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Abstract

The dehydration and decomposition behaviour of nickel chloride hydrate has been
studied by a non-isothermal method with different experimental conditions such as heating
rate, sample size, inert gas flow, etc. Kinetic parameters for the different steps of the
dehydration and decomposition have been determined from DTA and TG curves using both
model-independent and model-dependent methods of data analysis. The results are critically
examined to determine meaningful kinetic parameters which, however, sometimes differ from
those derived isothermally.

INTRODUCTION

In our preceding paper [1], we reported kinetic parameters for the
isothermal dehydration of nickel and cobalt chloride hydrates. While the
first major dehydration step for nickel chloride hydrate follows a second-
order rate law, in the case of cobalt chloride hydrate a complex process of
diffusion is found to be operative up to the formation of the dihydrate.
The final stage of dehydration for both salts follows a one-dimensional
diffusion or parabolic rate law. However, an unusually low activation
energy value for the initial dehydration of the two hydrated salts suggests
that despite differences in the mechanistic model, some subtle similarity
exists which is possibly obscured by the large difference in their rates of
dehydration. Because TGA curves can provide a better resolution of the
different steps of a reaction, kinetic analysis of such curves sometimes
yields a better insight into the mechanism of any thermal process than can
be obtained from an isothermal method. In this paper, the results of the
non-isothermal kinetic analysis of the thermal dehydration and decomposi-
tion of nickel chloride hydrate are reported.
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EXPERIMENTAL

Materials

Both undried and partially dried nickel chloride hydrates containing
different (7.55—5.53) moles of water per mole of nickel chloride were used
in the present investigation.

Methods

Thermal analysis under dynamic or non-isothermal conditions was car-
ried out using two different pieces of equipment: the NETZSCH model
STA-409 (Germany) and the Shimadzu model DT-40 with micro-processor
(Japan). Whereas in the former a cylindrical platinum sample holder having
a capacity to hold as much as 150 mg of sample was used, in the latter an
alumina micro-crucible with a maximum capacity of 18—20 mg was used.
Therefore, the effect of variation of sample size was mostly carried out in
the former equipment. However, the effect of heating rate was investigated
using both types of apparatus. Calcined (1200°C) a-Al,O; was used as
reference in both. Dry nitrogen at a flow rate of 50 ml min™' was passed for
a few selected experiments.

RESULTS AND DISCUSSION

The effect of various experimental variables on the nature of the ther-
mograms of the samples is briefly discussed below before embarking upon
the kinetic analysis. For a highly hygroscopic salt which melts before
dehydration and decomposition, the effect of grain size cannot be studied
meaningfully.

Effect of heating rate

Figures 1 and 2 illustrate the effect of heating rate on the TA curves of
nickel chloride hydrate obtained from the two different pieces of equipment.
The relevant data are given in Table 1. (It is not the intention of this work
to judge the suitability of one apparatus over the other. The purpose is to
demonstrate how the thermogram of a substance varies with the equipment
used.) It can be seen that the results obtained from the STA-409 exhibit a
more consistent variation with increase in heating rate than those from the
DT-40. Although the DTA peak temperatures for the initial melting appear
at approximately the same temperature for both apparatus, the first stage of
dehydration begins at a lower temperature in the DT-40 than that in
STA-409. The TGA data obtained from both confirm the loss of about 4
moles of water in the first step of dehydration. The appearance of a new
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Fig. 1. Thermograms of NiCl, - xH,O obtained using a NETZSCH model STA-409 at
different heating rates.

crystalline phase, the dihydrate, appears as a prominent endothermic peak
in the DT-40, whereas this peak is conspicuously absent in the thermograms
from the STA-409. For the second stage of dehydration, the DT-40 records
more loss of water at a higher temperature range than the STA-409.
However, the DTA peak temperature for this stage of water loss appears
15-20°C higher in the STA-409. A similar observation can be made for the
third stage of water loss. While this last stage of water loss is clearly
discernible in the TG traces obtained from the STA-409, this appears as a
continuous curve in the DT-40. However, the two stages can be delineated
by the sharp DTA peak for this stage of dehydration in the DT-40.

