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Abstract 
Nano crystalline γ-Alumina powders were synthesized by Solution Combustion reaction between aluminium nitrate as oxidizer and a 
mixture of urea and glycine fuel as reducer. In this fuel mixture, urea was taken as stoichiometric fuel and glycine was added as 
excess fuel to alter the exothermicity of redox reaction between aluminium nitrate and urea. The ratio of urea to glycine had been 
optimized to obtain single phase gamma alumina. A Multi channel thermocouple setup was used to measure the flame temperatures to 
study the nature of combustion of various fuel mixtures. The variation of adiabatic flame temperature was calculated theoretically for 
different urea/glycine mixture ratios according to thermodynamic concept and correlated with the observed flame temperatures. These 
powders were characterized by XRD, SEM, showing that the powders were composed of polycrystalline oxides with crystallite size of 
81 nm for alpha alumina, ~ 5 nm for gamma alumina and having highly porous microstructure. An interpretation based on maximum 
combustion temperature and the amount of gases produced during reaction for various urea to glycine ratio composition had been 
proposed for the nature of combustion and its correlation with the characteristics of as synthesized powder. 
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1. INTRODUCTION 

Nanocrystalline (γ) alumina is a polytype of alumina that find 
extensive applications as a catalyst and catalytic supports due 
to its high surface area and porosity. These properties result 
primarily from the nano-scale character of the alumina. Many 
attempts have been made in literature to address the synthesis 
of gamma alumina by using kaolin [1,2], boehmite sol [3], 
saccharide molecule  template [4] hydrothermal method [5,6] , 
precipitation method [7,8,9], sol-gel process [10,11], resin 
synthesis method [12] , solvothermal route [13], reduction–
magnetic separation method [14].   But these methods are time 
consuming, expensive and complex. Solution Combustion 
Synthesis (SCS) provides simple, low cost fast process, with 
energy and time saving to produce pure nano crystalline 
ceramic powders [15]. (γ) alumina is synthesized by  oxalyl 
dihydrazide (ODH) fuel which is hydrazine hydrate derivative 
and a carcinogenic.  Except urea and glycine, most of the other 
fuels (ODH, carbohydrazide etc) used in the SCS are 
hydrazine derivatives. J.C .Toniolo et al [16] obtained 
amorphous product during aluminum nitrate glycine 
combustion with varying the oxidizer to fuel ratio. Only on 
heating as prepared powder to 1073 K γ alumina phase is 
formed. 
 

Usage of mixed fuel approach to synthesis various ceramics 
have been done earlier [17, 18, 19]. However, till now there is 
no report of synthesis of gamma alumina by Solution 
Combustion Synthesis using mixed fuel approach explaining 
the thermodynamic concept. In this work effect of mixed fuel 
approach using urea and glycine fuels on aluminiumnitrate 
fuel combustion was investigated. Theoretical temperature and 
enthalpy of reaction were calculated on thermodynamic 
concept and correlated with the measured temperature. Urea to 
glycine ratio was optimized to achieve pure gamma alumina 
phase in as prepared state.  
 
2. EXPERIMENTAL PROCEDURE 

The reactants analytical grade aluminium nitrate 
nonahydrate Al (NO3)3·9H2O was used as oxidizer. The 
urea [CO(NH2)2] and glycine (C2H5NO2) were used as 
fuel. The molar ratios/amount of reactants are shown in 
Table1. The fuel mixture composition is designed such that 
amount of fuel urea is taken according to stoichiometric 
condition and kept constant for all composition and 
glycine fuel was added as excess fuel to urea with wt 
equivalent to 0, 10, 20, 30, 40wt% of urea, means for 3gm 
of urea glycine was added as 0.0, 0.3, 0.6, 0.9, 1.2g 
respectively. Totally five sample compositions were made 
with notation, U00G, U10G, U20G, U30G, and U40G. 
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The Above compositions were dissolved in minimum 
amount of deionized water to make clear solutions. These 
solutions were then kept in furnace preheated to 773 K. 
First thermal dehydration occured at ~ 373 K, at ~473 K 
the viscous liquids swelled and auto ignited, with the rapid 
evolution of large volume of gases.  Here combustion 
reaction takes place between decomposition products of 
oxidizer and fuel leading to exothermic reaction giving 
huge amount of energy in terms of heat and the local 
temperature generated may be nearly 1773K which helps 
in forming the ceramic oxide. The ash obtained after 
releasing of gases was the desired ceramic product. Whole 

reaction completes within a span of six to seven minutes.  
The obtained product was highly porous due to huge 
number of gases released during process .All combustion 
calculations are mentioned in our earlier paper [20]. The 
powder color varied with number of moles of glycine (Ψ). 
At Ψ=0, it was white and changes to gray at Ψ=1.6. The 
color change was due to residual carbon of incomplete 
combustion. Under the equilibrium conditions the standard 
reaction equation of systems can be represented for all 
nitrate- Urea/glycine ratio combustion 
 

