elsevier, Amsterdam 1980.

2 D. L. Trimm, Design of Industrial Catalysts, Chemical

Engineering Monograph II, Elsevier, Amsterdam 1980.

3 A. R. de Souza, R. Najjar and J. R. Matos, Thermochim.

Acta, 343 (2000) 119.

4 B.V. Nekrasov, General Chemistry Fundametals,

V. I., Lan, St. Petersburg, 2003 (in Russian).

5 H. L. Friedman, J. Polym. Lett., 4 (1966) 323.

6 J. Opfermann, Rechentechnik/Datenverarbeitung,

22.3 (1985) 26.

7 H.-W. Jank and A. Meister, Kulturpflanze, 30 (1982) 26.

8 E. Y. Ionashiro, F. L. Fertonani, C. B. Melios and

M. Ionashiro, J. Therm. Anal. Cal., 79 (2005) 299.

9 J. C. D'Ars de Figuei Jr., V. M. De Bellis, M. I. Yoshida,

V. Fretas Cunha Lins and L. A. Cruz Souz, J. Therm.

Anal. Cal., 79 (2005) 313.

10 A. M. Ramalho, M. M. Conceicao, V. J. Fernandes Jr.,

J. C. Machado, L. E. Soledade and A. G. Souza, J. Therm.

Anal. Cal., 79 (2005) 319.

11 M. Brezeanu, J. Therm. Anal. Cal., 79 (2005) 509.

12 Z.-L. Sun, J. Therm. Anal. Cal., 79 (2005) 731.

13 K. Gyoryova, J. Chromic and J. Kovacova, J. Therm.

Anal. Cal., 80 (2005) 375.

14 M. Avella, S. Cosco, M. L. Di Lorenzo, E. Di Pace and

M. E. Errico, J. Therm. Anal. Cal., 80 (2005) 131.

15 P. M. Takahashi, A. V. Netto, A. E. Mauro and

R. C. G. Frem, J. Therm. Anal. Cal., 79 (2005) 335.

16 J. Dekany, J. Therm. Anal. Cal., 79 (2005) 587.

Received: July 20, 2006

Accepted: December 28, 2006

DOI: 10.1007/s10973-006-7883-9

816 J. Therm. Anal. Cal., 90, 2007

LOGVINENKO et al.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for journal articles and eBooks for online presentation. Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


