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The thermal treatment of Fe,O;- 1.65H,0 gives rise to sharp dehydration weight-change
waves (310470 K and 470-670 K) which correspond to the loss of loosely-bound and strongly-
bound water, respectively. Analysis of the thermal waves was performed by the method of
Satava and Skvara (1969), the modified method of Coats and Redfern (1964) and the method of
Blazejowski et al. (1983). and by applying a least squares straight line fit to the data. The 4, and
A; decomposition mechanisms predominate in the first dehydration step, whercus an F,
mechanism seems the best to describe dehydration of the structural water. Activation energies of
21 kJ-mol™ ! and 95 kJ-mol ™' are estimated for the first and second steps, respectively.

The analysis of thermogravimetric curves has been the subject of a large number
of publications [1 -16]. It aims at deriving certain kinetic parameters from a single
TG curve. These are: order and mechanism of reaction, activation energy and
Arrhenius frequency factor.

To describe the rate of weight change, several expressions have been used to cover
different solid-state decomposition mechanisms, e.g. phase boundary-controlled
processes, nucleation processes, nucleation followed by linear or bulk growth of
nuclei, or diffusion-controlled processes. The most predominant or probable
mechanism would be that which satisfies optimization of the fractional weight-
change data throughout the whole range of temperature considered.

The thermal analysis of hydrated iron oxide has been reported by some authors
{17, 18]. Loss of water usually occurs in two temperature ranges, giving a low-
temperature effect and a high temperature effect. The former is attributed to the loss
of physically adsorbed water (loosely bound), and the latter to the loss of structural
water (strongly bound). However, a distinction between these two categories can be
made not only via their positions in the TG or DTA curves, but also through the
activation energy associated with each dehydration.
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Dynamic thermogravimetry of an ion-free hydrated iron oxide is employed in the
present investigation for the purpose of distinguishing between the two stages of
dehydration. Possible differences in the mechanisms of dehydration and the
activation energies are illustrated.

Experimental

Iron oxide hydrate was prepared by the addition of dilute ammonium hydroxide
(20%) to an equal volume of 30% iron(III) chloride. The precipitate was washed
several times by decantation with the same dilute ammonia solution, but still
contained chloride ions. It was therefore washed with hot (~ 80°) 50% NH,OH till
chloride-free washings were attained, and then with water till the washings were
neutral and ammonium ion-free, and finally dried at 50°. Chemical analysis gave the
structural formula Fe,0,-1.65H,0.

This procedure is intended to eliminate completely foreign ions that may cause
complications by giving rise to abnormal dehydration waves.

Weight-loss analysis was carried out with an apparatus produced by Netzsch
Geritebau GmBH, Selb, West Germany, at a heating rate of 5 deg min 1.

Theoretical basis for analysis

The ultimate aim of analysing dynamic TG traces is to linearize the data in the
form of the decomposition fraction («) as a function of temperature 7. Certain well-
established kinetic solid-state equations are employed to describe the TG wave, and
are associated with one or more rate-determining mechanisms. In the present study
three general methods are used in association with nine of the currently employed
mechanisms. For all procedures of analysis, a least squares fit for a straight line has
been employed and the corresponding correlation coefficient, r and standard error
of deviation S, were estimated in every case.

1. The method of Satava and Skvara (SS)

1 . .
According to these authors [12], log g(«) is plotted vs. T for each of the nine solid-

state decomposition mechanisms (D, D,, D5, D,, F,, A,, A3, R, and R;). From
the slope of the best straight line, extending over the whole range of decomposition,
the heat of activation (E,) associated with the process is calculated from the
approximate formula given by Satava [7]:

E,= —tan f+ \/tén2ﬂ+8tan/3-T N
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where tan f is the slope of the straight line; and T'is the temperature corresponding
to 50% decomposition. The values given by Satava and Skvara [12] for log g(x) are
used.