 
 
 
 
 
 

 
3. THERMODYNAMIC MODELLING 

As Solution Combustion Synthesis was fast and completed in 
few seconds, it was be assumed as adiabatic. Temperature 
generated due to the exothermic reaction was adiabatic 
temperature. Using the thermodynamic data for the various 
reactants and products listed in Table II, the enthalpy of 
combustion and the theoretical adiabatic flame temperatures as 

a function of urea/glycine ratio were approximately calculated 
by the following equations using Mathematica software for 
comparing exothermicity of combustion 
 

ΔHo = (∑nΔHo) products-(∑nΔHo) reactants                     (2) 
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Table.1 Composition of reactants , Tad, Measured Temperature,  Enthalpy of combustion, Nature of combustion 

Sl.
No 

Sampl
e code 

Al(N
O)3 
(g) 

Urea 
(g) 

Glyci
ne (g) 

Ψ Tad 
(K) 

Measu
red 

Temp  
(K) 

ΔHO 

(kcal/ 
mol) 

Color Obtained 
Powder / 

1gm 
desired 

Nature of 
combustion 

1 U00G 7.5 3 0.00 0.
0 

1390 1263 -375.21 White 0.940 Flaming 

2 U10G 7.5 3 0.30 0.
4 

1569 1143 -457.76 White 0.904 Flame + smoldering 

3 U20G 7.5 3 0.60 0.
8 

1733 1121 -540.31 grey 1.036 smoldering 

4 U30G 7.5 3 0.90 1.
2 

1882 1100 -622.85 grey 1.096 smoldering 

5 U40 G 7.5 3 1.20 1.
6 

2020 1081 -705.40 grey 1.130 smoldering 

( ) 2

2 3 2 2 2

3 2 2 2 2 23

                                                      O (8 0.5 )N (5 2 )CO (28 2.5 )H O...(1)
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Here ΔHo is the enthalpy of combustion reaction, Cp is the 
heat capacity of products at constant pressure and Tad is the 
adiabatic flame temperature in Kelvin. Number of moles of 

gases evolved per mole of product also calculated for all 
reactions. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
4. ENTHALPY OF COMBUSTION AND 

ADIABATIC FLAME TEMPERATURE (TAD) 

The ΔHo and the Tad as function of urea/glycine ratio are 
shown in Table.1. It was seen that ΔHo, Tad and number of 
moles of gases evolved were directly proportional to the 
amount of glycine, varying linearly in ascending manner. The 
variation can be expressed in linear equation as ΔH0 =375-206 
Ψ, Tad=393 Ψ +1404K and number of moles of gases 
evolved= 5Ψ +31. The reaction between urea and aluminum 
nitrate at stoichiometric ratio for Ψ =0 mole of glycine had 
lowest exothermicity and adiabatic flame temperature of 
1390K. Adiabatic temperatures for Ψ= 0.4, 0.8, 1.2, 1.6 are 
1569, 1733, 1880, 2020K, respectively. But measured flame 
temperatures were very low and inversely proportional to the 
number of moles of glycine. Low temperature might be due to 
heat loss, heat capacity & thickness of thermocouple. But here 
glycine plays major role instead of increasing  it decreased the 
combustion temperature due to its complexing ability, zwitter 
ionic nature which might have formed the temporary complex 
and might be decomposed later without forming the 
hypergolic mixture of gases (HCNO+NOX+NH3 which were 
necessary to form to give exothermic reaction releasing huge 
energy)  and also the high number of carbon atoms present in 
glycine decrease the  flame temperature due to zero value of 
their enthalpy of formation. In spite of high reaction enthalpy 
and Tad observed for all cases the crystalline phase had not 
formed for Ψ=1.2,1.6 .This might be due to the strong 
coordination compound formation in between the fuel glycine 
and nitrate which prevented the release of the aluminium 
cations to form compound.  
 

