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Abstract Thermal behavior of various synthesized tran-
sition metal surfactant complexes of the type [M(CHj;
C00),]*"[C1,H,sNH;3 ], where M: Cu(II), Ni(II), Co(II)
has been investigated using Thermogravimetric Analysis
(TGA). It was found that pyrolytic decomposition occurs
with melting in metal complexes, and that metal oxides
remain as final products. The activation energy order
obtained, Ec, > Enj; > Eco, could be explained on the
basis of size of transition metal ion and metal ligand bond
strength. In the course of our investigation on the decom-
position of complexes, we carried out a comparative study
of different measurement and calculation procedures for
the thermal decomposition. A critical examination was
made of the kinetic parameters of non-isothermal thermo-
analytic rate measurement by means of several methods
such as Coats—Redfern (CR), Horowitz—Metzger (HM),
van Krevelen (vK), Madhusudanan—Krishnan—Ninan
(MKN), and Wanjun—Yuwen-Hen—Cunxin (WYHC). The
most appropriate method among these was determined for
each decomposition step according to the least-squares
linear regression. It was found that the results obtained
using CR method differ considerably from HM method, as
the former method involves a lot of approximations and is
not much reliable. The application of thermoanalytic
techniques to the investigation of rate processes has also
been discussed.
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Introduction

The ever-increasing demand for new materials and tech-
nology [1, 2] has encouraged the development and study
of a new class of amphiphiles, i.e., metallosurfactants.
The molecular design of metallosurfactants can be created
as desired. The facility to synthesize complexes with
various hydrophobic chains and head group (metal ions)
provides great flexibility in tailoring the amphiphiles to
have specific physical architecture and chemical func-
tionalities. It finds numerous potential applications in
various areas including templating of mesoporous mate-
rials [3, 4], thin-film devices [5], interfacial photophysics,
and both homogeneous as well as heterogenous catalysis
[6-10]. While their aggregation properties have been
examined extensively, thermal properties of such metal
complexes have not been reported in the literature, till
date. There clearly remains a great amount to be inves-
tigated in this area as thermal properties have crucial
importance in materials science.

The study of reaction kinetics dates back to as early as
1889 when the much celebrated formula for the tempera-
ture dependence was proposed by Arrhenius. Research in
the field of reaction rates led to the award of the first Nobel
Prize in chemistry (1901) to J. H. van’t Hoff. Kinetic
studies do not only predict thermal decomposition mech-
anisms, but also the data obtained are extremely important
in designing such devices where thermal decomposition
takes place. The postulation of kinetic equations is based
on the knowledge of the mechanism, and kinetics is the
starting point to postulate mechanisms for the thermal
decomposition.

A simple parameter such as value of the activation
energy can give an idea about the optimum reaction con-
ditions in process chemistry, thermal stability, and the
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expected lifetime of a compound to be kept at a certain
temperature. The activation energy of the thermal decom-
position reaction is an indication of the relative bond
strengths within the molecules studied and can be related to
vibrational frequencies determined from IR and Raman
spectroscopy. Therefore, this area has gained much atten-
tion of the researchers in the recent past. Takahashi
et al. [11] have investigated the thermal stabilities of the
Ni(I)-complexes with 4-iodopyrazole. Kinetic analysis of
thermal decomposition of some Cobalt complexes of
unsymmetrical vic-dioximes ligands have been carried out
by Sahin et al. [12] using various thermoanalytical methods.