2. The method of Coats and Redfern (CR)

In the original method [2], the authors assumed a first-order reaction mechanism,
as well as fractional orders down to zero. Their expressions appear as:

L= (1)t~ AR (. 2RT E,
1og[—(7f»)—}=1og[¢E <1— . ﬂ i (forn#l) (@)

a

~In(1— AR 2RT E,
IOgI:_HY(TT”@:]ZIOgI:EEQ” 3 >:| SART (for n=1) 3)

In recent years, the method has been modified and extended to cover all of the
nine currently accepted solid-state reaction mechanisms [16, 19, 20]. The general
equation thus appears in the form:

g(a) AR E,
log[T_J to [4&5] 23RT @

g(a) AR 2RT E,

log| £9] - - 5
L T2:| o8 [th E, 23RT )
Where T'is the absolute temperature at the specified fraction; R is the gas constant;
®is the linear rate of heating; and A is the Arrhenius frequency factor. If the correct

g(x) is used, a plot of the left-hand side of the equation versus /T should give a
straight line, from which the values of E and A4 could be estimated.

and

or

3. The method of Blazejowski et al. ( Blz)

These authors derived another relationship, which was found applicable to
certain solid-state reaction kinetics [16, 21]. The logarithm of the integral equation
appears in the form

g(x) A £,

log &) _ 1o 2
o8 T %8 T 23RT

(6)

which was found to be suitable in the linearization procedure. The values of E, and
A are similarly easily evaluated.
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Results

The TG curve of iron oxide hydrate is plotied in Fig. 1; it exhibits two distinctly
separated dehydration waves. It differs from previously published results [18]. The
clearly separated dehydration stages could be due to the elaborate method of
preparing the present solid, and to its considerable aging in solution, which leads to
a well-crystallized hydrated oxide. Step I of the dehydration, which ends at 470 K,
involves a loss-0f 6.7% (0.652 mole H,0), while step II, from this temperature up to
670.K, inyolves a loss of 8.25% (0.861 mole H,0). The two dehydration waves
were transformed into kinetic curves (Fig. 2) and plotted as percentage dehydration
as a function of temperature.

Weight change, g/g

088

086

| | I | | |
300 340 380 420 460 500 540 580 620 660

Temperature | K

Fig. 1 Thermogravimetric curve of iron oxide hydrate

First dehydration step

Comparison of the data in Table 1 indicates that the three methods of analysis
yield activation energies that vary by about +10-15%. The most favourable
method for analysis is the S8 method, because it gives the best fit to dehydration, as
indicated by the highest correlation coefficients and lowest standard errors of the
estimate. This same method invariably gives the highest activation energies,
whereas the CR method yields the lowest values.

The different decomposition mechanisms lead to an almost 10-fold variation in
both E, and log 4. With respect to the method, the highly probable mechanisms
that describe dehydration are the 4, and A, ones. This is associated with a mean
value of E, and log 4. With respect to the §8 method, the highly probable
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Fig. 2 Percent decomposition as function of temperature for the first and second dehydration (DHD)
steps of iron oxide hydrate

mechanisms that describe dehydration are the 4, and A5 ones. This is associated
with a mean value of E, = 21 kJ mol~!. The most unfavourable mechanisms are
those controlled by diffusion (D, D,, D5 and D,).

The modified CR method indicates that dehydration is best described by a D,
mechanism (E, = 51.6 kJ mol™!, r = 0.985632 and S, = 20.8 x 1072). The Blz
method shows that all of the decomposition mechanisms fit equally to a straight
line, with small variations in either r or S,. However, the best of these straight lines
corresponds to. the first-order mechanism (F;) with an activation energy of
333 kJ-mol ! (r = 0.981126, S, = 8.57x 10" 2).

