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Abstract

Selected properties of commercial iron powders, standardised in the atmosphere of hydrogen, have been studied. The reactivity of iro
oxides in the thermal decomposition of KGI@ the solid-state mechanical mixture of Fe and Kgt©ntaining 9, 13, 17, 21 and 25 wt.% of
KCIlOy, respectively, has been tested by the differential thermal analysis (DTA) and thermogravimetric analysis (TG). It has been establishec
that the FgO, phase on the surface of the iron powder act as an effective catalysts in the thermal decomposition,of KCIO
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction ety of surface properties following not only from the different
way of preparation but depending mainly on the conditions of
The effect of different factors on thermal decomposition the final thermal treatment. On their surfaces there are many
of potassium chlorate (VII) has been studied in many labo- oxide phases occurring at different proportions, with the dom-
ratories[1-3]. It has been established that in the presence of inant phase F£,4, and small contributions of the phases FeO
metal oxides, in particular those capable of different degree anda-Fe,O3 [11]. The iron oxide phases on the surface of
of oxidation, like Mn, Fe, Co and Ni, the temperature of the iron powders have been found to reveal catalytic activ-
KClO4 decompoasition is significantly lowered. For example, ity in the reaction of potassium chloride (VII) decomposition
in the presence of G®, this temperature decreases by 140K by reducing the temperature of this reaction by about 180 K
[4,5]. From among the elements mentioned, the iron oxides [12].
in the form of pure phases such @ad~e0O3 [6,7] and FeO The aim of this study was to determine the effect of the
[8] have been applied as catalysts of the thermal decompo-textural properties of selected commercial iron powder prepa-
sition of potassium chlorate (VII). The size of the KGIO rations, after their standardisation, on their reactivity with
grains[9] and the grains of the reductor has been shown to potassium chloride (VII) in solid state
essentially affect the course of the reaction studied. The size
of potassium chlorate (VII) grains can be changed by apply-
ing different conditions of crystallisation, while the size of 2. Experimental
reductor grains depends on the method and conditions of its
obtaining. The most often used reductors are commercially 2.1. Preparation of samples
available iron powder preparatiofi€]. They display a vari-
The iron powders used in this study were samples of
commercial products from POCH-Gliwice, Poland (Fe-1),
* Corresponding author. Tel.: +48 618291348; fax: +48 618658008, ~ MERCK (Fe-2), Riedel de Haen (Fe-3), KOCH Light Labo-
E-mail addresswachow@amu.edu.pl (L. Wachowski). ratories, (Fe-4). Prior to measurements, the preparations were
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standardised at 553 K, in air atmosphere for 1 h and then wereconcentration of the surfactant used was 0.02 wt.%. For the
keptinthe dynamic atmosphere of 90% Ar + 10%at563 K sample of pure KCI@ making a relatively stable suspen-
over a period of 2 h. sion with EtOH, no surfactant was added. The suspension
Commercial KCIQ p.a. (Fluka) used in the study was was subjected to ultrasounds and after about 3 min the grain
subjected to preliminary crystallisation from#@ and to the size distribution was measured. The results of measurements
main crystallisation from EtOH—O solution (1:1) in order  are presented in the form numerical distribution as a function
to eliminate detectable quantities of the majority of impuri- of particle diameters and as a particle size concentration in
ties, e.g. Ct, Na*. Moreover, the above procedure ensures percentage.
obtaining sufficiently small grains without additional grind-
ing. 2.5. Temperature programmed reduction (TPR)
Measurements were performed for mechanical mixtures
of the commercial preparations of iron powders and potas- The temperature programmed reduction (TPR) experi-
sium chlorate (VII), standardised prior to the measure- ments were carried out by means of a specially constructed
ments, in the form of tablets of about 0.8 mm thick and instrument composed of a gas chromatograph with a thermal
with a diameter of 6 mm, containing respectively 9, 13, conductivity detector (TCD), electronic temperature con-
17, 21, and 25wt.% KCI@ and applying a pressure of trollers, a PC-818L card, allowing a collection of data from