Thermogravimetry (TG) is the most commonly used
technique for thermal analysis. Thermogravimetric analysis
(TGA) measures mass or weight loss as a function of time
and temperature to determine kinetic parameters which
involves both thermal and isothermal techniques [13].
Isothermal techniques involve introducing the sample into
a furnace held at constant temperature and observing mass
change with time. Non-isothermal studies involve heating a
sample in an apparatus, at a constant heating rate, and
continually weighing it to develop a mass versus time
curve. Once a mass (or conversion) versus time curve has
been generated using the TGA, the particular method of
determining the activation energy can lead to differing
results. Data from isothermal experiments are traditionally
plotted in the form of the natural log of the reaction
coefficient against the inverse of temperature. This method
linearizes the data, and the kinetic parameters can then be
determined from the slope and intercept of the resulting
linearized equation. Traditional non-isothermal experi-
ments also involve linearizing an equation in some manner
and fitting the resulting straight line. In addition, it enables
one to determine the apparent kinetic parameters of reac-
tions (the reaction order n, the activation energy E, and the
frequency factor A). Considerable attention is paid to the
kinetic parameters’ calculation from TG curves. New cal-
culation methods are still being published [14, 15]. We
tested several determination methods for the activation
energy on the transition metal complexes.

Fig. 1 Graphical representation
of metallosurfactant
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The present communication describes the thermal
decomposition studies (TG, DTG, and DSC) of surfactant
metal complexes and its comparison with the conventional
organic surfactant. Various kinetic parameters of the ther-
mal decomposition have also been determined by means of
five different non-isothermal methods, namely, Horowitz—
Metzger, Coats—Redfern, Madhusudanan—Krishnan—Ninan,
Wanjun—-Yuwen-Hen—Cunxin, and van Krevelen. A plau-
sible decomposition mechanism for the metal surfactant
complexes has also been proposed based on the TG/DTG
curves obtained.

Experimental

All materials were commercially available and of analytic
grade unless stated otherwise.

Sample preparation

Metallosurfactants of the type, [M(CH;COO0)4]*"[C,Has
NH;],, where M: metal ion (Fig. 1) were synthesized by the
literature procedure [16]. The synthesis was carried out in
two steps. The reaction scheme involved the preparation of
dodecylamine acetate by reacting equimolar quantities of
dodecylamine and acetic acid with continuous stirring. In the
subsequent step, dodecylamine acetate and metal acetate
were refluxed in ethanol in desirable amount for approxi-
mately 2 hto get the required metal—surfactant complex. The
reactions taking place are as shown in Scheme 1. The com-
plexes were further recrystallized in dichloromethane—ethyl
acetate mixture and stored in vacuum desiccators till further
use. The full characterization of compounds will be descri-
bed elsewhere.

Instrumentation

Simultaneous TG-DTG-DSC curves were obtained with
thermal analysis system; model SDT Q-600, from TA
The purge gas was

Instruments. nitrogen flow of
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C,,H,,NH, + CH,COOH —> C,H,,NH;CH,C00" 0

M(CH,C00),+2C,,H,,NH{CH,COO —[M(CH,C00),1*[C,,H,,NH}], )
where M: Co(Il), Ni(Il), Cu(II)

Scheme 1 Synthesis of metal-surfactant complexes

100.0 mL min~'. A heating rate of 10 °C min~' was

adopted, with samples weighing about 10.0 mg. This
technique consists of heating the sample to a given tem-
perature at a fixed heating rate (f3). So, in a TG experiment,
the instrument typically registers hundreds or thousands of
experimental points that can be used for kinetic analysis of
the reaction. Alumina crucibles were used for recording the
curves.

Results and discussion

TGA was employed to monitor the thermal behavior of the
metal surfactant complexes and to determine various
kinetic parameters of thermal decomposition, such as
activation energy (E), frequency factor (A), enthalpy (AH),
Gibbs free energy (AG), entropy (AS) etc.

Thermal behavior
Dodecylammonium acetate

The thermal behavior of the dodecylammonium acetate
surfactant as synthesized in the first step of metallosurfac-
tant preparation (Scheme 1) has been summarized in Eq. 3.
The TG/DTG/DSC superimposed curves for (Fig. 2)
C12H25NH3+CH3COO’indicate that the decomposition
process took place in a single step, which can be reduced to

100 DTG
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Fig. 2 TG/DTG/DSC superimposed curves of C12H25NH3+CH3COO*
at 10 °C min™"

C12HpsNH; CH;COO™ (s) — C1aHpsNH,(g)
+ CHyCOOH(g) 3)

The entire surfactant gets decomposed to gaseous state
by 190 °C, in a single step without leaving any residue.
Dialkylammonium salts investigated by Ouriques et al.
[17] show decomposition behavior similar to that observed
with dodecylammonium acetate (Fig. 2).

