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Abstract 

Real-time multiple-ion detection trend analysis mass spectrometry has been employed to 
study the temperature-programmed decomposition of A1NH4(SO4) 2. 12H 20 in the temperature 
range 300-.1200 K. Significant correlations are established with certain non-isothermal solid 
state kinetic rate expressions through the use of fraction release plots obtained from Evolved Gas 
Analysis Mass Spectra (EGA-MS). The EGA mass spectra clearly resolve the dehydration stage 
and various other stages associated with the thermal decomposition. The dehydration step is 
concomitant with stage I of a three-stage ammonia release followed by the final decomposition of 
A12(SO4) a. These stages are found to comply with models based on random nucleation and diffusion 
approaches. A change in rate-governing mechanism was noticed with increase in the heating rate 
for the dehydration step. Relevant Arrhenius parameters such as the activation energy and pre- 
exponential factor were determined for all the decomposition stages. The ultimate product 
resulting from the decomposition was confirmed as ~,-alumina by X-ray diffraction studies. 

Keywords: Activation energy; Diffusion; Evolved gas analysis; Mass spectrometry; Solid state 
kinetics; Thermal decomposition 

1. Introduction 

Knowledge  of  s ingle-par t ic le  kinet ics  is i m p o r t a n t  for conduc t ing  sol id-s ta te  calc ina-  
t ion reac t ions  under  o p t i m u m  condi t ions .  Per t inen t  kinet ic  ra te  express ions  can be 
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arrived at through mass spectrometric study of the time-dependent release behaviour 
of gaseous products from thermally ramped specimens. Non-isothermal techniques, 
especially temperature programmed ones, are used to obtain various Arrhenius 
parameters such as the activation energy, pre-exponential factors and appropriate 
kinetic rate expressions. Evolved Gas Analysis (EGA) refers to a host of techniques 
which monitor the concentrations of gases as functions of time while the specimen is 
subjected to programmed temperature control [1]. The EGA technique based on mass 
spectrometry [2,3] has significant advantages in terms of high sensitivity, specificity, 
fast response and multichannel detection capability. In this context, mass-spec- 
trometry-based Evolved Gas Analyser (EGA-M S) has been built in our laboratory [4] 
for studying the temperature programmed decomposition of inorganic solids. 7-A120 3 
resulting from the vacuum thermal decomposition of A1NH4(SO4)2.12H20, consti- 
tutes an important base material in a large number of catalytic and pharmaceutical 
preparations due to its high adsorptive power. The temperature programmed decom- 
position of A1NH4(SO4)r12H20 has been studied using the above facility. The 
real-time mass spectrometric data obtained in the temperature range 300-1200 K were 
used to construct EGA plots. The extent of fractional decomposition (~) evaluated from 
the EGA spectra was used to assess the integral form g(~) of various non-isothermal 
solid state kinetic equation models through suitable correlation. Various stages of 
decomposition revealed compliance with diffusion and random nucleation based 
models. In this paper, the experimental facility and kinetic results pertaining to the 
thermal decomposition of AINH4(SO4)2.12H20 along with the heating rate and the 
sample mass effect are described. 

2. Experimental 

A schematic diagram of the EGA-MS facility [4] is given in Fig. 1. Here, a high- 
temperature high-vacuum compatible quartz reaction chamber, evacuable to a press- 
ure of 10- lo bar by a turbomolecular pumping system (TSU 330, Balzers, Germany) is 
coupled to an ultrahigh vacuum chamber through a variable conductance molecular 
leak valve (MD7, VG Micromass, UK). This reaction chamber is equipped with 
a membrane manometer (Membranovac MV 110 $2, Leybold SA, France) and 
micrometering valves for furnace atmosphere pressure control. The all-metal Ultra 
High Vacuum (UHV) chamber is pumped by another similar turbomolecular pumping 
system and a triode sputter ion pump (IZ 270, Leybold-Hereaus, Germany) to a base 
pressure of 3.0 x 10 13 bar. In addition to the quadrupole mass spectrometer 
(Dataquad, Spectramass, UK), the UHV chamber is equipped with other vacuum 
metrological hardware, including a magnetron gauge (IKR 020, Balzers, Germany), 
a spinning rotor viscosity gauge (SRG-2, MKS Instruments, USA) and calibration gas 
inlets. 

In the present study, commercial analytical grade alum in powder form was used 
without any further treatment. In general, I00 mg of the sample was used except in the 
experimental runs where the effect of sample mass was investigated. The samples were 
heated in the quartz chamber at heating rates ranging from 3 to 14 K min- 1, using 
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Fig. 1. The evolved gas analysis facility. 

a programmable temperature controller (Eurotherm 906S, UK) in conjunction with 
a thyristor-controlled power supply. Two calibrated K-type Chromel-Alumel (De- 
gussa AG, Germany) thermocouples were used to control and record the furnace and 
sample temperatures. A multi-pen strip chart recorder (R306M3, Rikadenki, Japan) 
was used to track temperature and other process parameters. 