4 MPa. the conductivity detector and the furnace and sample ther-
mocoupleg14]. The conditions of the TPR measurements
2.2. X-ray diffractometry were as follows: temperature interval 298-1073 K, heating

rate 40 Kmirrl, specimen weight 10-120 mg, atmosphere

X-ray analysis was performed for a mixture of iron pow- 10% H +90% Ar (purity 99,999%), flow rate 50 ctmin.
ders and potassium chlorate (VII) in the form of tablets on a Taking into regard the complex character of the original TPR
Philips powder diffractometer model PW 1070, using Co Ka profiles they were subjected to smoothing and fitting proce-
radiation and an iron filter. The patterns were recorded for dure and the processed ones are showhign 3. The size
10° <20 <90 at a counter step of 0.04nd for the time of of the peaks area was performed with the use of CuO as a
pulse count of 2 s. The reflexes were identified with the APD reference material. All the TPR profiles were converted into
(automatic powder diffraction) program provided by Philips. mass equivalent.
The measurements were performed for all iron samples stud-
ied in the form of powder and additionally for some samples 2.6. Reactivity in the solid state between Fe and KCIO
in the form of tablets. Identification of various phases present
in the mixture Fe—KCIQ before as well as after the reaction The reaction progress was followed by measuring the ther-
of KCIO4 decomposition was carried out on the basis of a mal effects in a differential thermo-analyser made by Netzsch
comparison of the XRD spectra with the data given by ASTM model STA 409 C 3F in the measuring system differential

[13]. thermal analysis/thermogravimetric analysis (DTA/TG) fol-
lowed the reaction progress. The samples were heated at the
2.3. Surface area determination using BET method rate of 40 K min'® from room temperature to 1073 K in the

dynamic atmosphere of inert gas (Ar) at the flow rate of
Low temperature (77K) krypton adsorption measure- 150 cn? min~1,
ments were carried out using a sorption apparatus Micromet- The reaction was carried out in a differential thermo-
rics ASAP 2010. Prior to measurement, the samples wereanalyser made by Netzsch model STA 409 C 3F in the mea-
outgassed under vacuum 18304 Pa at 403K until con-  suring system DTA/TG. The samples in the form of tablets
stant weight, and then subjected to measurements of kryptornwere heated at the rate of 40 K mihfrom room tempera-
adsorption and desorption. The BET equation was used toture to 1073 K in the dynamic atmosphere of inert gas (Ar)

calculate the surface area. at the flow rate of 150 cAmin—!. Reactivity of the commer-
cial iron powder preparations subjected to standardisation in
2.4. Granulometric analysis hydrogen atmosphere prior to the measurements, in mechani-

cal mixtures with polycrystalline KCl@was assessed on the
The grain size of the commercial iron powder preparations basis of the mass loss of the mixtures.
was measured by the laser light scattering method with the use
of a granulometer made by Malvern Instruments model Mas-
tersizer S in the range of particle diameters 0.04+4800 3. Results and discussion
Samples of each of the preparations studied were mixed
with a few drops (e.g. 2-3) of a surfactant (Nonidet P40 3.1. Samples
made by BDH) till getting a homogeneous paste, then it was
introduced into distilled water and stirred in the granulome-  The commercially available potassium chlorate (VII)
ter attachment till getting a homogeneous suspension. Thepreparation was analysed for the presence of main impurities:
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Table 1
Contents of the main impurities contents in KGl§tudied 12004
Sample of KCIQ Na* Cl-
Initial 3.960 0.0088 800
After first step of crystallisation 0.248 <0.0005
After second step of crystallization 0.084 <0.0005 g 4007
2 0

. L . 8 3000-
sodium and chloride ions, determined by the nephelometric =
analysis and atomic emission spectroscopy-inductively cou- 2000 -
pled plasma (AES-ICP).