Surfactant metal complexes

The TG traces of the surfactant metal complexes show high
thermal stability. The Co(II), Ni(IT), and Cu(Il) complexes
of surfactant show transition temperatures at 201, 230, and
224 °C, respectively. The decomposition of all the transi-
tion metal complexes is almost similar.

Primarily, two major mass loss regions have been
observed: the first region between room temperature and
approximately 250 °C is associated with the breakdown of
complex and the decomposition of quaternary ammonium
structure. The second mass loss step involved the decom-
position of metal acetate to metal oxide which formed the
composition of the final product. However, the TG trace of
nickel surfactant complex (Fig. 3a) indicates the presence
of multiple decomposition steps suggesting the formation
of quite stable intermediates. TG results obtained experi-
mentally are in excellent agreement with the calculated
values as summarized in Table 1.

The DSC curves for the complexes prepared exhibit an
endothermic process initially. The area of endothermic
peak corresponds to heat of fusion and the peak tempera-
ture corresponds to melting point. Multiple peaks have
been observed after melting point transition, an exothermic
peak followed by an endothermic. These peaks relate to
complex solid—gas—solid reactions involving probably the
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Fig. 3 a TG traces and b DSC curves for the metal surfactant
complexes
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Table 1 TGA analysis for different decomposition steps of all the
metal surfactant complexes

Complex Transition Mass loss/%
temperature/°C
Calculated observed
Copper 201 72.3 72.7
285 88.2 90.9
Nickel 230 55.5 56.5
278 73.5 74.4
347 88.2 90.9
Cobalt 224 66.0 66.2
327 88.8 90.6

production of volatile or gaseous products depicted in
Scheme 2.

Plausible Mechanism for the thermal decomposition is
as follows:

[M(CH,C00),]1*[C,,H, NH(s) = 2C,H,.NH, (g)

+2CH,COOH(g) + M(CH,COO), (s) @
M(CH,C00), (s) — CH,COCH, (g) + MCO, (s) )
MCO, (s) — MO(s) + CO, (g) ©)

Scheme 2 Thermal decomposition mechanism for metal-surfactant
complexes

Kinetic consideration and calculation procedure:In
general, the rate constant, k of a solid-state reaction is
given by the formal kinetic equation:
do s
T =k (x) = Ac Hf(2) )

t
where « is the fractional reaction; ¢, is time; A is the pre-
exponential factor; E is the activation energy; R is the gas
constant; 7 is temperature in Kelvin, and f{x) is the kinetic
function, which takes different forms depending on the
reaction rate equation [18]. In isothermal kinetic studies, the
rate equation used to calculate the rate constant has the form:
8(a) = kt (8)

[o.¢]

where g(a) = ]% is obtained by the integration of f(c).

However, non%isothermal methods are becoming more
widely used because they are more convenient [19].

In non-isothermal kinetics, the time dependence on the
left side of Eq. 7 is eliminated using a constant heating rate
p = dT/dt, so that T = T, + f§, where T is the starting
temperature, and ¢ is the time of heating. With the use of
integral methods of analysis, Eq. 7 may be written as

T

g(a) :%/e_E/RTdt 9)

To
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Considering that reaction rate is negligible at low
temperatures, integration of this equation leads to Doyle’s
equation [20]:

T 00
o) =75 [ = [ Srn=r (10)
To 0

where u = E/RT, and x is the corresponding value of u at
which a fraction of material has decomposed. This equation
has been reformulated as

AE
——_—B

Ing(e) —InP(x) = RE—

(11)
where B is a constant for a particular reaction at a con-
stant heating rate. The integral function P(x) is not defi-
nite; it may be written in an expanded form and estimated
using a procedure of trial-and-error type involving
iteration.