Effect of sample size

Because the nature of the TA curves does not undergo any major change
with sample size, except for a shifting of the temperatures, only the relevant
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Fig. 2. Thermograms of NiCl, - xH,O obtained using a Shimadzu model DT-40 at different
heating rates.

data are given in Table 2. It may be noted from the table that the DTA
peak temperature for the first stage of dehydration tends to increase with
increase in sample size, a phenomenon that is not apparent for the second
and third stages of dehydration. Because liquid and vapour are in equi-
librium at any instant in the first stage of dehydration, an increase in sample
size produces a higher vapour pressure in the vicinity of the sample and,
therefore, the peak temperature shifts to higher values. But the second and
third stages of dehydration take place without pre-melting and, therefore,
the DTA peak temperatures are independent of sample size. However at
higher temperatures and with larger sample sizes, the effect of self-cooling
tends to lower the peak temperature by 2—4°C,
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Effect of inert gas flow

This aspect has been discussed in detail in an eariier paper [2]. The effect
of inert gas flow is reflected primarily in the initial melting of the undried
sample which shifts to lower temperatures and, consequently, the TG
records more loss in weight for the first step of dehydration. However, for
partially dried sample containing 5.53 moles of water, a flowing nitrogen
environment has practically no effect on the thermogram.

Kinetics of dehydration

The kinetics of dehydration and decomposition from the DTA and TG
curves is discussed using two broadly based methods, namely a method in-
dependent of any physical model, and a model-dependent integral method.
Non-isothermal kinetics is represented by the generalised expression

ad(“)_ _ Tf —E/RT
Lm—g(a)—ﬁ be IRT 4T (1)

where g(x) is the integral form of 1/f(«) which is a function of the
mechanism of the thermal process. This may be either a physical model such
as nucleation and growth, progress of a reaction interface, diffusional
phenomena, etc., or a simple chemical reaction with an order #, i.e. (1 — a)".
The right-hand side represents the negative temperature integral function,
commonly designated p(x), 4 and b are the pre-exponential factor of the
Arrhenius equation and the heating rate, respectively. Doyle [3] has shown
that the ratio g(«)/p(x) is a constant quantity and can be expressed as

AE
log g(o) — log p(x) = log R B (2)

The above equation forms the basis of most of the methods developed so far
for the analysis of non-isothermal kinetic data.

Model-independent method

In the absence of any exact solution of the right-hand side of eqn. (1),
various approximations have been suggested, the simplest of which was
suggested by Doyle himself and is given by

log p(x) = —2.315 — 0.456E/RT (3)

Ozawa [4] and also Flynn and Wall [5] have used this expression to solve
eqn. (2) for 20 < x < 60.
Combining eqns. (2) and (3) and rearranging

AE AS56F
logb =log Rg(a)—2.315 9 RST

(4)
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If the mechanism of the process does not change with variation in heating
rate for a reasonably wide range of «, a plot of log b versus 1/7 should yield
a series of straight lines for different values of o taken at suitable intervals.
From the slope values of these lines, E values can be obtained which are
independent of any mechanistic model. This is also known as the “iso-con-
version method” of Ozawa, Flynn and Wall (OFW method) [4, 5]. The «
values were obtained from the ratio of weight loss at any instant to the total
loss in weight at the first broad plateau region at around 350°C in TA
curves obtained using the STA-409 apparatus. At the intermediate region of
a (0.5-0.6), higher heating rates, e.g. 20°C min~', result in a deviation from
the linear behaviour and, therefore, are not included in the iso-conversion
plots (figures not shown).

