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Abstract

Thermal dehydration and decomposition processes of some intercalation compounds were studied by simultaneous TG/DSC and evolved
gas analysis (EGA)y-Zirconium andy-titanium phosphates were intercalated with 1,10-phenanthroline and subsequently reacted with
copper ions to form the complex in situ. Reaction mechanisms for thermal decomposition of all the materials were investigated and proposed
according to the mass losses recorded by TG and confirmed by EGA (TG-FTIR). The Ozawa—Flynn—-Wall isoconversional method provided
dependencies of activation energy on the degree of conversion. A “single point” model-free method was also applied using Kissinger equation
and the derived results were compared to those of the former method.
© 2005 Elsevier B.V. All rights reserved.

Keywords: lon-exchangers; Intercalation compounds; Copper—phenanthroline complex; TG-DSC; X-ray powder diffraction; Ozawa—Flynn—Wall method;
Kissinger method; TG-FTIR; EGA

1. Introduction To the best of our knowledge, no relevant information is
available on the decomposition kinetics of phen intercalated

Inorganic ion-exchangers with a layered structure belong- as such or as a complex in these materials. The aim of this

ing to the class of acid phosphates of tetravalent elementsinvestigation is to show the influence of the exchanger on the

[Me(IV)(HPOy)2-nH20; Me =Zr, Ti, Snjn=1, 2,...] are of thermal stability of the phenCu complex as well as to study

interest due to their ability to exchange transition metal ions the dehydration and decomposition processes for all the mate-

(t.m.i.) [1] and to intercalate organic molecules between the rials. The mechanisms of these processes were obtained by

layers[2]. Organic intercalation materials can co-ordinate simultaneous TG/DSC techniques, and the activation energy

t.m.i. to obtain complexes formed in situ between the layers was determined by means of two model-free methods, the

of the materia[3]. These materials have potential applica- isoconversional Ozawa—Flynn—Wall (OFW) and the single

tion in the heterogeneous catalysis due to its chemical andpoint Kissinger method.

thermal stabilityf4]. The most studied are the gamma phases

of zirconium phosphate [y-Zr(PA(H2POy)-2H20 (y-ZrP)]

and titanium phosphate [y-Ti(RH2POy)-2H20 (y-TiP)]. 2. Theory

These materials are able to intercalate 1,10-phenanthroline

(phen) and subsequently to exchange copper ions to give Heterogeneous solid-state reactions can empirically be

phenCu complex formed in si{B]. described by a single-step kinetic equation
* Corresponding author. Tel.: +39 06 49766906; fax: +39 06 49766749. dioz = k(T) f () (1)
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wheret is the time, T the temperaturey the extent of conver- Kissinger[16,17] and otherg18,19] have found that the
sion and{«) is the reaction model. Mathematical expressions peak temperature is a function of the heating rate through the
for several functional forms of the reaction modék), are following (pseudo) first-order reaction:

given in refs[6-8]. Replacing(7) with the Arrhenius equa- B _E AR

[ i n{=S)]=—+In{— 6

tion gives n (Tn%) RT ( z ) (6)
o4 exp<_E> f(@) ) whereTn, is t_emperature that_cor_responds to the maximum
dr RT of do/dT. This “model-free” kinetic method can be applied

as areasonable approximation regardless of order, providing
a singlekE value. For this reason, it is often defined as “sin-

stant. For non-isothermal experiments carried out with linear gle point” method. If the reaction proceeds under conditions

heating rate, the reaction rate de/dn Eq. (2) is replaced where thermal equilibrium is always maintained, then a plot
with B(de/dT) 'giving of In(8/T?2) versus 1/% gives a straight line with a slope

equal to—EIR.
da A —E
G- (5) e0(r) r@ @

Force-fitting experimental data to different model func-
tionsf{(«) is denoted as model-fitting methdds8]. After the 3.1. Chemicals
) model has been selected from the best linear fit (assumed i ) L )
linear a priori) for a series of temperaturé7) is evalu- The copper acetate, zirconyl chIonQe, titanium oxide,
ated. Model-fitting methods can be misleading, especially in Phosphoric acid and 1,10-phenanthroline were purchased
the case of non-isothermal experiments at single heating ratd €29ent grade from Aldrich and used without further purifi-

because they do not provide independent information on both cation.
k(T) andf(«). Several{«) models can fit data with Arrhenius 32 Materials
parameters that can vary remarkaf@y10]. - '