In this study, analysis of non-isothermal data has been
performed using the approximate computational approa-
ches due to Coats—Redfern [21], Horowitz-Metzger [22],
Madhusudanan—Krishnan—Ninan [23], van Krevelen [24]
and Wanjun—Yuwen—Hen—Cunxin [25]. Integral methods
are often more reliable and generally preferred than
imprecise differential methods of kinetic analysis.

In the Coats—Redfern method [21], the function g(«) is
approximated to the form

ART? 2RT
= 1 — | E/RT 12
s =201 - 2] (12)
The equation has been written in the form:
g(o) AR 2RT E
S A/ P § Rl 13
" BE E | Trr (13)
The quantity ln%[ — 2RT] s reasonably constant for

most values of E and over the temperature range in which
most reactions occur. However, both E and A could vary
with the experimental heating rate.

o 1—(1—06)1*”_10 AR[ | _2RT E
8=~ %BE E |~ 2.303RT
forn #1 (14)
—log(1 — ) AR 2RT E
—log—2 Y gt o1 - -
BT % E |~ 2303RT
forn=1 (15)

A graphical representation of the left-hand side of the
above equations against 1/7T gives a straight line with
inclination —2.303E/R and the intercept yields value of A.

In the Madhusudanan method [23], the equation used
has the form:
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g(x) AR
—InoTose =~ lnB—E +3.7678 — 1.9206 In E

E
~0.12040 — (16)
RT

where the symbols have their usual significance. Similar
equations were obtained using methods of Wanjun—
Yuwen—-Hen—Cunxin and the van Krevelen with different
approximations: Wanjun—Yuwen—Hen—Cunxin method [25]

8(a) AR
~Ingige =~ Ingp +3.6350 — 1.8946InE
—~ 1.0014% (17)

van Krevelen method [24]

A(0.368/ T, E,
Ing(a) =In| ————— | + ( —|—1> InT (13)
( Bt + 1) ) R,

Horowitz—Metzger [22], introduced a parameter
such that, T = T, + 0. If the reaction order is 1, then T},
is defined as the temperature at which (1 — o), =
1/e = 0.368 and the final expression takes the form:

EO
RT?

Inlng(a) = (19)

A plot of In g(«) versus 0 can yield activation energy.
In the equations above, o, g(®), B, Tm, E, A, and R are the
degree of reaction, integral function of conversion,
heating rate, DTG peak temperature, activation energy
(kJ molfl), pre-exponential factor (minfl), and gas constant
(8.314 T mol 'K "), respectively. The kinetic parameters
were calculated from the linear plots of the left-hand side of
kinetic equations (Eqgs. 14—17) versus 1/T. For van Krevelen
equation (Eq. 18), the left-hand side is plotted versus In
T. The values E and A were calculated from the slope and
intercept of the straight lines, respectively. In this study, the
above several methods based on a single heating rate were
used in the thermal analysis.

Analysis for dodecylammonium acetate

The representative linearization curve of the decomposition
step obtained using the least squares method by Coats—Red-
fern method has been presented in Fig. 4. From the TG/DTG
curves, the activation energy, E, of the decomposition for
dodecylammonium acetate has been elucidated and com-
pared with metal surfactant complexes (Table 2). The kinetic
data obtained by different methods agree with each other.

Analysis for surfactant metal complexes

The kinetic result of TG and DTG evaluations by
employing different methods for all the complexes

°  Experimental point
- Linear fit

In(=In(1- )/ T?)

1 1 1 1

2.20 2.25 2.30 2.35 2.40 2.45
Tx 103K

Fig. 4 Representative linearization curve for dodecylammonium
acetate by Coats—Redfern method

synthesized has been presented in Table 2. The represen-
tative linearization curves for the nickel surfactant complex
obtained by all the five methods have been shown in Fig. 5.
The best linearity, corresponding to the maximum value of
the correlation coefficient has been chosen for all the
models. The results indicate that the values of all the
methods are comparable.

