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Abstract  

To offer better solutions for the recycling of salt cake from secondary 

aluminum melting, several innovative investigations were carried out based on 

hydrometallurgical and pyrometallurgical views. 

Thermal diffusivity measurements as a function of temperature on salts-Al 

composites having various compositions (0, 2, 4, 6, 8, 10, 12wt pct metallic Al) 

were carried out. Its attempt to derive theoretical relationships between 

aluminium contents in the salt-Al composites and the thermal conductivities so 

that these would serve as calibration curves for industrial samples taken out 

from secondary aluminium re-melting at a later stage. 

The AlN hydrolysis behavior in NaCl solution was investigated by 

immersing pure AlN powder in deionized water, 0.3mol/l NaCl aq, 0.6mol/l 

NaCl aq and NaCl solution respectively with CO2 bubbling at 291K. The 

results showed that AlN powder underwent enhanced hydrolysis in NaCl aq 

than that in deionized water, while, the introduction of CO2 was found to hinder 

the hydrolysis even in the presence of NaCl. The characterization of the 

products after hydrolysis was carried out using XRD, SEM and TEM analyses. 

It was shown that the hydrolysis process included a slow-reaction period 

involving the dissolution of aluminum hydroxide layer around raw AlN particle, 

followed by the precipitation of aluminum hydroxide gel and the crystallization 

of boehmite, bayerite and gibbsite. The effects of sodium chloride 

concentration on the hydrolysis behavior are presented.  

The leaching process in CO2-saturated water showed that, at a solid to 

liquid ratio of 1:20 and 3h at 291K, the extraction of Na and K from the dross 

could be kept as high as 95.6% and 95.9%, respectively. At the same time, with 

continuous CO2 bubbling, the mass of generated NH3 during the leaching 

process decreased significantly, also the escaping NH3 gas decreased from 

0.25mg in pure water down to <0.006mg. The above results showed that the 

introduction of CO2 causes hindrance to the hydrolysis of AlN, meanwhile, 

effective absorption of ammonia. The plausible mechanisms for the observed 

phenomena are discussed. The concept of the leaching of the salt cake by 

carbonated water and the consequent retention of AlN in the leach residue 

opens up a promising route towards an environment-friendly recycling process 



II 

 

for the salt cake viz. recovery of the salts, utilization of CO2 and further 

processing of the dross residue, towards the synthesis of SiAlON from the 

leach residues.    

In alternative route to the processing of salt cake, the ammonia gas 

evolved by hydrolysis of AlN was collected by CO2-saturated water during 

water leaching at 373K. The products, i.e. ammonium carbonates which are 

free of chlorides, has application as a fertilizer, besides that, this method also 

has the advantage of fixing carbon from CO2, which is the subject of many 

investigations around the world. 

The oxidation behavior of composites SiMgAlON phases (β-SiAlON, 

MgAlON and 15R) synthesized from the residue during the leaching treatment 

of salt cake and corresponding synthetic samples was investigated in air by 

thermogravimetric measurements. The oxidation studies reveal the effects of 

impurities, namely, Fe2O3 and CaO present in the salt cake residue. From the 

view of kinetics, the addition of Fe2O3 brings a lower activation energy and 

more aggressive oxidation. The additive of CaO caused the shrinkage during 

the synthesis and liquid formation during the oxidation above 1673K, thus 

retard the oxidation rate. The impurities of CaO and Fe2O3 in the leaching 

residue can result in an aggressive oxidation at low temperature and a 

protective oxidation at temperatures above the eutectic point. From the view of 

phase evolution, with the progress of oxidation, the composition of the material 

being oxidized moved towards the Al2O3-rich corner of MgO-Al2O3-SiO2 or 

CaO-MgO-Al2O3-SiO2 phase diagrams relevant to SiMgAlON composite. At 

lower temperatures, the addition of Fe2O3 and CaO facilitated the formation of 

cordierite and anorthite, respectively. With the increasing of temperature, 

islands of silicate melt were formed dissolving these oxides, with the liquidus 

temperature getting lowered as a consequence. The liquid phase formed 

engulfed the adjacent solid phases providing strong mobility for the cations and 

enabling the crystal growth. As a result, intermediate products, i.e. cordierite, 

anorthite, spinel, which formed earlier during oxidation are found to get 

dissolved in the liquid phase.  

Keywords: Thermal diffusivity, Model, Solubility, CO2, AlN, Crystals, Hydrolysis, 

Enhance, Hinder, Leaching, Absorption, Synthesis, SiMgAlON, Oxidation, 

Arctan, Activation energy, Mullite, Liquid, Crystallization. 
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1. Introduction 

1.1 The background of recovery of salt cake 

Salt cakes are complex toxic waste products which are formed when 

aluminium scrap is remelted to recover the metallic aluminium [1]. The 

components have been determined by many different analytical techniques as 

discussed by various investigators [2-5]. The common ingredients of the salt 

cake are, apart from NaCl and KCl, Al2O3, AlN, smaller amounts of CaF2 and 

entrapped metallic aluminium (which could be as high as 5 wt %) apart from 

traces of AlP and Al4C3. Salt cake contains some water-soluble compounds, 

which would react with water or environmental humidity and release chlorides 

and/or generate toxic gases such as H2, CH4, NH3 and H2S[6-8]. Due to this, it 

is considered as a hazardous waste. In current situation, disposal of salt cake in 

Europe is facing a problem due to the increasing costs to aluminium industry 

with the introduction of higher taxes with respect to landfilling and tighter 

regulation. 