PC-based software has been developed [5] for obtaining temperature programmed 
multiple-ion detection real-time trend analysis mass spectra over a wide dynamic 
pressure regime. The software was designed to track ion intensities of 8 different 
masses (m/z) quasi-simultaneously through the RS232C interface of the quadrupole 
mass spectrometer. The ion intensities of H20+(m/z=18), NH3 ÷ (m/z=17), 
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SO + (m/z = 48) and SO 2 + (m/z = 64) were recorded in the temperature range 300- 
1200K. In the case of NH 3 +, signal tracking took place after subtracting the OH + 
contribution. Between each successive experimental runs, hot inert gas purging was 
applied to avoid capillary condensation. The system was calibrated by leaking known 
quantities of gas into the UHV chamber through a molecular leak valve. The resulting 
rise in intensities of the quadrupole mass spectrometer was standardised against 
absolute pressure measurements by a Spinning Rotor Viscosity Gauge. The tempera- 
ture- dependent multichannel trend analysis spectra were constructed by plotting ion 
intensities against the rising temperature signal tracked by a PC-based thermocouple 
add-on card. 

3. Results and discussion 

A typical EGA-MS plot of the temperature-programmed decomposition of 
A1NH4(SO4)2.12H20 at a heating rate of 6K min-t  in the temperature range of 
300-1200 K is shown in Fig. 2. The dehydration of the sample under vacuum, as seen in 
the EGA-MS plot, occurs in the temperature range 300-500 K, whereas ammonia 
release occurs in three different stages. In stage I, ammonia release is concomitant with 
dehydration, whereas the stage II occurs in the temperature range 530-690 K. Stage III 
refers to a minor release peak around 700 K which signals the onset of decomposition of 
aluminium sulphate. The decomposition of alum yields 7-A1203 and SO 3, with the SO 3 
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Fig. 2. EGA spectra for thermal decomposition of AINH,(SO4)v 12H20: sample mass, 100mg; heating 
rate, 6 K rain- 1 
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further decomposing t o  S O  2 and 1 0  2. The decomposition product S O  3 was  not 
detected in our experiment by the mass spectrometer, perhaps due to its ther- 
modynamic instability in an oxygen-deficient high-temperature environment [6]. The 
ion SO; was detected, along with its fragments formed by electron impact ionisation in 
the ion source of the quadrupole mass spectrometer. The intensities of ions SO + and 
SO/+ are depicted in the EGA plot of Fig. 2. 

The three-stage decomposition sequence shown in the EGA-MS plot of Fig. 2 is in 
agreement with the reported thermogravimetric data on the same alum [7]. This 
corresponds to the evolution of 1 mole of SO 3 at 710 K, another mole at 800 K and the 
remaining two moles at 950 K. 

For the purpose of evaluating the appropriate rate expressions governing the various 
stages of reaction, the fractional extent of decomposition ~ was evaluated from the 
EGA plot in the following manner (shown in Fig. 3) 

c¢(T) = A(v )/A(ToTAL ) 

where ct(T) is fractional extent of reaction at temperature T, A(TOTAL ) is total peak area, 
and A(r ) the peak area covered up to temperature T. 

The fractional extent of reaction (~) vs. temperature plots evaluated using this 
procedure for the dehydration and various stages of decomposition of 
A1NH4(SO¢)2.12H20 are given in Fig. 4. 

We have used the integral forms of the non-isothermal kinetic expressions for 
evaluating the c~-T values obtained from our EGA-MS data. Table 1 gives a list of the 
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Fig. 3. Calculation of fractional extent of reaction (ct). (a) Model trend analysis mass spectra. (b) Fractional 
reaction plot. 
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Fig. 4. Fractional reaction (ct) vs. T plot for A1NH4(SO4)2.12H20. (a) Showing sample mass effect. (b) 
Showing heating rate effect. 

expressions used extensively for modelling gas-solid reactions [8] and Table 2 gives 
the best fits obtained for various stages of decomposition at different heating rates and 
the corresponding values of activation energies and pre-exponential factors. 