The various kinetic parameters AH, AS, and AG of the
complexes can be calculated using Eqgs. 20-22, once E has
been determined [26].

Ah
AS = 2.303log {kT} R (20)
AH =E —RT (21)
AG = AH — TAS (22)

where A is Planck constant, T is temperature in K, A is
Arrhenius constant or frequency factor, and k represents
Boltzmann constant. The results of TG and DTG evalua-
tions for kinetic parameters have been presented in
Table 3.

The value of reaction order, n, is around 1 for decom-
position of all the complexes synthesized. Based on the TG
traces, it can be elucidated that nickel complex is thermally
the least stable out of all the complexes, which is in
accordance with the studies observed previously in the
literature [27]. The kinetic parameters thus calculated, are
also helpful in assigning the bonding strength of the ligand
moieties with the metal ion. In general, the smaller the
metal ion, the greater is the metal-ligand bond energy. The
activation energy of transition metal complexes is expected
to increase proportional to the decrease in their radii. A
smaller size of Cu(Il) (r%i{ = 70 pm) permits a closer
approach of ligands as compared to Ni(Il) (rﬁﬁ+ = 72 pm)
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Table 2 Calculation of activation energy and regression coefficients using different methods

Surfactant complex Horowitz—Metzger ~Coats—Redfern

Madhusudanan— Wanjun—Yuwen-Hen— van Krevelen

Krishnan—Ninan Cunxin
E/kJ mol™" R E/KJ mol™" R E/kJmol™" R E/kI mol™" R E/KJ mol™" R

Dodecyl ammonium acetate 101.0 0.9971 105.6 0.9892 102.2 0.9985 104.2 0.9996  106.2 0.9993
Copper 94.06 0.9988 76.88 0.9969 77.77 0.9974 77.83 0.9974 87.36 0.9992
Nickel 57.57 0.9817 29.42 0.9946  29.65 0.9929 29.72 0.9846 41.94 0.9880
Cobalt 50.68 0.9984 33.37 0.9863 33.75 0.9866 33.72 0.9866 40.32 0.9954
Fig. 5 Linearization curves — -8 -8

obtained by (a) Coats—Redfern —10-(?) D (b) (c)

(CR), (b) Madhusudanan—
Krishnan—Ninan (MKN),

(¢) Wanjun—Yuwen—Hen—
Cunxin (WYHC),

(d) Horowitz—Metzger (HM),
and (e) van Krevelen (vK)
methods

1820222426283032

1820222426283.032 1820222426283032

1T x 107K
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Table 3 Thermodynamic decomposition parameters for the metal surfactant complexes

Complex E/KJ mol ™! Afmin™! AG/KJ mol ™! AH/KJ mol ™ AS/T mol~' K™
Dodecylammonium acetate 105.6 1.33 x 10" 109.55 101.97 —16.02
Copper 76.88 1.28 x 10® 117.31 72.94 —93.61

Nickel 29.42 3.10 x 10? 126.64 25.24 —201.6

Cobalt 33.37 537 x 107 131.26 29.24 —196.96

and Co(II) (rég = 74 pm) [28]. Hence, the E value for the
Cu(II) complex is higher than that of Ni(I) and Co(II), and
can be placed in descending order as
Ecy = 94.06 kJ mol™' > Ey; = 57.57 kJ mol™! > E¢,

= 50.68 mol !

From the above, we could infer that thermal decom-
position of metal surfactant complexes to metal oxides
proceeds via the breaking of metal ligand bond. The
complexes show negative entropy values which indicate
that the complexes under study have more ordered structures
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than the reactants and the reaction rates are slower than
normal.

