Chemistry and Materials Research www.iiste.org
ISSN 22243224 (Print) ISSN 2225956 (Online)
Vol 2, No.1, 2012

A New M echanism of Sodium Zirconate For mation

Leonor Cortés-Palacid’s Virginia I. Collins M2, Alberto Diaz D%, Alejandro Lépez G.

1. College of Zootechnology and Ecology, Autonomousversity of Chihuahua, Mexico. Perif.
Francisco R. Almada Km 1, C.P. 33820, Chihuahuéh Chlexico.

2. Advanced Materials Research Center (CIMAV). Migusl Cervantes No. 120, C.P. 31109.
Chihuahua, Chih., Mexico.

* E-mail of the corresponding authdeonor.cortes@cimav.edu.mx

Abstract

The objective of this study was to synthesize sodairconate (NgrOs) from the thermal decomposition
of two reactants; sodium acetate CHONa) and Zirconium(lV) acetylacetonate (ZH20,),). The
NaZrO; formation mechanism has not been previously regosds it is shown in this work. Also, the
reagents are soluble in ethanol; making it posdiblapply the mechanism proposed in a spray pyiolys
process. The solid-state reaction was derived ttwrthermal decomposition of its precursors throtingh
thermogravimetric analysis techniques (TG). Therddsproduct formation was proven by means of an
x-ray diffraction technique while the gaseous bgearcts of the reaction were analyzed using of fe |
spectroscopy method (FTIR). Solid-state reactiomntheee significant weight losses and the TG teqmi
displays these behaviors. The kinetic reaction ystuds completed using the determination of the
activation energy, the pre-exponential factor ahd teaction order of such regions. Finally, it was
numerically proven that the chemical reaction béag well reproduced using the Arrhenius-typedtia
model.
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1. Introduction

Natural gas reformation is a predominant courseldage scale hydrogen ¢Hproduction. In order to
optimize this process, GQs captured in situ by means of a solid absorbBEné sodium-based ceramics
(NaZrOsz, NaTiOs, Na&SbQ,) are good C@ sorbents and the sodium zirconate \@s;) has better
characteristics for capturing G@s compared to those of,ZrO; (Lépezet al. 2005). Due to its good
sorbent properties, designing an efficient prot¢egsroduce sodium zirconate in a controlled manwnes
interesting. The N&ZrO; may be obtained in a liquid-state reaction betwdaNO,; and ZrO(NQ), using
citric acid and ethylene glycol as the complex agdlife and Subasri 2007). Another method exists fo
synthesizing N&rO; and sodium hydroxide (Lazat al. 2002), an industrial process that aims to purify
minerals, mainly composed of Zg@iO,. This process breaks down the minerals in alkafiirsgon with
sodium hydroxide at temperatures above 600 °C;itaptbduces a mixture of sodium zirconate, sodium
silicate and sodium silicate zirconium. This mixus then subjected to various separation andigaitidn
processes. Another method to synthesize sodiurarate is through a solid state reaction betweeiusod
carbonate and zirconium oxide (Escobetlal. 2009). It is generally agreed that the formatibNa,ZrO;

by means of a solid-state reaction is more effidiean other techniques. The objective of this payses to
propose a nhew mechanism of synthesis giZNa; from zirconium(lV) acetylacetonate and sodium atet