The results given ifable lindicate that the crystallisation 10001,

of KCIO4 from hot distilled water leads to a decrease in the
concentration of chloride ions by one order of magnitude, 020 20 0 o 0 7 50
e.g. to below the sensitivity of the analytical method used. 20, degree

In the case of sodium ions after the first step of crystalli-
sation from aqueous solution.their concentration decreasesFig_ 1. X-ray diffraction patterns of the Fe-4-KCiGystem in the form
by about one order of magnitude as a result of the crys- of a tablet containing 17 wt.% potassium chlorate (Vil) KGl@fter the
tallisation from aqueous solution. After the second step of decomposition reaction: (A) upper side of the tablet and (B) bottom side of
the crystallisation from EtOH—water (1:1) solution, a fur- the tablet; identified phases: (1) KCI; @)Fe; (3) FeO; (4) FgDq; and (5)
ther decrease in the sodium ions concentration by about®F&0s.
three times relative to the initial value was observed. The
commercially available iron powders were standardised at
563K in the atmosphere of 90% Ar+10%/}k0 at atem-  the tablet is caused by the oxidation of the iron powder sur-
perature by 20K lower than that at which hydrogen from face with the oxygen released on the thermal decomposition
the gas phase is built into the iron structyié]. More- of KCIO4.
over, hydrogen can react with iron forming FgHvhose
presence has a significant effect on oxidation with K€IO 3.3. Surface area determination using BET method
[16].
The surface area of the commercially available iron
3.2. X-ray diffractometry powder preparations Fe-1, Fe-2, Fe-3 and Fe-4 takes rel-
atively small values of 0.69, 0.31, 0.88 and 0.Fgm,
Diffractograms of the KCI@ sample studied revealed the respectively. The shape of the isotherms of nitrogen absorp-
presence of narrow diffraction lines assigned only to the tion/desorption for the samples without preliminary stan-
potassium chlorate (V1) phase. Diffractograms of all iron dardisation proves that their porous structure is very poor
powder preparations revealed the presence aoftfe phase  and mainly determined by the presence of slit pores at the
but of a different degree of crystallisation as indicated by the grain borderg11]. The standardisation applied generated
FWHM of the reflexe§11]. only small changes in the surface area of the preparations.
Diffractogram of the tablet made of a mechanical mix- The increase in the surface area of the sample Fe-lwas
ture of the iron powder Fe-4 and potassium chlorate (VII) most probably caused by a reduction of th&e 03 phase
containing 17 wt.% of KCIQ prior to the reaction of its ~ whose presence was identified before the standardisation
decomposition revealed the presencexefe and KCIQ. by the TPR method. The surface area of the preparations
Relative intensities of the reflexes obtained from the top and Fe-2 and Fe-4 decreased, while that of Fe-3 remained un-
the bottom surface of the tablet were identical. The broaden-changed.
ing of the reflexes assigned to the iron powder indicates the
appearance of internal stress of Il kind on tablet making. The 3.4. Granulometric analysis
diffractogram of the tablet after the decomposition of KgIO
indicated a different phase composition at the top and bottom  Numerical distribution of grains of the KClOprepara-
surface of the tablet, confirmed also by the difference in their tions studied, presented kig. 2, indicates that application
colour. The phases identified on the top surface of the tabletof ultrasounds leads to formation of crystallites characterised
were KClI, FgOy, a-Fe03 anda-Fe (sed-ig. 1A), while the by bidispersive nature of the distribution of grain diame-
phases identified on the bottom surface were a small amounters. This proves that grains of the size of about 2rB8and
of KCl and relatively great amounts of @4, FeO andx-Fe 10pum dominate in the polycrystalline samples of KGIO
(seeFig. 1B). The differences in the amount of KCl are due studied.
to migration of the melted KCI towards the top surface ofthe  As has been observed for the curves of the volumetric dis-
tablet. The presence afFeO3 in the near-surface layer of  tribution, the curves of the numerical distribution of the grain
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Fig. 2. Numerical particle size concentrations as a function of particle size
for all samples studied: (1) KCIQ (2) Fe-1; (3) Fe-2; (4) Fe-3; and (5)
Fe-4.