An examination of the E values obtained from the slopes of the satisfac-
tory linear plots at different « values (see Table 3) reveals the occurrence of
at least three stages of water loss. In the range o =0.1-0.6, E values
decrease gradually from 32.7 to 25.3 kJ mol !, but at o« = 0.65, the E value
increases sharply to 109.9 kJ mol~! and then decreases to 92.7 kJ mol~! at
a = 0.75, corresponding to the loss of 4.73 moles of water. Because the loss
of water at « = 0.6 is 3.78 moles, the high E value (average, 101.7 kJ mol ™)
for the intermediate loss of about 0.95 mole of water possibly involves a
structural change in the hydrated salt, as found in the case of the dehydra-

TABLE 3

Activation energy values obtained by the isoconversion method of Ozawa, Flynn and Wall
(OFW) and by the DTA peak temperature shift method of Kissinger of the dehydration of
NiCl, - xH,0

o Loss of water OFW Kissinger
in mol
E in Mean E in Ein
kJ mol ! kJ mol ! kJ mol !
0.10 0.63 32.8
0.20 1.26 28.9
0.30 1.89 28.7
0.40 2.52 26.7
0.50 3.15 26.1
0.60 3.78 253 28.1 33.5
0.65 4.10 109.9
0.70 441 102.4
0.75 4.73 92.7 101.7 71.7
0.80 5.04 80.5
0.90 5.67 81.4
0.95 76.9

0.98 6.18 74.0 78.2 67.0
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Fig. 3. Kissinger plots for the dehydration of NiCl, - xH,O at different heating rates. Curve
numbers denote the different steps of the dehydration.

tion of CoCl, - 6H,0 [6]. For the loss of the remaining 1.45 moles of water,
a similar mechanism is perhaps operative, as the difference in E values in the
range o =0.8-0.98 is small. The average value of E for the first step of
dehydration agrees well with that determined from the isothermal method.
However, high E values for the other two steps do not agree with those
found from either the isothermal or non-isothermal method.

Because in the above method the E value is found to vary with a, an
attempt has been made to determine this parameter from DTA traces at
different heating rates using the following relationships proposed by
Kissinger [7]. Thus when n =1

logl 2| —10g] AR |- __E__ 5
872 |7 °Y E | 23rT, )
and when n # 1

[ b ] AR E
log| — [= 2= Y e
OgLTfn_ log{(E>n(1 Om) } 3ART. (6)

where T, is the DTA peak temperature and o, is the conversion at 7.
In either case, the plot of the left-hand side against 1/7, should yield a
straight line from the slope of which E can be obtained. Figure 3 shows
such plots for the three major endothermic peaks of dehydration obtained
using the STA-409; the corresponding E values are shown in Table 3.
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Although the E values for the first and third steps are more or less in agreement
with those determined from the OFW method, the intermediate step exhibits
a lower value.

It has generally been observed that (1 —a,,) is almost independent of
heating rate and that n(1 — a,,,)” ! tends to become unity. Therefore, the E
value determined by this method is almost independent of » and hence of any
mechanistic model.

Model-dependent methods

The following integral methods have been used to derive kinetic parameters
from the thermograms of nickel chloride hydrate under different experimental
conditions: (1) Horowitz and Metzger (ii) Coats and Redfern, (iii) MacCallum
and Tanner, and (iv) Zsako and Zsako. While methods (i) and (ii) are based
on the integration of eqn. (1) using the generalised expression for f(«) =
(1 — )", methods (iii) and (iv) are applicable for any mechanistic model, both
physical and chemical. It should be stressed here that  is considered as a purely
mathematical parameter for describing the kinetics of a thermally stimulated
process without any chemical significance, although some of the physical
models for decomposition reactions can easily be derived by assuming » =0,
1/2, 1/3, or 1. The basic equations for each method are given below.

(i) Horowitz and Metzger method [8]

l—(1—a)'"] E(Ty—T
log g(a) =10g[ (1 — :) ]= 2_3"}”2 ) (7
When n =1
‘ ET,—T
log g(a) = log[ —In(1 — a)] = _(2_3mﬁ2—2 (8)

where T, is the temperature (in K) for the maximum rate of conversion. The
plot of log g(a) in eqns. (7) and (8) against (7, — T') should give the best linear
fit for the correct value of n. Knowing E and «,, at T,,, the pre-exponential
factor was obtained from eqns. (5) or (6).