Various processes are designed for the treatment of the salt cake. 

Papafingos and Lance [9], in 1978, proposed a method for cooling and 

disaggregating aluminum dross with water in order to dissolve the salts. 

Durward et al. [10] treated aluminum dross with water at elevated temperatures. 

During the digestion step, the environmentally undesirable ammonia gas is 

emitted due to the reaction between water and AlN, along with hydrogen and 

methane produced due to reactions with the other components of the salt cake. 

Other methods [11-13] that were applied are treatment of the aluminum dross 

tailings directly with dilute H2SO4 or Bayer-type strongly-alkaline liquors. 

As salt slag is difficult to dispose (because of the soluble nature of the salt 

and the production of toxic and explosive gases when it becomes wet) a lot of 

countries have banned the use of landfill for this waste [14, 15]. Various 

approaches [16, 17] are described where NMP can be used as refractory, a 

silicate-based glass, fibers or abrasive particles. In an integrated process by 

Davies et al. [18], the dross was leached with water and the chlorides were 
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extracted, then the residue was treated by Bayer-type digestion. The extracted 

Al2O3 was roasted and applied to the production of high castable refractories, 

or activated at 873K to obtain γ-Al2O3. Several studies have been undertaken 

where dross, after leaching by H2SO4, was utilized for the manufacture of 

aluminum sulphate [19] and η-alumina at 1273K [20]. 

Most of above methods are focused on the recovery of aluminum 

compounds (which is clearly most abundant in the salt cake, including Al2O3, 

AlN, metallic Al, Al4C3, etc), convert them into the oxides. The disadvantage is 

mainly the problem of dealing with the filter liquor which is sensitive to minor 

impurities when H2SO4 or NaOH is used as a leaching agent, and how to make 

the best of the residue when water used as a leaching agent. 

In 1979, Lee and Cutler [21] first successfully synthesized b-SiAlON from 

kaolinite (Al2Si2O5(OH)4) by the carbothermic reduction-nitridation (CRN) 

method. Since then, a wide range of other inexpensive mineral materials have 

been tried in a similar way of synthesizing b-SiAlON, such as halloysite 

[22-24], montmorillonite-polyacrylonitrile [25, 26], and bentonites
 
[27, 28]. 

The earlier research indicated that the metallic Al in aluminum dross may have 

the potential not only to work as a reducing agent but also to synthesize AlN 

polytypoid, which can be introduced into Sialon ceramics as a toughening 

phase [29-31]. AlN-polytypoid phases are well known to be compatible with 

various b-SiAlONs [32]. Hence it is proposed that b-sialon-AlN-polytypoid 

multiphase ceramic can be synthesized from the residue of salt cake. 
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1.2 Outline of this work   

 

Figure 1.2-1: The structure of present work 

This work can be considered as following three different, but 

inter-connected directions of investigation. This is illustrated in figure 1.2-1 

using a “tree” analogy. Salt cake is the ground on which the tree grows, and the 

fundamental subject of the all these technical solutions above ground, i.e. the 

stem of the tree, signifying the different researches pointing in a given direction. 

As expected, there are “red fruits” eventually which represent the final products 

of the process towards the recovery of salt cake. The stem marked with “I” 

represents paper (I) describing an attempt to predict the metallic aluminum in 

the salt cake by the determination of thermal diffusivity. The stem is termed as 

“II-IV”, papers (II-IV) introduce the leaching methods as a means of recovery 

of salt cake. In paper II, the presence of chlorides in the leaching is proved to 

have an accelerated effect on the hydrolysis; paper III, describes a new method 

of treating the salt cake, viz. leaching with CO2-saturated water which enables 

the removal of the chlorides(“fruit” marked with “Cl”) selectively without 

affecting AlN, the latter being preserved in the leach residue. On the other hand, 

paper IV presents the results of the investigations regarding leaching the salt 

cake and capturing the ammonia gas evolved during hydrolysis of AlN in 
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CO2-saturated water. The product, ammonium carbonates (“fruit” marked with 

“C”) could be a value-added by-product and could be utilized directly as a 

fertilizer. At the same time, ammonia could provide as a suitable agent for 

capturing CO2, thus fixing CO2 greenhouse gas emissions. [33] The resulting 

residue consists of Al2O3, SiO2, MgO, AlN and Al apart from minor impurities, 

could successfully be used to synthesize SiMgAlON ceramics using this 

residue. Papers V-VII are focused on the oxidation resistance of synthesized 

ceramics, in order to arrive at optimization of performance by studying the 

effects of impurities originating from leaching residue of salt cake. 