sizes for samples Fe-2 and Fe-4 are similar. In these sample: 4091
the grain diameter varies in the range 1.5420, with the 300 -
maxima at 2.6 and 3/0m, respectively. The volumetric dis-
tribution shows that sample Fe-3 has grain sizes varying in
the greatest range (5-2p@n) and the grains of the great- 1001
est size. The numerical distribution curve of grain size of this 0 ; ‘ ‘ , S
sample has three maxima: a strong one at abput 8a broad- 400 500 600 700 800
ened one at about 3dm and another distinct one at about Temperature, K
45um.

The curve of numerical distribution of grain size for sam- Fig. 3. Temperature-programmed reduction of the iron powder samples
ple Fe-1shown ifffig. 2indicates the dominance of the grains  Studied in the atmosphere of 90% Ar+ 10%.H
in the range 0.2-1Qm, with those of the diameter close to
0.34p.m occurring in the greatest number. The above values
are charged with some error because the shape of the grains
differs from the spherical one. As has been reported earlier, of FeO. No presence of the-Fe,03 phase was detected,
the grains in this preparation have the shape of the scalesyhich follows from the standardisation conditions. Samples

| Fed

[11,12]. Fe-2 and Fe-4, characterised by similar parameters deter-
mined by granulometric studies and BET measurements,
3.5. Temperature programmed reduction (TPR) show significant differences in the amounts of iron oxides.

In sample Fe-4 the amount of the oxides is almost three

The samples studied were subjected to the temperaturetimes greater than in Fe-2. The TPR curve of Fe-2 reveals
programmed reduction by hydrogen (TPR) to identify the only one maximum that can be assigned to the FeO phase.
iron oxides occurring on the surface of the iron powder prepa- Interestingly, for sample Fe-3 characterised by the greatest
rations studied and to estimate the thickness of the layersurface area of 0.88%g 1 the amount of oxide phases was
they form on the surface of the grairfsig. 3 presents the  not the greatest. The content of the dominant phase, which
TPR profiles of all the samples studied. As follows from the found to be FeO4, changes in the following sequence Fe-
profile obtained for sample Fe-1, the process of reduction 4 >Fe-1>Fe-3. It has been estimated the thickness of the
takes place in two steps. The first reduction peak appearsiron oxides present on surface of iron powders on the basis
at 543 K, corresponding to the transition ofzPg to FeO. of the size calibrated of the TPR profiles and BET surface
The second peak is at 653[K7,18] and corresponds to the area of the investigated samples. They were 1.5, 0.8, 0.5
transition of FeO to Fe. A comparison of the peaks area and 3.0 nm for samples Fe-1, Fe-2, Fe-3 and Fe-4, respec-
implies that the dominant phase issBg, whose presence tively.
has not been revealed by the X-ray diffraction study. Accord-  In he case of the TPR profiles samplesoeFe,O3 and
ing to the analysis of the TPR profiles presentedFig. 3, Fes04 strong broadening of peaks were observed. It may be
the dominant phase present on the surface of all samplesexplained different rates of the reduction of the oxide phases
studied is FeO4 accompanied by much smaller amounts in the surface layer and in the bulk.
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Fig. 4. TG-DTA curves of Fe—KCI@system containing 25 wt.% of potassium chlorate (VIl) and samples of iron of different origin; (a) Fe-1; (b) Fe-2; (c)
Fe-3; and (d) Fe-4.

3.6. Reactivity in the solid state between Fe and KCIO temperatures at which mass loss is observed are different for
different iron powder preparation. The lowest initial decom-

Fig. 4. presents the thermograms of mechanical mixtures position temperature of KCl9of 660 K, has been noted for
composed of a given iron powder preparation Fe-1, Fe-2, Fe-1, while the highest of 720K for Fe-3.