Model-free isoconversional methods allow for estimating -ZrP andy-TiP were prepared as reported29,21]. The

the ag:'uvatlon energy as a funct|onc_ofN|thout choosing th? intercalation compounds obtained with 1,10-phenanthroline
reaction model. The basic assumption of these methods 'Sthaty-Zerhen andy-TiPphen) were prepared as reported in

the reaction rate at constant extent of conversiaepends literature[22,23]. The copper complexes formed in situ (y-
only on the temperatufé1]. Hence, constarit values can be ZrPphenCu and-TiPphenCu) are prepared as reported in
expected in the case of single stage decompositions, whilefor[5]. Intercalation of phen and formation of phenCu complex
multi_—step prqces_selévarie; witho due to the variation in thg between the layer of the exchanger evidenced by X-ray pho-
:izt[l\llg] contributions of single steps to the overall reaction toelectron spectroscopic measurementi2i are outlined
Among the model-free isoconversional methods that use nFig. L.
linear procedures (in which kinetic parameters are derived
from the slope of straight lines) one of the most reliable is
the Ozawa—Flynn-Wall methdd3,14]. According to this
method, which is based on an integral form of Eb), for
a set of non-isothermal TG experiments carried out at dif-
ferent constant heating ratgsthe activation energy at any
particular value of is determined by the following equation:

whereA (the pre-exponential factor) and (the activation
energy) are the Arrhenius parameters &nid the gas con-

3. Experimental

3.3. Physical measurements and chemical analysis

Copper ions were determined in the supernatant solutions,
before and after contact with the exchangers with a GBC 903
A.A. spectrophotometer.

Phosphates were determined colorimetricfdly]. Water
and the diamine contents and the thermal behavior of the

AE E materials were determined with a simultaneous TG/DTA
(In ), ~In (R) — Ing(e) — 5.3305— 1'052<RT> Stanton Redcroft 1500 thermoanalyzer, Pt crucibles, heat-
* 4 ing rate 10C min~1, calcined up to 1100C to constant
weight in an airflow. X-ray powder diffraction (XRPD) was
from the slope of the straight line obtained by plottinggin  ysed to study phase changes in the materials by monitoring
versus 1/7. Errors may be introduced into the calculation of the 4 reflection and its harmonics. A Philips diffractometer
activation energy from Ed4) by the fact that Doyle's linear  (model PW 1130/00) was used with Ni-filtered Cu Kadi-
approximation ation (A= 1.541A).
In p(x) ~ —5.3305— 1.052¢ (5)
3.4. TG/DSC and EGA measurements
wherex =E/RT is valid only in the range 28 x < 60. Cor-
rections of the temperature integpdk) due to non-linearity The TG/DSC experimental measurements were carried
of Eq. (5) have been proposé4it5]. out on a Stanton Redcroft 625 simultaneous TG/DSC con-
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Fig. 1. Possible arrangements of phen (a) and phenCu complex (b) between the layefsofRtexchanger.

nected to a 386 IBM-compatible personal computer. The shows the increase affrom 11.70 to 17.5@. y-TiPphenCu
calibration of this instrument was performed with very pure shows a single peak at 17.80
standards (indium, lead, tin, zinc, naphthalene and benzoic  After thermal treatment at 22, the d of y-ZrPphen
acid). Samples of 5-7 mg were weighed into aluminium pans decreases from 18.50 to 14 &4while anincrease to 15.05
Inan argon—fllled dry box. The TG/DSC system was purged is found when the sample is treated at 400 For -
with air at 100 ml min®. Gases evolved were Continuously ZerhenCu treated at 22Q no differences from the data
removed and analysed by on-line FTIR to prove the pro- at room temperature are observed. A single value of 15.00
posed decomposition steps. Heating rates were 2, 4, 6 ands found for samples treated at 40D. Fory-TiPphen treated
8 Kmin~!and atleast three runs were made for each material. 5¢ 220°C, d values of 17.32 and 15.3Q and at 400C a
Thermodynamic quantities were calculated with the Stanton- singled= 15A are shownzy-TiPphenCu behaves as its pre-
Redcroft Data Acquisition System, Trace 2, Version 4. cursor; at 220C a structure with twa reflections, 17.30 and
15.29A, iso observed; at 400C a single phase is present with
d=15.40A.
4. Results and discussion
4.3. TG/FTIR analysis
4.1. Materials
. _ TG/FTIR results established that only dehydration pro-
The proposed formulas of the examined materials are sum-cesses occurred in the range 298-723 K for all the materials.