(ii) Coats and Redfern method [9]

2(00) AR 2RT E

S jog = - = 9
10g|: T2:| log VB |:1 z :l ) 9)
where g(«) is defined in eqns. (7) and (8).

(iii) MacCallum and Tanner method [10]

AE 449 4+ 217E
log g(cz) = log —bi — 0.483E°%45 — [——_%—‘]

where E is in kcal mol™'; g(«) represents any mechanistic model in its
integrated form.

(10)
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(iv) Zsako and Zsako method [11]. This method is based on the constancy
of the right-hand side of eqn. (2) and is assumed to be valid for any reaction
model represented by g(«); p(x) is obtained from the empirical formula

(11)

—X

[+
PX) =D —d)

L 16
xP+dx +84

For the calculation of p(x), the E value was varied from 1 to 200 kJ mol~!
with intervals of 1kJmol~'. For a particular g(x) value, the standard
deviation ¢ for different values of B in the whele range of p(x) values is
generally minimised as follows [12]

[z - B>
5_[Tj| N ¢ )

In the above equation, B, represents the B value calculated from a single
point in the TG curve, B the arithmetic mean of the individual B, values,
and M the number of experimental points. Zsako and Zsako subsequently
[11] used double minimisation, i.e.

_ Z(B,—E)Z 1/2
o[22

The computations for all the different methods of kinetic analysis were
performed using an IBM-compatible PC-AT computer by writing suitable
programs in BASIC as well as in LOTUS 1-2-3. Each method was made to
process data for 22 kinetic models [13, 14]. Because all the output data
cannot and need not be presented, we have selected here the “best fit”
mechanism for each method based on the highest value of the correlation
coefficient 7. In the case where more than one mechanism gave close vaiues
of r, they are also mentioned for the sake of comparison.

Rate of heating

Table 4 shows the effect of heating rate on the kinetic parameters derived
from TG curves from the STA-409 (Fig. 1). It can be seen that for both the
first and second stages of dehydration (up to « = 0.8) best linear fits are
observed with the F, mechanism. Only at 10°C min~! does an F, or a
first-order growth mechanism show slightly higher values of r by the
methods (ii), (iii) and (iv). The difference in the standard deviation in
method (iv) is so small that F, also appears to be just as applicable as F;.
In the case of method (i), the best fit of a model is considered not only from
the highest value of r but also from the minimum value of the intercept on
the (7, — T) axis, as eqns. (7) and (8) do not include any intercept.
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The results in Table 4 show that for the first stage of the dehydration, the
E value decreases sharply as the rate of heating is increased from 2 to
5°C min~'. From 5 to 20°C min~', there is no regular trend in the variation
of E, suggesting that heating rate has no significant effect on this parameter.
For the second stage of dehydration, E values are generally 15-30 kJ mol ™'
lower than those of the first stage, although the trend in their variation with
heating rate is almost similar to that of the first stage. It may also be noted
that, except for method (i), the E values obtained from the other three
methods show good agreement.

However, for the third stage of dehydration which is better resolved in the
thermograms obtained from the STA-409, diffusion appears to be the main
rate-controlling mechanism. Low values of activation energy suggest that
diffusion takes place through micropores (cracks, fissures, etc.) developed
within the bulk of the crystalline phase. These values are in close agreement
with those obtained isothermally. It can also be seen that for the last stage
of dehydration, comprising a loss of about 13-15%, no single mechanism
gives the best fit of the data, either for all four methods or for all the heating
rates for a particular method. Thus, E values obtained by method (iv) are
considered to be the most representative.