Another interesting feature observed was that the acti-
vation energy of thermal decomposition decreased con-
siderably on complexation of dodecylammonium acetate to
the metal ion. This may be attributed to the fact that the
metal ligand coordinate bond present in metal surfactant
complex responsible for thermal decomposition is weaker
than the ionic bond existing in dodecylammonium acetate.
Hence, lesser energy is required by surfactant metal com-
plexes for bond breakage and decomposition.
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Conclusions

The surfactant metal complexes synthesized [M(CHj
COO)4]2_[C12H25NH3+]2 with different transition metals,
Cu(II), Ni(Il), Co(II) decompose by a two-step process to
yield metal oxide as residue. Thermal stabilities of the
complexes follow the order Ni(Il) < Co(Il) < Cu(Il) with
Cu(I) complex displaying the highest stability. Five dif-
ferent methods have been utilized to calculate the thermal
behavior and the kinetic parameters of thermal decompo-
sition in non-isothermal conditions. Thermodynamic
parameters have been estimated, and the activation energy
follows the order: Cu(Il) > Ni(II) > Co(II). Another impo-
rtant finding is that the metal counterpart of organic sur-
factant (dodecyl ammonium acetate) possesses lower acti-
vation energy, which may be due to the weakening of bond
strength upon changing from ionic bond to coordinate bond
due to complexation. Consequently, it is concluded that the
relationship between radius of the metal ion and the coor-
dination of the metal ion to ligand is responsible for thermal
stabilities of the metal complexes. This study provides key
insights into the chemical decomposition pathways that are
important during decomposition of transition metal com-
plexes and provides data critical for refining existing and
developing new applications.

Acknowledgements SKM and RK are thankful to the Department
of Science and Technology (DST) and the Council of Scientific &
Industrial Research (CSIR), India for granting them with the financial
assistance and fellowship.

References

1. Donnio B. Lyotropic metallomesogens. Curr Opin Colloid
Interface Sci. 2002;7:371-94.

2. Torres GR, Agricole B, Mingotaud C, Ravaine S, Delhaes P.
Hybrid organic—inorganic langmuir-blodgett films starting from
colloidal prussian blue solution. Langmuir. 2003;19:4688-93.

3. Jervis HB, Raimondi ME, Raja R, Maschmeyer T, Seddon JM,
Bruce DW. Templating mesoporous silicates on surfactant
ruthenium complexes: a direct approach to heterogeneous cata-
lysts. Chem Comm. 1999;2031-32.

4. Danks MJ, Jervis HB, Notwotny M, Zhou W, Maschmeyer TA,
Bruce DW. High-activity heterogeneous catalysts prepared in one
step from the mesophases of metallosurfactants. Catal Lett.
2002;82:95-8.

5. Chu BWK, Yam VWW. Synthesis, characterization, langmuir—
blodgett film-forming properties, and second-harmonic-genera-
tion studies of Ruthenium(Il) complexes with long hydrocarbon
chains. Inorg Chem. 2001;40:3324-9.

6. Kimura E, Hashimoto H, Koike T. Hydrolysis of lipophilic esters
catalyzed by a zinc(ii) complex of a long alkyl-pendant macro-
cyclic tetraamine in micellar solution. J Am Chem Soc.
1996;118:10963-70.

7. Hay RW, Govan N, Parchment KE. A metallomicelle catalysed
hydrolysis of a phosphate triester, a phosphonate diester and
o-isopropyl methylfluorophosphonate. Inorg Chem Commun.
1998;1:228-31.

8. Weijnen JGJ, Koudijs A, Engbersen JFJJ. Carboxylic and phos-
phate ester hydrolysis catalysed by bivalent zinc and copper
metallosurfactants. Chem Soc Perkin Trans 2. 1991;8:1121-6.

9. Manabe K, Mori Y, Wakabayashi T, Nagayama S, Kobayashi S.
Organic synthesis inside particles in water:# lewis acid-surfac-
tant-combined catalysts for organic reactions in water using
colloidal dispersions as reaction media. J Am Chem Soc.
2000;122:7202-7.

10. Goedheijt MS, Hanson BE, Reek JNH, Kamer PCJ, van Leeuwen
PWNM. Accelerated biphasic hydroformylation by vesicle for-
mation of amphiphilic diphosphines. ] Am Chem Soc. 2000;122:
1650-7.