marized inTable 1. The EGA of all the compounds clearly shows that only water
is released as a consequence of the TG step, with no other
4.2. XRPD bands.

X-ray powder diffraction patterns foy-ZrP, y-ZrPphen, 4.4. Thermal and kinetic analysis

v-ZrPphenCuyy-TiP, y-TiPphen andy-TiPphenCu at room

temperature are given kig. 2. Thefirstreflectiod due tothe 4.4.1. 1,10-Phenanthroline

layered structure of these materials (Table 1) increases from  TG/DTG and DSC curves of phen are showrFig. 3.

12.30A (y-ZrP) to 18.50A (y-ZrPphen) due to intercalation  Dehydration occurs at 300-370 K. A sharp endotherm due to

of phen. The materiaj-ZrPphenCu obtained after exchange melting (AHys=10.7+ 0.6 kJ mot 1) occurs at 390-396 K

with Cu ions shows two reflections: 15.29 and 1433 The up to about 540 K. Vaporization enthalpy &1 kJ mol?, is

comparison of XRPD patterns gfTiP andy-TiPphen also  slightly higher than the activation energy of vaporization,
78.3+0.4kJmot !, obtained by the Kissinger methos.

Table 1 values ranged between 80 and 87 kJmalre calculated via
Chemical composition and interlayer distances of the examined materials the OFW method (Table 2)_

Materials d (A)

v-ZrPphen  y-Zr(POy)(H2POy)phers 50.3H20 18.50 4.4.2. y-ZrPphen

y-ZrPphenCu  y-Zr(PQy)(HPOs)phen 50CW 502.5H,0  14.37, 15.29 Fig. 4shows three dehydration steps feZrPphen in the
y-TiPphen ¥-Ti(POs)(H2POs)pheny.s01.5H,0 17.50 range 290-480K. The fourth mass loss, between 500 and

y-TiPphenCu _ v-Ti(POs)(HPQ,)phem scCloso1.7H0  17.30 630K, is due to residual coordination water and condensa-
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Fig. 2. XRPD patterns at room temperature.

tion water of orthophosphate groups going to pyrophosphate

100 F 29 . .
L groups. DTG peak temperatures are listedTable 3for
| e comparison purposes. Only the first two dehydration steps
£ ol L1q = were accompanied by endothermic effects in the DSC curve.
z r " '!; Dehydration processes seem to be faster with increasing tem-
g R | s perature (from the first to the fourth step). By contrast with
S 204 - 0.5 pure phen, for which a vaporization process occurs, a single
0 =, ; ; _ , ; i decomposition step takes place in the range 690-870 K with
7 373 473 573 ' a very intense exothermic effect (—788 kJ mol1). E val-
i ues around 190 kJ mot were found for this step with both
kinetic methods.
= =1+
? 4
Z
B 5 0.9
2 7 107
-9 + t t N 1 o
273 373 473 573 P> 8 =
T/K < to3 X
% =
Fig. 3. TG/DTG and DSC curves of phen at 2 K minunder a stream of = T 0.1
air. ol
Table 2
E, dependencies on the degree of conversion according to the OFW method 10 +

for vaporization of phen

o

E, (kJmol 1)

E, (kJmol 1)