It is evident that the best correlation for dehydration at lower heating rates was 
found with the Mampel unimolecular law formulated through random nucleation. In 
this approach, two-dimensional growth of randomly placed product nuclei in the form 
of edge-shaped planar circular discs proceeds simultaneously with the uncovering of 
surface gaseous species by desorption 1"9]. However, we have observed a change in the 
reaction mechanism governing the dehydration process with a change in heating rate 
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Table 1 
Non-isothermal, integral forms of kinetic expressions for heterogeneous solid-state reactions 

19 

Rate-determining Symbol ~t)  ['~: 
mechanism g(ct) = Jo  d(ct)/f(~) 

Random nucleation approach 
(i) Mampel unimolecular law 
(ii) Avrami-Erofeev nuclei 

growth : 
(a) 2-Dimensional growth 
(b) 3-Dimensional growth 

(iii) Branching nuclei: 
Prout-Tompkins 
branching nuclei 

Nucleation and growth models 

AI 1 - ct - In( l-a) 

A2 2(1 - ~) [ - In(1 - ~ ) ]  1 /2  1- -- In (1 -- a)] 1/2 
A3 3(1 - ~z) [ - In(1 _~)]2/3 [ - -  In (1 - o0] 1/3 

A4 c~(l - ~) ln[~/(l - ~)] 

Decelerating rate equations based on diffusion 

(i) Parabolic law, 
l-dimensional transport D1 ct- 1 c¢2/2 

(ii) 2-Dimensional diffusion D2 [ - ln(l - ~)] - 1 (1 - c0[ln (1 - c0] + 
(iii) 3-Dimensionaldiffusion D3 (1_~)1/3[(1_~) 1/3_1 ] i 1.5[1_(1_~)1/3]z 

(Jander) 
(iv) 3-Dimensional diffusion D4 [(1 - ~)- 1/3 _ 1] - 1 1.511- 2a/3 - (1 - ~)z/3] 

(Ginstling-Brounshtein) 

Phase boundary movement 

(i) I-Dimensional (zero-order) R1 Constant 
(ii) 2-Dimensional R2 (1 - ~)1/2 211 - (1 - ~)t/2] 

(cylindrical symmetry) 
(iii) 3-Dimensional R3 (1 - ct) 2/3 311 - (1 - 0t) 1 / 3 ]  

(spherical symmetry) 

(Tab le  2). At  h igher  h ea t i n g  rates,  the  d i f fus ion l im i t a t i ons  p r e d o m i n a t e  over  r a n d o m  
nuc l ea t i on .  The  e x p e r i m e n t a l  d a t a  at  10 K m i n -  1 showed  be t t e r  co r r e l a t i on  wi th  the  
J a n d e r  ra te  express ion  based  on  t h r e e - d i m e n s i o n a l  diffusion.  The  d i f fus ion- l imi ted  
b e h a v i o u r  is a t t r i b u t a b l e  to t h e r m a l - g r a d i e n t - d r i v e n  mass  t ransfer  effects specific wi th  

h igher  hea t i ng  rates. 
The  s ample  shows m u l t i p l e  s tages of a m m o n i a  release. Th i s  c o r r e s p o n d s  to va ry ing  

degrees  of  t h e r m a l  s tab i l i ty  assoc ia ted  wi th  n o n - e q u i v a l e n t  c rys t a l log raph ic  l oca t i on  of 
a m m o n i u m  ions  in the bas ic  a l u m  s t ruc ture .  The  s tage I a m m o n i a  release d a t a  show 
cons i s t en t  co r r e l a t i ons  wi th  the  t h r e e - d i m e n s i o n a l  d i f fus ion a p p r o a c h  based  o n  the 
J a n d e r  fo rmal i sm.  Th e  r ea son  for this  c an  be asc r ibed  to a progress ive  b u i l d - u p  of 
ba r r i e r  layers  of  i n t e r m e d i a t e  p r o d u c t s  which  need  to be p e r m e a t e d  for gas release. The  
h igher  E va lue  at  14 K m i n -  1 is d u e  to a la rger  ove r l ap  of s tage- I I  release which  was n o t  
comple t e ly  resolved.  Th e  s tage- I I  a m m o n i a  release shows c o m p l i a n c e  wi th  rate  
express ions  based  o n  the  B r o u n s h t e i n  m e c h a n i s m  p r o p o u n d e d  o n  the  basis  of three-  
d i m e n s i o n a l  diffusion.  However ,  this  mode l ,  un l ike  the  J a n d e r  a p p r o a c h ,  a c c o u n t s  for 
the difference b e t w e e n  r eac t an t  a n d  p r o d u c t  m o l a r  vo lumes .  As s u b s t a n t i a l  v o l u m e  
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Table 2 
Reaction mechanism, corresponding correlation coefficients, activation energy and pre-exponential factors 
for various stages of decomposition of AINH4(SO4) 2.12H 2 ° at different heating rates 

Heating rate/ Mechanism Correlation Activation energy Pre-exponential 
K min - 1 coefficient kJ mol -  1 factor/s-  