in solid state. The mechanism will be coupled foraation of sodium zirconate nanoparticles in eagp
pyrolysis process as previously described by Caatéss Diaz 2006. In the literature, articles ancorep
dealing with the selected reactants can be fouhe. thermal decomposition of sodium acetate between
400 and 550 °C releases an acetone molecule, tpavisolid residue of sodium carbonate (Jetldl.
1974). The reactions of zirconium(lV) acetylacetena@ecomposition in nitrogen demonstrated that
Zr(CsH;0,), has a complete decomposition into Zr@t 800 °C through the intermediates of
Zr(CH3;COO)(CsH,05), at 190 °C, ZrO(CECOOQ), at 340 °C and ZrOCf at 450 °C (Hamdy 1995). On
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the other hand, the zirconium acetylacetonate dposition in air (Wanget al. 2000), using
thermogravimetry and infrared spectrometry (IR)vglsignificant losses occur in three temperaturéoreg
110-187 °C, 187-245 °C and 245-440 °C. The IRtgpacof zirconium(lV) acetylacetonate heated at
different temperatures up to 450 °C indicated thaery acetyl acetone structure was completely
decomposed at 310 °C. The decomposition of premuesads at 440 °C. The thermal decomposition of
zirconium(lV) acetylacetonate produces a finaldoéisidue of zirconium oxide (zirconia). Additiolyala
kinetic study is proposed to describe the chemieattion progress since the precursors, zirconMm(l
acetylacetonate and sodium acetate.

2. Materialsand M ethods

The materials used for studying the solid-statectiea were the Aldrich sodium acetate and the
Sigma-Aldrich zirconium acetylacetonate with 99% &8% purity, respectively. These two reactantsewer
mixed in a pestle with a stoichiometric ratio 02 {Escobedet al. 2009).

In order to accomplish the kinetic study of theiaodzirconate synthesis from the thermal decomjousit

we used the Arrhenius parameter determination ndetbgy (Gill et al. 1992), through the
thermogravimetric analyses (TG). TG is a thermallysis technique which measures the weight change
degree and rate of a material as a function of &zatpre or time in a controlled environment. Thalgses
were conducted in a heating ramp at 15 °Cahroom temperature up to 950° C, in a flow ofaaid
argon in the same proportion, at 20 ml thin an SDT Q600, TA. A TG analysis was performepasately

for each reactant and the stoichiometric mixturéath reactants. The mixture was then subjectexditer

TG analyses with six different heating rates (28,510, 15 and 20° C mifji to estimate the parameters of
the following model.

The kinetic constant of the solid-state reactionils determined by Arrhenius law (Levenspiel 1998)

k=Z exp{— Ej 1)
RT

Where:

k = The kinetic coefficient

Z = The frequency factor

E = The reaction activation energy
R = The gases constant

T = The temperature

The equation (1) interfaces with the experimentthdn wide temperature intervals and is considased
the first adequate estimation to study the tempegaimpact on the kinetic equation. For examplé th
equation may be applied to the kinetic study ofypmrs and composites (Yuzayal. 2010), as well as

solid-state formation of oxides (Rodeftal. 1996). The thermal decomposition often follows Arehenius

kinetic model (Tanaka 1995):
d—a = f(a Zex;{—Ej )
dt RT

f(a) = The function of & not depending of, in this case is:(l—(:)’)n

Where:
a = The weight loss fraction

n = The reaction order
t=The time
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T = The temperature

da _da
At a constant heating rate of:d—t = d—T,B where is the heating rate.

The activation energy has a slight deviation fréwa Arrhenius standard kinetic (Flynn and Wall 1986)
that:

== ®

Where:

b is a parameter which depends on the value/BT. b could be deduced from tables and by means of an
iterative method (Flynn and Wall 1996).

Using this technique for a given temperature, dirpheary estimation ofE is selected and yields a first
estimation ofb. This value ob then provides a new approximationkfthe iterations are repeated ututil
andE converge. In this report, parametbrandE were determined for each significant weight lossrdy
the global reaction; in other words, each weighsloorresponded to an intermediate reaction.

A TG analysis at a constant temperature or withomtemperature variations, was performed for eawh o
of the significant weight losses in the global teat to determine the reaction order The curve of
In(da’/dt VS In(l—a) was plotted and the slope of a linear regresstamrévided the value of as
described previously (Gitit al. 1992). Equation 3 then yields the frequency factor

da E n
InNZ=Inl— |+—-In(1- 4
n n[dt} RT n( a') @

In this comportment, the values Bf Z andn were obtained for each significant weight losshie global
reaction.