Second dehydration step

Table 2 lists the kinetic parameters evaluated by applying the three outlined
analysis procedures to the dehydration wave extending from 470 to 670 K. Itis to
be mentioned that all of the three prescribed methods of TG curve analysis apply
equally well to this principal dehydration, as evident from the small differences
between the highest and lowest correlation coefficients (0.994364 and 0.962027).
This is true irrespective of the kinetic equation employed. An apparent and
substantial difference appears in the standard error of the estimate (ca. 12-fold) but
there is only a 6-fold change in the evaluated activation energies. The D,
mechanism invariably yields the highest activation energies, and the 4; mechanism
the lowest values (ratio 6:1). Two methods (CR and Blz) give activation energies
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Table 1 Kinetic parameters of dehydration of iron oxide hydrate in the range 310470 K

Mechanism Method E, (kJ-mol™1) r S, x 102 log 4
D, S5 59.8 0.965081 19.4
CR 46.1 0.939131 22.0 4.689
Blz 49.9 0.955975 20.0 4.002
D, S8 65.4 0.981748 14.9
CR 51.6 0.985632 20.8 5279
Blz 55.2 0.967856 18.8 4522
D, SS 72.3 0.986422 14.3
CR 58.5 0.968914 19.5 5.738
Blz 62.2 0.978631 17.1 4931
D, S8 69.5 0.981117 6.94
CR 53.4 0.954230 21.9 4933
Blz 57.4 0.970%28 18.5 4.207
Fy $S 42.3 0.980703 9.5
CR 29.6 0.963504 10.8 2.891
Blz 333 0.981126 8.57 2.349
4, S§ 23.9 1.00000 2.29
CR (.2 0.912235 6.53 0.174
Blz 14.8 0.962124 5.47 0.022
A S8 17.2 0.998549 0.87
CR 7.0 0.882762 6.23 -0.857
Biz 8.7 0.945001 3.93 —~0.799
R, S8 37.0 0.983323 7.54
CR 239 0.912316 11.6 1.648
Blz 27.6 0.963625 9.98 1.88
R, 88 389 0.987104 5.9
CR 23.1 0.847394 8.8 1.363
Blz 29.2 0.968240 9.98 1.271

with only slight differences, whereas about 10% higher values result from the S5
method. Linearization of the second dehydration wave is best described by the F,
A, and A, mechanism, with a high mean correlation coefficient, r = 0.990341, and
a low dispersion of the data, S, = 3.22 for all procedures. The activation energy
cannot be evaluated in the form of a mean value, since it is approximately linearly
dependent on 1/n in the Avrami-Erofeev equations. Nevertheless, on the basis of
the best linear fit, as represented by the highest correlation coefficient (F,
mechanism). the activation energy of dehydration in the second stage would be
~95 kJ-mol ™"
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Table 2 Kinetic parameters of dehydration of iron oxide hydrate in the range 470-670 K

Mechanism  Method E,, kJ-mol™! =r S, x 102 log 4

D, S 146.7 0.965026 22.53
CR 128.0 0.969335 19.14 10.91
Bz 132.5 0.962027 19.22 9.86

D, 88 160.0 0.970741 19.02
CR 142.1 0.971895 17.48 12.09
Blz 146.5 0.970902 17.38 11.01

D, 83 179.6 0.988012 13.47
CR 160.5 0.985296 14.14 13.39
Blz 165.0 0.986066 14.15 12.24

D, 88 156.9 0.979840 23.72
CR 148.3 0.976786 16.49 12.06
Biz 152.4 0.977522 16.75 10.96

F, 88 103.9 0.994364 3.14
CR 85.8 0.992208 5.49 7.28
Blz 90.4 0.992183 5.77 6.40

A, 83 55.6 0.993944 2.6
CR 38.4 0.989698 2.84 2.53
Bz 42.9 0.992271 2.73 1.96

A, S8 39.2 0.994357 1.72
CR 223 0.974479 2.61 0.84
Blz 26.8 0.989566 1.98 0.45

R, S8 89.1 0.9818816 7.86
CR 70.4 0.967020 9.43 5.34
Blz. 75.7 0.979240 7.57 4.39

R, 88 101.9 0.986009 7.27
CR 75.6 0.982556 7.28 5.78
Blz 80.2 0.984793 7.19 4.89

The compensation effect

It has long been reported that a linear relationship holds between the two kinetic
parameters evaluated from the thermal curves, i.e. E, and log 4 10, 22, 23].