Fe-3 or Fe-4 and KCI®in the amount of 25wt.%. The The energy effect corresponding to the first stage of
DTA curves show an endothermic effect at 572.6 K that can decomposition is the lowest of 440 J/g, for Fe-3, while for
be assigned to the reversible transition of Kgtom the the other iron powder preparations Fe-1, Fe-2 and Fe-4, it
rhombic into the regular phase, and an endothermic effectreaches 1200 J/g. Particularly interesting is the system Fe-
at 1043 K, assigned to the melting of K{19]. The tem- 3/KCIO4 with 25 wt.% of KCIQy, in which the majority of
peratures of the above effects were used as internal stanthe oxidising agent is decomposed at 773-843 K, which is
dards for correction of the temperature of decomposition much different from the temperature of decomposition of
of potassium chlorate (initial decomposition temperature). pure KCIQy, equal 877 K20]. Such a great difference in the
For all samples the TG curves reveal two distinct stages temperatures of thermal decomposition of Kgl&ssigned
related to the oxygen release during the process of IKCIO to the effect of the reducing factor has not been observed
decomposition. The first step of the thermal decomposition yet (seeFig. 4 c). For this system a significant dispropor-

is related to the release of oxygen from the KgIQys- tion is observed in the mass loss at the first and at the
tallites being in contact with the iron powder, while the second stages of KClOdecomposition. For the systems
second with the release of oxygen from the crystallites hav- with Fe-2 and Fe-4, a similar character of the TG and DTA
ing no contact with the iron powder. The last stage may be curves is observed. These systems differ in the temperatures
also be explained by a reduction of & produced in the  of potassium chlorate (VII) decomposition and in the final
first stage of decomposition of potassium chlorate (VII) to mass loss due to the release of oxygen to the atmosphere
Fe304. (seeTable 2).

This process of reduction is not reflected in the DTA As follows from the data given imable 2, in all the
curves. A strong exothermic effect shown on DTA curves in Fe—-KCIQ; systems studied, a decrease in the temperature
Fig. 4 can be assigned to decomposition of Kglénhd oxi- of the thermal decomposition of KCiCand an increase in
dation of the iron powder in which KCIgis in contact. The  the heat released in the process are observed.
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Table 2
Initial temperature of decomposition (K), heat of reaction (J/g) and conversion degree (%) of potassium chlorate (VII) in the systemyFe—KCIO

No. Sample symbol Content of KClGwt.% Initial decomposition temperature (K) Heat of reaction®g  Conversion of KCIQ (%)

1 Fe-1 9 728 516 0.7
2 Fe-1 13 720 862 8.3
3 Fe-1 17 706 1065 18.2
4 Fe-1 21 669 1354 22.2
5 Fe-1 25 660 1548 245
6 Fe-2 9 754 605 1.9
7 Fe-2 13 743 887 11.5
8 Fe-2 17 737 988 17.9
9 Fe-2 21 730 1160 25.0

10 Fe-2 25 714 1439 227

11 Fe-3 9 736 572 5.1

12 Fe-3 13 733 685 11.5

13 Fe-3 17 724 803 19.0

14 Fe-3 21 723 842 25.6

15 Fe-3 25 720 1201 34.0

16 Fe-4 9 755 613 48

17 Fe-4 13 744 781 13.7

18 Fe-4 17 737 952 16.1

19 Fe-4 21 731 1043 21.6

20 Fe-4 25 704 1132 304

4. Conclusions References

On the basis of the above-discussed results it can be [1] A. Glasner, L. Weidenfeld, J. Am. Chem. Soc. 74 (1952) 2467.
concluded that the textural parameters of the commercially [2 M-M. Markowitz, J. Phys. Chem. 62 (1958) 827.