5. PHASE FORMATION AND MORPHOLOGY 

X-ray diffraction was carried on the combustion-synthesized 
powders for phase identification scanned at a rate of 1°/min, 
using Cu-K_ radiation on a Brukers D8 diffractometer, and the 
crystallite size estimation was done using Scherrer formula 
.Silicon was used as an external standard for correction due to 
instrumental broadening. Microstructure studies on the 
powders were carried out by using QUANTA 200 ESEM FEI. 
Scanning electron microscope 
 
Fig 1 shows XRD pattern of the as-synthesized powders of 
different urea to glycine ratio. The formation of phase pure 
crystalline α-alumina is confirmed for the case Ψ =0 as the 
amount of glycine content increases the phase formation also 
changes adding 0.4moles of glycine the phase changes from 
pure alpha alumina to mixture of alpha and gamma alumina. 
Finally it converts to completely to gamma alumina at addition 
of 0.8 moles of glycine to the composition. U20G composition 
shows the pure gamma alumina formation which is confirmed 
by comparing the peaks with JCPDS Card No 29-0063, and 
alpha alumina peaks were compared to the peaks of standard 
JCPDS Card No 46-1212. Further increasing the glycine 
content the phase changes to amorphous at 1.6 moles of 
glycine .The change in phases from high temperature alpha 
corundum phase to low temperature gamma phase and 
amorphous phase even at high theoretical temperature and 
enthalpy is due to incomplete combustion taking place due to 
high number of carbon atoms present in glycine which leads to 
the formation of carbon residue due to zero enthalpy of 
formation and also glycine being complexing agent and 
zwitter ionic nature leads to formation of temporary legand 
complex formation which will have high decomposition 

Table .2.  Relevant thermodynamics data [21-22] 

Compound Hf (kcal/ mol)                         Cp cal/(mol K)a 
 

Al (NO3)3·9H2O (c)                          --857.59  
NH2CONH2 -79.71  

NH2CH2COOH(c)                              -126.22)  

Al2O3 (c)                                   -- 400.4 22.08 + 0.0089T 

CO2 (g)                                              -94.051 10.34 + 0.0027T 

 N2 (g)                                                     0 6.5 + 0.0010T 

 H2O (g)                                              -57.796 8.22+0.00015T    

O2 (g)                                                     0 8.27+0.000258T 
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temperature and prevent the formation of hypergolic gases. It 
can be seen that crystallite size is highest Ψ =0 at 
stoichiometric (81 nm) due to sintering of fine particles from 
high local temperature,  decreases as one moves to fuel rich 
composition Ψ =0.4,0.8,1.2,1.6 due to low local temperature  
preventing the sintering of particles . Fig.2(a) illustrates TEM 
micrographs of SCS powder of stoichiometric alumina 

showing an aggregate of crystallites of dimension 300 nm with 
average crystallite size of 80-90 nm. Fig 2 (b), shows the SEM 
micrographs of alumina powder of Ψ =0 of 400 μm and 300 
μm, with porous structures respectively due to high and less 
froth/gel formation in reactions. Fig. 2(c) shows the average 
crystallite size of ~ 5 nm of γ-Alumina. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

Fig. 1. XRD of alumina powders with varying Ψ. 
 
 

 
 

Fig2 (a) TEM of U00G    (b) SEM of U00G (c) TEM of U20G 
 

 
CONCLUSIONS 

A mixture-of-fuels approach has been employed to rapidly 
synthesize single phase polycrystalline powders of γ-Alumina 
using a mixture of urea and glycine as fuel in a solution-
combustion method. The ratio of urea to glycine has been 
optimized to obtain single phase gamma alumina. For U20G 
(Ψ =0.8) composition pure gamma alumina phase obtained. 
The powder was nanocrystalline in nature with average 
crystallite size of ~5 nm as confirmed by XRD and highly 
porous as confirmed by SEM. 
 

Theoretical adiabatic flame temperatures were calculated 
according to the thermodynamic concept and compared with 
the measured data. It was found that the theoretical adiabatic 
temperature increased with increasing the value of glycine to a 
maximum of 2020K (at Ψ = 1.6) but measured temperature for 
the same was 1081K .This huge difference in temperature may 
be due to more moles of gases formed during combustion take 
away the heat generated and also due to incomplete 
combustion occurred due to more no of carbon atoms present 
in glycine. Glycine fuel reduces the exothermicity of 
combustion reaction and acting as both complexing agent and 
fuel. 
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