This intercorrelation, or effect, has been denoted the kinetic compensation effect,
and can furnish additional information about the decomposition process [23]. The
linear representation of this appears in the form

logA =aE+b @)
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The logarithms of the preexponential factors, log 4, have been calculated from
the intercepts of Eqs (4), (5) and (6), and the values are listed in Tables 1 and 2. The
values calculated with the two expressions (4) and «(5) of the Coats and Redfern
equation are indistinguishable. A least squares straight line fit was applied to the

values, and the compensation effect appears in the following equaticns.

For the first dehydration stage:

log 4 = 0.1140 E,— 1.429

(8)

(r = 0.966602, S, = 58 x 10~ ?)

and for the second dehydration stage:

log 4 = 0.0871 E—1.249

©)

(r = 0.984973, S, = 76 x 1072)

These relations would become more significant upon variation of the conditions-
of measuring the TG wave of this hydrated iron oxide system.

In conclusion, the tested iron oxide hydrate exhibited two distinctly separated
dehydration TG waves. The second weight loss is associated with dehydroxylation
and shows a 5-fold higher activation energy in comparison with the simple

dehydration of adsorbed water.
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Zusammenfassung — Bei der thermischen Behandlung von Fe,0; - 1.65H,0 werden zwei der Abgabe
von schwach bzw. stark gebundenem Wasser zuzuschreibende Gewichtsverdnderungen bei 310470 K
und 470-670 K festgestellt. Die Analyse der thermischen Kurven wurde nach der von Coats und
Redfern (1964) und Blazejowski et al. (1983) modifizierten Methode von Satava und Skvara (1969)
ausgefiihrt und die Korrelation der Daten nach der Methode der kleinsten Fehlerquadrate berechnet.
Die Zersetzungsmechanismen A4, und 4; dominieren im ersten Dehydratisierungsschritt, wihrend die
Abgabe von strukturellem Wasser am besten durch den F;-Mechanismus zu beschreiben ist. Fiir den
ersten und zweiten Schritt wurden Aktivierungsenergien von 21 bzw. 95 kJ-mol ™! ermitteit.

Pesiome — Tepmuyeckas obpaborka Fe,O;-1,65H,0 nokazana Hanuuue ABYX pE3KMX THKOB
peruapataudu npu 310470 K u 470-670 K, 4to cooTBercTByeT noTepu cjaabocBA3aHHOH u
CHNLHOCBA3AHHOM BOILI. AHATM3 TePMUYECKHX KpUBbIX MposegeH MeroaoMm Illatassl u Hlxsapel, a
TaKXKe BUAOU3MEHEeHHbIMY MeTonaMu Koyrca—Pandepua n BpaseitoBcku ¢ cOTp., ¢ HCNONL30BaHHEM
METOJd HaMMEHBUIMX KBAJAPATOB /[Jisl MNOArOHKM KpuBo#. Ha nepsoél crammu pasnoxeHus
npeo6.1aJaroLHMMH SBASIOTCA MEXAHM3MBI PA3JIOKeHUs A, M A 5, TOTIa Kak Mexanu3Mm F, nyqure Bcero
ONHUCHIBAET ACTHAPATALMIO CTPYKTYPHOH BOAbL. DHEPIHH AKTHBALMM, YCTAHOBJICHHbIC JUIs IEPBOi U
BTOPOH CTaauil, paBHAJINCh, COOTBETCTBEHHO, 21 k% -Moub ! u 96 xax - moup L
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