0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50

80+4
80+3
81+3
82+1
85+3
8443
87+3
86+2
85+2
8442

0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95

83+2
8442
85+2
8512
86+2
87+3
87+3
87+3
86+1

Heat Flow / mJ-s™!
r

-6 : — . S t
373 473 573 673 773 873
T/K

[
-
(7%}

Fig. 4. TG/DTG and DSC curves gfZrPphen at 2 K mint under a stream
of air.
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Table 3 Table 4
DSC peak temperatures (@t 2 K min~1) and activation energies of dehy-  DSC peak temperatures (&t 2 K min~1) and activation energies of dehy-
dration and decomposition processesyetrPphen dration and decomposition processesyeétrPphenCu
Step  Process T(K) E(kImol?) Step  Process T(K) E(kImol?)
From K From OFW method From K From OFW method
method (range ofw) method (range ofx)
| Dehydration 321.6 82 3 77+5 (0.05-0.20) | Dehydration 319.9 9& 4 94+ 9 (0.05-0.20)
80+ 3 (0.20-0.95) 102+ 3 (0.20-0.65)
I Dehydration 3377 963 86+ 3 (0.05-0.80) 9246 (0.65-0.95)
7247 (0.80-0.95) I Dehydration 360.5 10& 4 106+ 8 (0.05-0.95)
I Dehydration 403.3 108t 5 88+ 9 (0.05-0.20) i Dehydration 407.6 124 4 1264+ 3 (0.05-0.90)
108+ 3 (0.20-0.80) 133+ 5 (0.90-0.95)
\ Dehydration 5744 134 6 139+ 5 (0.05-0.95) \ Dehydration 579.4 1457 130+ 7 (0.05-0.15)
\ Decomposition  810.3 192 5 181+ 8 (0.05-0.20) 139+4(0.15-0.95)
192+ 6 (0.20-0.85) \Y Decomposition ~ 749.5 188 4 173+ 6 (0.05-0.15)
184+ 5 (0.85-0.95) 182+ 3 (0.15-0.80)
Temperature uncertainties are less than 0.5K. 176+ 2 (0.80-0.95)

Temperature uncertainties are less than 0.5K.
4.4.3. y-ZrPphenCu
Dehydration ofy-ZrPphenCu occurs in three steps up to while the corresponding decomposition rate seems to be
440K (Fig. 5) (similarly toy-ZrPphen) with an overall mass  higher (AEis about 10 kJ motY).
loss of about 10% (about 8% ferZrPphen). DTG peak tem-
peratures related to the second and third dehydration steps of; 4 4 y-TiPphen

v-ZrPphenCu are higher than thoseyeZrPphen. Similarly, Three dehydration steps occur fgfTiPphen between
the corresponding activation energies are higher, thus demon-s,0 and 680 K (Fig. 6). The loss of the more thermally sta-

strating that the presence of the phenCu complex hinders the,je ¢oordination water along with condensation water of the
loss of coordination and crystallization water. Conversely, the orthophosphate groups occurs in the range 520-700 K. Com-

release of the condensation water to form the py_rophosphateparaueE values were found for the first two steps (between
groups (450-600K) as well as the decomposition of phen 76 ang 82 kJ mol?, seeTable 5), while activation energies

(670-850K) occurs at temperatures slightly lower (Fig. 5; opained with both methods for the third step are compa-

Tables 3 and 4) with activation energies ranging between 130,5pje with those found fo-ZrPphen (between 130 and
and 150kJmott. A decomposition enthalpy much higher 144 kI motY).

than that ofy-ZrPphen (—124% 11 kJ mol 1) was found,

100 § i
95 + +04 ﬁ -
- = <
(=] ~ w ~
f\ 90 + T 03 % g §
2 = “a =
=2 857 102 8 2 £
4 =
S 801t +0.1
75 —_— Ly
273 373 473 573 673 773 873
6 1 y 35
5 5
- E 25
E 29 e
[=]
—g = 15 +
[*™ 24 =
!
b t : : -5 ‘ ! j 4 ! y
273 373 473 5713 673 773 873 273 373 473 573 673 773 873
T/K T/K
Fig. 5. TG/DTG and DSC curves of-ZrPphenCu at 2 Kmin! under a Fig. 6. TG/DTG and DSC curves gfTiPphen at 2 K min under a stream

stream of air. of air.
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Table 5
DSC peak temperatures (@t 2 K min—1) and activation energies of dehy-
dration and decomposition processesyefiPphen
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Table 6
DSC peak temperatures (@t 2 K min—1) and activation energies of dehy-
dration and decomposition processesyefiPphenCu