Dehydration 
3 AI 0.986 29.27 18.3 

6 A1 0.983 27.3 8.7 

10 D3 0.976 37.6 29.6 

14 D3 0.969 42.09 18.8 

NH 3 release : stage I 
3 D3 0.986 45.52 1.2 x 102 

6 D3 0.96 17.36 4.0 × 10 -3 

10 D3 0.95 28.32 0.1 

14 D3 0.99 47.27 66.5 

NH 3 release : stage II 

3 D2 0.996 16.1 2.6 × 10 -3 

3 D4 0.995 18.4 1.8 × 10 -3 

6 D2 0.996 25.5 4.3 × 10-2 

6 D4 0.998 30.46 5.1 × 10 -2 

10 D2 0.992 32.00 0.26 

10 D4 0.993 35.27 2.1 

Decomposition 

3 AI 0.986 269.95 1.5 x 1012 
6 AI 0.97 321.58 1.7 x 1014 

10 AI 0.986 323.84 4.7 × 1014 
14 AI 0.98 187.0 5.1 × 106 

changes occur during stage-II ammonia release leading to formation of A 1 2 ( 8 0 4 ) 3 ,  this 
mechanism prevails. Stage-II ammonia release also correlates well with two-dimen- 
sional diffusion control. This is clearly an indication of the appearance of active 
surfaces created by disruptive effects on the crystal structure. As stage III is accom- 
panied by a burst of residual ammonia over a short temperature range, separate 
kinetics could not be evaluated. 

The final stage of decomposition, which leads to the formation of),-A120 3, is again 
governed by random nucleation, a process closely controlled by surface desorption of 
gases from finely dispersed crystallites. The estimated activation energies match well 
with the values obtained by Johnson et al. [10] in their isothermal runs. 

The effects of sample mass and heating rates on the fractional extent of decomposi- 
tion have been investigated. Typical results are shown in Fig. 4. Plots of the various 
stages of decomposition for 100 and 200 mg sample mass, respectively, at a heating rate 
of 6 K min-  ~ are shown in Fig. 4a. The dehydration stage is controlled by random 
nucleation, a phenomen on essentially based on surface desorption, but it does not lead 
to a change in the slope of the ~-Tcurves.  However, a shift of the curve towards high 
temperature is seen. This can be attributed to temperature gradients in the sample. 
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Unlike dehydration, ~-Tcurves for ammonia release, as well as the decomposition 
stages, show change in the slope. Thermal inertia and product layer formation leading 
to diffusional limitations in gas release contribute to the decrease in the slope of these 
curves. Fig. 4b shows the heating rate effect on ~- Tcurves obtained for a 100 mg sample 
at typical rates of 3, 6 and 10 K min- 1. With increasing heating rates, the peak release 
temperature increases. This is again attributed to heat transfer effects arising from 
thermal gradients in the sample. 

X-ray powder diffraction studies were carried out on the initial alum sample as well 
as on the residue material left after each decomposition regime. The results are shown 
in Fig. 5. It can be seen that the extensively hydrogen-bonded initial alum, having an 
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Fig. 5. X-ray diffractogram of: (a) original alum sample; (b) amorphised sample after dehydration and stage 
I ammonia release; (c) recrystallised intermediate; (d) structure preceding formation of y-A1203; (e) final 
product 7-A120 3. 
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Alunite superstructure [11] containing an NH4 + cation and SO ] -  anion substructure, 
shows multiple reflection lines in the powder X-ray diffractogram, Fig. 5a. However, 
the X-ray diffractogram taken after dehydration and stage-I ammonia release, Fig. 5b, 
indicates total collapse of the crystal structure, probably due to the disappearance of 
hydrogen bonding. At temperatures above 500 K, the formation of a recrystallised 
intermediate structure results in the numerous Bragg diffraction lines shown in the 
diffractogram of Fig. 5c. With increasing temperature, a progressively simplified unit 
cell is obtained as inferred from the fewer Bragg peaks seen in Fig. 5d. On complete 
decomposition, 2)-A120 3 with a defect spinel structure is obtained, Fig. 5e. Formation 
of finely dispersed 7-A120 3 crystallites is a consequence of total collapse of the original 
Alunite structure of the alum. This is confirmed by the X-ray diffraction data. 

4. Conclusion 

A Quadrupole Mass Spectrometry based Evolved Gas Analysis facility has been 
used to study the temperature programmed decomposition of A1NH4(SO4) 2.12H20. 
Concurrent steps such as dehydration and ammonia release could be successfully 
resolved. Reaction mechanisms governing various stages of decomposition have been 
identified. Possible explanations for the observed change in mechanisms for dehydra- 
tion at higher heating rates are given. The activation energies obtained for dehydration, 
two ammonia release stages and the decomposition stage at 6 K min-  ~ are 27.3, 17.36, 
27.0 and 321.6 kJ mol-1 respectively. The final structure, 7-A120 3, resulting from 
decomposition of the sample was confirmed by X-ray powder diffraction. 
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