Sample size

Table 5 shows the non-isothermal kinetic parameters with variation in
sample size but at a constant heating rate of 10°C min~"'. Except for method
(iv) which exhibits F, mechanism, the other three methods indicate F, for
the first stage of dehydration of 103.4 mg sample. As the sample size
decreases, all four methods suggest the highest correlation coefficients for
the F, mechanism. However, for the 15.38 mg sample there is some uncer-
tainty with the second stage of dehydration, as more than one mechanism
shows equally good correlation coefficients. Perhaps for small amounts of
sample, diffusion-controlled processes tend to overlap with an interface
growth process. Otherwise, for the second stage of water loss, F, appears to
be the most appropriate mechanism for a wide range of sample size. As
stated in the previous section, no single mechanistic equation can define the
last stage of water loss because of the various complex reactions involved.
However, low apparent E values (15-20 kJ mol~') suggest a predominantly
diffusion-controlled process. It may be noted from the data in Table 5 that
the E values for the first stage of dehydration exhibit a decreasing trend
with increase in sample size. This goes rather contrary to the view that the
increase in ambient pressure of a gaseous product of a reaction tends to
increase the F value. Similarly, for the second stage of dehydration it may
be noted that an increase in sample size has little effect on the E values.
Perhaps for an interface-growth-controlled mechanism, increase in sample
size has little or no effect on the apparent E value.



S.B. Kanungo, S.K. Mishra|Thermochim. Acta 241 (1994) 171-189

184

9L6°0
v1000 STT— 06 - - - - - - - - - ‘d -0s80 0LZ-01T 0t'€01
- - - TEP66'0 YOI $'0T - - - - - - A 1660
86000 STT— 0Ll - - - - - - Y660 ST vLl Y -Ep80  0LT-0ET £2°0S
$86'0
81000 L9'1— 0¥l - - - - - - - - - [V —$S80 0870¢£CT 1§62
- - - 676660 16T— 6'S - - - - - - [V 6860
£0000 $0'T— 000 626660 8L0— I'6 - - - - - - 'a  -¥88'0 067-0LT 8€°S1
o8ers pIyL
¥€00°0  LL'E 08y STE86'0 £S°E €Sk €hLLED  6bE 09F S8I86'0 88'E L'YS 1 8¥8°0
§€00°0 ¥I1°0 07T - - - - - - 80860 8S0 0'8C "I -00L0 00Z-OLE 0v'€01
1000 +0°¢ 0¥ 9THLE'0 TLT €oF TH960 79T 8'0F 1SSL60 1€ L6y 4 9080
17000 CI'0— 0'1¢ - - - - - - 955L60 1t0 v'LT "4 -$99°0 017081 £2°08
££00°0  9S°€ 0'6F 957860  — L9y €59L60  0£'€ I'Ly 0£€860 LL'E £'95 4 8280
£€000  60°0 0€T  £0£860 ST0 8'0C - - - 8TE860  S9°0 6'6C "4 -189°0 0TT-O¥I L§'6C
L1000 CTL'0 0LT S1966°0 610 ¥ - - - - - - 'a
61000 ¥T'1 0€€  LLE660 ¥T'1 vIE  PE066'0 SO’ L'1g - - - 4180
L1000 €0'1— 0’91 - - - - - -~ S£966'0 £T0— 1 4%4 11 8190 0£T-00T 8€°S1
a3els puodg
- - - L3€86°0 16€ £05 - - - - - - Ulg
$9000 TE'L 0'SL - - - - - - - - - 1 9890
69000 SO'S 065 9L£86'0 9SF 8'FS  866L60  99¥ €95 109860 019 059 ' -€€I'0 091011 0F'€01
9£000 Ot'9 0'L9 TIL66'0 +0'9 I't9 ¥IL660  ST9 869 058660 LI'8 9'8L 7190
T€000  SO°S 08 ¥I8660 LL'Y ¥'SS  €9L660  S6 TLS 9£966'0 88'9 1'69 ‘4 -0£00 0ST-08 £2°0S
120000 ¥¥'8 018 098660 91'8 0'6L 9£866'0  6£'8 908 958660 8C0I 6 9 L6S°0
#2000 789 0'0L €7866'0 Lt'9 €L9 $8L660 899 069 979660 LS8 9’18 ‘4 -900 ObI-06 L§°6C
17000 LT'8 0'6L 179660 68'L 6'9L 795660  T1'8 9'8L ¥¥966'0 901 7’66 €90
17000 289 0'0L TE966'0 6F'9 v'L9  $S$66'0  1L9 769 $6£660 916 788 ‘A €200 OvI-08 8€°S1
a3e)s 1811
=S ur _jow y (-Sur o _jou Y -S U _jour [y (S Ul _[ou fy Do
“a 3o ur g 4+ 30 wy 4 30 ur g 4+ y30o uyg  (3pod) ul Sw uw
[opour d3uel aguel azIs
oyesZ pue oyjesz Jouue], pue wnje)deN uIRJpay pue sjeo) 123Z)2]A PUB ZIIMOIOH  oudury 0 ‘dway, ajduwreg