The gas compounds, which were produced as bypredfithe thermal degradation in the TG device, were
transported to a cell with NaCl windows by meansidlow at a 20 ml mifi rate. These gases were then
analyzed with IR spectroscopy, using a Nicolet &ystMagna—IR 750 Spectrometer Series Il. A Fourier
transform infrared spectroscopy (FTIR) was therduseobtain a spectrum over a 500—4,000" camge for
each 20° C temperature increment in the TG device.

The crystalline structure of the final solid prote¢ the thermal decomposition was analyzed by nki
use of the X-ray diffraction technique (XRD) in ANralytical X'pert PRO MPD device with a (CuokK
X'Celerator detector in a range of 10 to 80 degrees

3. Resultsand Discussion

Three thermogravimetric analyses were obtained;fitlsé in zirconium acetylacetonate, the second in
sodium acetate and the third in a mixture of batla iratio of 1:2 (Figure 1). Figure 1 demonstrakese
significant weight losses. Figure 2 also shows Ti& analyses of the reactant mixture at six differen
heating rates; 2, 5, 8, 10, 15 and 20 °C mibue to these analyses, the determination of thiaeRius
parameters was performed. We get to trace the @apaunds released during the solid-state reacBon.

the gases obtained from the thermogravimetric aigl{in the conditions previously described), were
analyzed with FTIR spectroscopy. The FTIR spectipgcanalyses of the output gases were performed
every 20 °C (from 40 to 940 °C in the TG devicapuFe 3 notes the more representative FTIR spectra,
corresponding to the three significant weight Igss220, 500 and 700° C. One can also observe the
characteristic stripes of the following gases; oarldioxide (A), methane (B), acetone (C) and carbon
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monoxide (D).

The composition of the final product from the zinaom acetyl acetonate and sodium acetate reactamn w
sodium zirconate; this may be appreciated in resfltthe X-ray diffraction analysis of the solicsidue.
Figure 4 examines the characteristic peaks of theatlinic and hexagonal phases of,E®; (Ampian
1968).

The thermal decomposition of each reagent was hstietrically summed, obtaining a theoretical
prediction of the decomposition if there was nofirgeraction between these reagents (see FigurEhty.
theoretical curve was compared to the TGA in thgtuné with a stoichiometric ratio. Byproducts ogth
first decompositions of zirconium acetylacetonatair between 150 and 220 °C, exhibited the foltmwi
bonding types (Wangt al. 2000); y(C-CHs)+ y(C=C), §(CH)+ y(C-CHs) and y(C=C)+ y(C=0). Such
decompositions are consistent with the theorestaichiometric calculations and correspond to fin&t f
weight loss (Figure 1). The preponderant releasesttg that were detected by FTIR at 220° C werg CO
and CO (Figure 3). Therefore, the first weight losas due to the decomposition of zirconium
acetylacetonate since the sodium acetate did rilbiexny thermal degradation (Figure 1).

In Figure 5, after 350° C, an important differerfmetween the curves of the theoretical sum and the
experimental result, with the stoichiometric mixduican be observed. This is due to the interaction
between the two reactants. The FTIR analysis ofrtheased gases helps to propose a possible mactio
mechanism for each weight loss. In Figure 3, théRFanalysis results are shown for each of the three
weight losses. Based on the FTIR results and ovique information5,8, we propose three global rieast
enclosing the three significant weight losses.

Equation 5 corresponds to the first weight loss aadpreviously mentioned, to the decomposition of
zirconium acetylacetonate; the product of thist freaction was Zr(CECOO)(C,H;0,),. In the second
weight loss, sodium acetate tends to decompose aedction with Zr(CECOO),(C,H;0,), was proposed

as shown in Equation 6. The solid byproducts we®,2and NaCQOs. Finally, in the third weight loss,
these two byproducts react to form  XeD; (Nafe and Subasri 2007) with a €@lease as shown in
Equation 7. These three reactions comprise thesfsemations undergone by zirconium acetylacetonate
and sodium acetate.