Step  Process T(K) E(kImol?) Step  Process T(K) E(kImol?)
From K From OFW method From K From OFW method
method (range ofx) method (range ofx)
| Dehydration 355.3 76t 2 76+ 4 (0.05-0.95) | Dehydration 3479 1124 125+ 8 (0.05-0.25)
Il Dehydraton 4525 782 8243 (0.05-0.60) éﬁi%%ioég?
102+ 8 (0.60-0.95) : :
Il Dehydration 599.3 137 5 130+ 6 (0.05-0.15) I Dehydration 3805 1084 806 (0.05-0.30)
1444 4 (0.15-0.95) 9745 (0.30-0.55)
' ' 109+ 3 (0.55-0.95)
v Decomposition  775.9 20& 7 194+ 6 (0.05-0.25) " Dehydration 4518 2329 2334 7 (0.05-0.40)
203+ 2 (0.25-0.60)
196+ 4 (0.60-0.95) 248+ 9 (0.40-0.75)
: : 229+ 9 (0.75-0.80)
Temperature uncertainties were less than 0.5 K for all the presented data. )
v Dehydration 673.7 & -2
Decomposition 754.2 1654 155+ 8 (0.05-0.25)

A single decomposition process due to the release ¥

of phen is accompanied by an exothermic DSC peak
(—849+ 7kJImol1) between 700 and 850K. The OFW
method gives (194206 kJ mott) while 206+ 7 kJ mol!

was found with the Kissinger method.

4.4.5. y-TiPphenCu

Three dehydration steps of mass loss are shovirign7
for y-TiPphenCu with an overall mass loss of about 8%
by weight (about 7% fory-TiPphen is shown irfFig. 3).

1674+ 3 (0.25-0.85)
160+ 1 (0.85-0.95)

Temperature uncertainties were less than 0.5 K for all the presented data.
a E values not evaluable due to a strong superimposition of steps IV and
V at high heating rates.

energy values were obtained for the third step due to the strong
overlap with the decomposition process at higher heating
rates (6 and 8 K mint). The decomposition step (680—-850 K)
takes place at lower temperature (compareg-fPphen)

The loss of condensation water to form the pyrophosphate and the corresponding enthalpy-e£300-+ 12 kJ mot1 was

groups occurs at higher temperatures compared with
TiPphen (Table 2) while no relevant differences were found

higher than that of-TiPphen. By contrast, the correspond-
ing decomposition rate seems to be much higherigabout

between the other DTG dehydration peak temperatures of40 kJ mot-1).

v-TiPphenCu and-TiPphen. A noticeable increase in acti-
vation energy (about 100 kJ mdl) is found in comparison
with that of y-TiPphen (Table 6). Moreover, no activation

100 f
o8
95 +
= 904 TO6 -
g 87 to4 3
. 102
75
70 . — " —t+—L .01
273 373 473 573 673 773 873
5
Tw 10 1
=
-
=
iH
§ 01
o
-5

573 673 773

T/K

373 473

Fig. 7. TG/DTG and DSC curves of-TiPphenCu at 2 Kmin! under a
stream of air.

5. Conclusions

As a result of the present study it was found that vapor-
ization of phen is described by a single step of mass loss
with negligible variation of activation energy. Vaporization
enthalpy agrees well with the mean valueEadbtained from
the isoconversional method. By contrast, thermal dehydration
and decomposition processesyw¥rPphen,y-ZrPphenCu,
v-TiPphen andg-TiPphenCu follow multi-step kinetics. Phen
decomposes fromy-ZrPphen at higher temperature com-
pared toy-TiPphen while decomposition of phenCu complex
occurs at higher temperature f@rTiPphenCu (compared
to y-ZrPphenCu). Hence, the difference in thermal behav-
ior of phen and phenCu can be ascribed to the nature of
the exchanger, being the content of phen and Cu compa-
rable. Kinetic analysis of dehydration and decomposition
processes greatly contributes to completely define the thermal
stability of these materials, which maintain a layered struc-
ture up to 650-670 K. For this reason, they can be used in
some industrial processes as heterogeneous catalysts because
intercalation of the phenCu complex (which exhibits a good
catalytic activity) avoids its decomposition and enables it to
be used at higher temperatures.
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