60V-V.LS UISZIN ‘D,01 ‘el Sunesy Q°HX - I[DIN ?ﬂmﬁﬁv»aov [ewnoy) Yy Jo sivowered on‘uai oy uo azis o[dures jo 10044

S dTdVL



185

S.B. Kanungo, S.K. Mishra|Thermochim. Acta 241 (1994) 171189

- - - 0EP66'0  0T'E— 97°€ - - - - - - ‘a 8960 N
W00 087— 0'8 - - - - - - - - - ‘A —0080 087-0¢c  Sumorg

%6°0 e
62000 ObT— 0L 098660 LL1— LTS - - - - - - 'a  -7080 0Lz-02C onelg
a8eis puyL

$8L°0 N
12000 89°€ 005 8LEE6O 19°€ 88 PPI66'0  LSE €6t €PT66'0 80F I'LS ‘A -$65°0 O0IT-081  Sumorg

SP00'0  €9'% 0'8S - - - 677960 It 8'€S  S8696'0 OL't 6'79 9 88L0 e
S¥000  60°1 01€  LOIL60 880 ¥'LT - - - 96960 SS'I §'9€ ‘4 -b6s0  012-08] neg
a3ejs puooag
- - - TEL66O ETH L'ES - - - - - - g (Bwo101)

- - - - - - - - - LSL66'0 LT $'v8 S0 N
LT000 06 065 9TL660 0LV T'LS €19660  +8% $'8S  TSL66'0 OL'9 1L 'd -780°0 091-011  Sumorg
(Bw 666)

650 e
LT000 789 0TL S$HL66'0 €S9 969 889660 0L 01L 8LV660 90'8 L'6L 4 -$80°0 091-0I1 onelg
ageys 181,

(S UL _[ow Y p-S Ul _Jow [y (-S U _[owry _sur | _Jow Yy Do
“a v 3o ur g 4y 3o u g 4y 30 u g 4 y 30 urg  (3pod) ur

[opowt aues aduel jhieling
ojeszZ pur oyesz Jauue] pue wnje)oRA UISJpay pue sjeo) 133Z)3]A] puU®R Z)MOIOH  onaury 0 ‘dwsa]  -uoraug

(- UIW D,0] “ajel Fulledy 'SJUsWUONAUS uaoniu Juimoy pue Ik one)s ur OTHYS'S - YDIN JO UoneIpAysp Jo siojourered J1jaULY [RULIBYIOS]

9 4TdvVL



186 S.B. Kanungo, S.K. Mishra|Thermochim. Acta 241 (1994) 171189
Inert gas flow

The effect of flowing nitrogen environment on the non-isothermal kinetic
parameters of the dehydration of NiCl, - 5.88H,0 is shown in Table 6. It
may be noted that for the first stage of dehydration the mechansim changes
from F, in static air to F, in flowing nitrogen. For the second stage of
dehydration, however, F, appears to be the predominant mechanism in both
environments. This suggests that the second stage of dehydration (loss of
about 1 mole of water) takes place from the solid surface. As expected, the
sweeping out of water vapour from near the surface of the reactant tends to
reduce the activation energy of the process. Under this circumstance, the
rate is predominantly controlled by diffusion of water vapour through the
product layer and becomes independent of temperature.