11. Takahashi PM, Frem RCG, Netto AVG, Mauro AE, Matos JRM.
Thermal studies on nickel(II) 4-iodopyrazole complexes. J Therm
Anal Cal. 2007;87:797-800.

12. Sahin O, Tas E, Dolas H. Kinetic analysis of thermal decompo-
sition of some co-complexes of three unsymmetrical vic-dioxi-
mes ligands. J Therm Anal Cal. 2007;89:123-31.

13. Hillier J, Bezzant T, Fletcher TH. Improved method for the
determination of kinetic parameters from non-isothermal thermo-
gravimetric analysis (TGA) data. Energy Fuels. 2010;24:2841-7.

14. Madarasz J, Pokol G, Gal S. Application of non-linear regression
methods for the estimation of common kinetic parameters from
several thermoanalytical curves. J Therm Anal Cal. 1994;42:
539-50.

15. Lapides IL. Evaluation of kinetic parameters from a single TG
curve based on the similarity theory and process symmetry.
J Therm Anal. 1997;50:269-77.

16. Badawi AM, Mohamed AS, Mohamed MZ, Khowdairy MM,
Mekawi MA. Surface and biological activity of some novel cat-
ionic surfactants. J Surfact Deterg. 2007;10:243-55.

17. Ouriques HRC, Trindade MFS, Conceicio MM, Prasad S, Filho
PFA, Souza AG. Kinetics of decomposition of alkylammonium
salts. J Therm Anal Cal. 2004,75:569.

18. Obaid AY, Alyoubi AO, Samarkandy AA, Al-Thabaiti SA, Al-
Juaid SS, El-Bellihi AA, Deifallah E1 HM. Kinetics of thermal
decomposition of copper(I) acetate monohydrate. J Therm Anal
Cal. 2000;61:985-94.

19. Chen D, Gao X, Dollimore D. Computer programs for kinetic
analysis of non-isothermal thermogravimetric data. Analytical
Instrumentation. 1992;20:137-52.

20. Doyle CD. Series approximations to the equation of thermo-
gravimetric data. Nature. 1965;207:290-1.

21. Coats AW, Redfern JP. Kinetic parameters from thermogravi-
metric data. Nature. 1964;201:68-9.

22. Horowitz HH, Metzger G. A new analysis of thermogravimetric
traces. Anal Chem. 1963;35:1464-8.

23. Madhusudanan PM, Krishnan K, Ninan KN. New equations for
kinetic analysis of non-isothermal reactions. Thermochim Acta.
1993;22:13-21.

24. van Krevelen DW, Van Herden C, Huntjons FJ. Physiochemical
aspects of the pyrolysis of coal and related organic compounds.
Fuel. 1951;30:253-61.

25. Wanjun T, Yuwen L, Hen Z, Cunxin W. New temperature inte-
gral approximate formula for non-isothermal kinetic analysis.
J Therm Anal Cal. 2003;74:309-15.

26. Sekerci M, Yakuphanoglu F. Thermal analysis study of some
transition metal complexes by TG and DSC methods. J Therm
Anal Cal. 2004;75:189-95.

27. Arshad M, Rehman S, Khan SA, Masud K, Arshad N, Ghani A. A
thermal analysis study of 1,2-dipiperidinoethane complexes of
cobalt, nickel, copper, zinc and cadmium by TG-DTG-DTA
techniques. Thermochim Acta. 2000;364:143-53.

28. Arslan H, Kulcu N, Pekacar Al. Thermal decomposition kinetics
of anilino-p-chlorophenylglyoxime complexes of cobalt (II),
nickel (II) and copper (II). Turk J Chem. 2003;27:55-61.

@ Springer



	Thermogravimetric evaluation of decomposition kinetics of metal surfactant complexes
	Abstract
	Introduction
	Experimental
	Sample preparation
	Instrumentation

	Results and discussion
	Thermal behavior
	Dodecylammonium acetate
	Surfactant metal complexes

	Analysis for dodecylammonium acetate
	Analysis for surfactant metal complexes

	Conclusions
	Acknowledgements
	References