ilable iron powder preparations have different effect on [3] . Solymosi, Acta Chim. Akad. Sci. Hung. 57 (1968) 11.
aval P prep ifte [4] M.M. Markowitz, D.A. Boryta, J. Phys. Chem. 64 (1960) 1711.
the thermal de_comp03|t|0n of KCiOThe grain size and sur- ~[5] Y. Zhang, G. Kshirsagar, J.E. Ellison, J.C. Cannon, Thermochim.
face area of iron powders used have small effect on their Acta 278 (1996) 119.
reactivity, whereas the presence of iron oxide phases on their [6] R. Furuichi, M. Shimokawabe, T. Ishii, Thermal. Anal. 5 (1977)
surface plays a substantial role. 501

play [7] R. Furuichi, T. Ishii, Z. Yamanaka, M. Shimokawabe, Thermochim.

In the presence of the @4 phase (Fe-2 and Fe-4) on the Acta 51 (1981) 199
iron powder surface, the oxygen released on thermal decom- (g r. Furuichi, T. Ishii, K. Kobayashi, J. Thermal. Anal. 6 (1974) 305.
position of KCIQy is used for their oxidation. Thisisreflected  [9] J.S. Lee, Ch.K. Hsu, Ch.W. Huang, Huaxue 54 (1996) 12.
by a smaller mass loss and higher heat of the reaction. In thel10] ASM Handbook, Powder Metal Technologies and Applications, vol.
presence of the-Fe;O3 phase on the iron powder surface 7, The_MaterlaI Information §oglety, Material P_ark, 199’8. ‘
Fe-1 and Fe-3), the mass loss was greater and the heat o[fL 1] B. Czajka, S. Tabat, S. Styaiski, L. Wachowskd, M. Ziefiski, M.
( : e 9 Pietrowski, Cent. Eur. J. Energ. Mater. (CEJEM) 1 (1) (2004) 75.
the reaction higher. The observed two-stage course of the[12] B, czajka, L. Wachowski, W. Witkowski, M. Lipiski, Proceedings
thermal decomposition of KClgin the presence of the iron of the first International Conference IPO, Ustidaszowiec, Poland,
powder as a reducing agent is a result of the presence of trace  16-18 June, 2004, p. 38.

amounts of the F®3 phase or any other iron oxide phase [13] ASTM No 6-0696. _ o
eqg containing sulphur or nitrogen [14] M. Wojciechowska, A. Malczewska, B. Czajka, M. Zfedki, J.

Goslar, Appl. Catal. A Gen. 237 (2002) 63.
[15] W. Geller, T.H. Sun, Arch. Eisen Huttenwes 21 (1950) 423.
[16] L.R. Dosser, R. Guidotti, Proc. Power Sources Conf. 36 (1994)

Acknowledgements 315.
[17] Z. Foltynowicz, M. Kozak, R. Fiedorow, Pack. Technol. Sci. 15

. . L . (2002) 75.
The Polish Committee for Scientific Research financed [18] D. Dolimore, in: R.C. Mackenzie (Ed.), Oxysalts in Differential

the study in the years 2003-2005 within a research project.  Thermal Analysis, Academic Press, London, New York, 1970.
The authors wish to thank Dr. Michat Zielinski for TPR mea- [19] B. Wunderlich, R.C. Bopp, J. Therm. Anal. 6 (1974) 335.
surements and discussion of the results and Ms. L. Horla andi20] M. Shimokawabe, R. Furuichi, T. Ishii, Thermochim. Acta 24 (1978)
L. Wilkowska for preparation of the samples. 69.



	Textural and catalytic properties of the FexOy/Fe-KClO4 system
	Introduction
	Experimental
	Preparation of samples
	X-ray diffractometry
	Surface area determination using BET method
	Granulometric analysis
	Temperature programmed reduction (TPR)
	Reactivity in the solid state between Fe and KClO4

	Results and discussion
	Samples
	X-ray diffractometry
	Surface area determination using BET method
	Granulometric analysis
	Temperature programmed reduction (TPR)
	Reactivity in the solid state between Fe and KClO4

	Conclusions
	Acknowledgements
	References