Kinetics of decomposition of the salt above 500°C

The TGA curves of nickel chloride hydrate in the temperature range
500-600°C represent the complex decomposition of the salt to NiO. This
step consists of several reactions, including rehydration of the anhydrous
salt, dehydrochlorination and dechlorination. Consequently, the kinetic
parameters derived for this step are not unique for a particular reaction.
However, non-isothermal kinetic parameters have been determined for this
step mainly to compare the results with those obtained by isothermal
decomposition above 500°C.

The results in Table 7 show that the kinetics of this step in static air
appears to be controlled by more than one process, namely diffusional mass
transport and progress of reaction interface. However, the isothermal
method suggests the interface-progress-controlled mechanism with an order
of 1/3 (F,;3) and the apparent E value corresponds closely with those
obtained by TGA using 100 mg of sample. Here also, the Horowitz and
Metzger method shows a higher E value than the other three methods.

In flowing nitrogen environment, the diffusion process (D,) seems to be
the most appropriate rate-controlling step (see Table 7). However, unlike
the decomposition in static air, the E value tends to increase by about 1.5
times with the increase in sample size from 73.0 to 101.0 mg. As expected,
the E value tends to decrease because of the faster interface growth and,
consequently, the diffusion of gaseous product from within the pores
becomes rate controlling.

Selection of the suitable method for determination of kinetic parameters
from non-isothermal TGA

The mechanism of the major portion of the thermal dehydration of
NiCl, - xH,O has been established to be F, by both isothermal and non-
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TABLE 8

Standard deviations for the variation in the kinetic parameters with experimental conditions for the
different methods of kinetic analysis

Methods of  Effect of heating rate Effect of sample size

kinetic _—

analysis First step of Second step of First step of Second step of
dehydration, dehydration, dehydration dehydration
model F, model F, _— _——

Model F, Model F, Model F,

E log(A/s™") E log(d/s™")y E log(A/s™') E log(A/s™") E log(A/s™")

Horowitz 3.182 1.468 9.65 1375 10.780 1.428 10.820 1.334 3.443 0.399

and Metzger

Coats 7952 2.118 10.371 1.475 7.140 1.100 8.030 1.165 3.365 0.457

and Redfern

MacCallum  7.760 1.673 11.450 1.261 7.077 1.051 8.065 1.154 3364 -

and Tanner

Zsako 11.350 3.035 10.532 1452 6.652 1.022 6.191 0.921 2.646 0.376

and Zsako

isothermal methods. In the case of small sample sizes, because the rate of
growth of the interface is slower than the rate of evaporation of water, the
kinetic mechanism varies between F, and F,. At temperatures higher than
the boiling point of water, the rate of evaporation of water from the freshly
crystallised solid surface is so rapid that the diffusion of water molecules
through the product layer becomes rate controlling. The kinetic parameters
obtained from the four different methods of non-isothermal kinetic analysis
are close enough, despite the different assumptions on which they are based.
However, a minimum of variation with change in experimental conditions is
one of the deciding factors for selecting the most suitable method. Conse-
quently, the standard deviations of the results obtained by each method with
variation of either heating rate or sample size are shown in Table 8. It can

be noted that as far as the rate of heating is concerned, the Horowitz and
Metzger method shows the minimum deviation for both the first and second
stages of dehydration. When sample size is varied, the Zsako and Zsako
method shows the minimum deviation, irrespective of the mechanism and
therefore, this is the most suitable method for both the first and second steps
of dehydration. The third, final step of dehydration is not considered, as no
definite model-based mechanism is applicable to it.
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