Zr(C,H,0,), +110,, — 6CO, +6CO, +4H,0, +2Zr(CH,C00),(C,H,0,), )

zr(CH,c00),(C,H,0,), + 2CH,COONa + 40, —

6
3CO,(y) +3COy, + CHZCOCH 4y + 2CH ) +5H .0, + ZrO, + Na,CO, ©)

ZrO, + Na,CO, - Na,ZrO, +CO,, 7

In order to understand the reactions of the kingtidly, the first step was necessary to deternhiadinetic
parameters utilizing the Arrhenius equation. Thasvachieved through the TG data of the stoichiametr
mixture with different heating rates (Figure 2).eTArrhenius parameters shown in Table 1 were obdain
in this manner.

Such parameters were introduced in the kinetic tiouaf thermal decomposition (Equation 2) whichswa
solved numerically. With the aim of validating toelculations, these numerical theoretical valuesewe
compared to the experimental values. Figures & d7/8adisplay these comparisons for the three fogmi
weight losses. These same figures show an axigdmél to time and in the vertical axis, the weilgiss
fraction (in the TG analyses: %Weight equals ¢*100). The differences between the theoreticaligal
and the real values were represented with vertiaed. These differences stem from the simplificatid
taking the constant temperature and the fact thahé reaction, a number of coupled changes octur i
every weight loss.
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4. Conclusions

In this study, we synthesized sodium zirconate ftbermal decomposition of the initial reagents {sod
acetate and zirconium acetylacetonate). Sodiunp#date and gaseous sub-products were estimated. This
information has proposed a formation mechanism. Atieenius parameters were estimated using the TG
information. The kinetic model of thermal decompiosi fed with the determined Arrhenius parameters,
follows the chemical reaction behavior of zirconiagetylacetonate and sodium acetate in solid Stake.
final product of the solid-state reaction of theichiometric mixture of reactants is sodium zircenésee
Figure 4 and Equation 7).

The reagents thermal decomposition rates are hipaarsodium zirconate formation velocity. Howe\r,
higher temperatures, both rates are increased¢iregithe sodium zirconate formation time.

The results of this research will be applied toads published in a previous work (Cortés and 2@26)
studying the formation of nanopatrticles in a sgwggolysis process. This model describes the infteeof
the solvent evaporation and the temperature dragmdgoro et al. 2000). The ultimate objective is
optimizing the production of sodium zirconate naawigles in a controlled spray pyrolysis processisT
product may be used as a carbon dioxide absorbert enay be applied to obtain hydrogen in the raeéh
gas reformation process (Escobetial. 2008).
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Table 1. The Arrhenius parameter of the stoichioimetixture.

Temperature (°C) Z E (kJ/mol) n
1) 195 4.9E22 200 2
2) 327 5.39E17 225 1.2
3) 704 1.47E15 364 0.9

The Arrhenius parameters obtained for each sigmifieveight loss.
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Figure 1. Thermal gravimetric analysis of Zircaniuacetylacetonate, Sodium acetate and their
stoichiometric mixture.
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Figure 2. Thermogravimetric analyses of stoichioroehixture with different heating rates.
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Figure 3. FTIR analyses of the gases producedhgthie TGA of the mixture of reactants at 220° @)°5
C and 700° C.
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Figure 4. X-ray diffraction pattern of the solidsidue and the characteristic peaks of sodium zaton
(Na2zrO4).
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Figure 5. Thermal gravimetric analysis of stoicharit mixture and the theoretical sum (the additdén
reagents with stoichiometric calculations).
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Figure 6. Comparison of the theoretical and expenital results for the first weight loss (195 °C}le
Zirconium acetyl acetonate/Sodium acetate reaction.
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Figure 7. Comparison of the theoretical and expenital results for the second weight loss (327 Ghe
Zirconium acetyl-acetonate/Sodium acetate.
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Figure 8. Comparison of the theoretical and expenital results for the third weight loss (704 °C)tloé
Zirconium acetylacetonate/Sodium acetate.
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