1.3 Industrial implications 

In the modification of leaching process, the introduction of CO2 played a 

substantial role, not only in hindering the generation of hazardous gases from 

the hydrolysis and thus preserve the AlN and metallic Al for the latter synthesis, 

but also in capturing the ammonia into ammonium carbonates which can be 

turned back as a source of ammonia (and proved as an excellent candidate) for 

the fixing greenhouse gases and used as a fertilizer. With respect to the residue 

after leaching with CO2-saturated water, the preservation of AlN and metallic 

Al makes it the ideal raw material for the synthesis of high-performance 

oxynitride ceramics. 

The complete recovery of salt is achieved from the salt cake without using 

any expensive process or materials. The rest products are turned into a 

high-value ceramic material as well as a useful fertilizer material, accompanied 

by the fixation of CO2. The leachant solution can be evaporated to recover and 

recycle the salts without the need of further processing of the aqueous phase. 

Thus, the solution offered in this thesis offers a total environmental and 

economic solution to the recycling of salt cake from aluminium remelting 

industry. The process is thus well suited for practical application. 
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2. Theoretical aspects  

2.1 Thermal diffusivity  

During the measuring of thermal diffusivity, the top surface of the pellet 

sample is irradiated with laser beam, which provides an instantaneous energy 

pulse. The laser energy is absorbed on the top surface of a sample and gets 

converted into the heat energy. The heat energy travels through the sample. 

Immediately after the laser pulse, the temperature of the rear surface of the 

sample is monitored by collecting the radiation using a photovoltaic infrared 

detector. The thermal diffusivity, a, is calculated from Eq. 2.1-1[34]: 

2

1/2

0.1388L

t
                                  (2.1-1) 

Where L is the thickness of the sample and t1/2 is the time required for the 

temperature of the rear surface to reach half of its maximum temperature. 

2.2 Principle of leaching  

During the leaching process, it is expected that various compounds in salt 

cakes react with water in aqueous pulps, to give off ammonia and other noxious 

gases through chemical reactions represented by Eqns. (2.2-1-2.2-4).  

4 3 2 3 412 4 ( ) 3Al C H O Al OH CH                             (2.2-1) 

2 3 33 ( )AlN H O Al OH NH     [35]                         (2.2-2) 

2 3 33 ( )AlP H O Al OH PH                                 (2.2-3) 

2 3 22 6 2 ( ) 3Al H O Al OH H      [36]                       (2.2-4)  

As the solubility of CO2 in water is limited (the saturated solution of CO2 

in water obeys Henry‟s law) [37], a continuous stream of the gas was bubbled 

through the aqueous medium during leaching. The leaching process of salt cake 

involves a series of complicated reactions. The absorbed CO
2 

would form 

ionized carbonic acid, which in turn, would react with ammonia formed as a 
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result of reaction (2.2-2) to form bicarbonate, HCO3

-

 and carbonate, CO
3

2- 

ions 

as shown in eqn. (2.2-5). 

2

2 2 2 3 3 32CO H O H CO H HCO H CO             (2.2-5) 

A stability diagram illustrating the species formed in aqueous medium is 

shown in Figure 2.2-1 wherein the (CO2/NH3) ratio is plotted as a function of 

temperature.  

 

Fig. 2.2-1: Stability diagram showing stable components in aqueous solution 

at different CO2/NH3 ratios and temperatures. [38] 

It is seen that, at room temperature, in CO2-saturated solution, at the 

beginning of hydrolysis, the stable species in solution would be NH4HCO3 

when the ratio (CO2/NH3) is high (>0.53). With the increase of the 

concentration of dissolved ammonia, the species (NH4)2CO3.H2O would be 

formed. The solubility of the carbonates NH4HCO3 and (NH4)2CO3 in water at 

293 K are 21.7g and 100g per liter of the solution. Thus, ammonia gas is likely 

to be retained in the aqueous solution.  

Further, it is reasonable to expect that the acidic solution formed, with a 

low pH, would lead to a decrease of the hydroxyl ion concentration. Figure 

2.2-2 presents the mol fractions of various dissolved species formed during the 

hydrolysis of aluminium nitride in equilibrium with amorphous hydroxides in 
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solution.  

 

Fig. 2.2-2: Molar fractions of dissolved hydrolysis products of mononuclear 

aluminum hydroxides in equilibrium with amorphous hydroxides. [39] 

From Fig. 2.2-2, it is seen that, the solubility of aluminum species directly 

relate to the pH value of the solution. With the presence of sodium/potassium 

chloride in neutral/alkaline solution corresponding to the environment of 

leaching solution of salt cake, the hydrolysis of AlN has been proved to be 

enhanced by increasing the solubility of immediate hydrolyzed product 

Al(OH)3. The CO2-saturated water has a pH value of about 3.9 and the Al(OH)3 

has a lesser solubility in afterwards pH region until 7. It would be expected that 

reaction (2.2-2) may be hindered when AlN comes into contact with carbonated 

water even in the presence of chlorides. 

Thus, the use of CO2-saturated water would have two functions: 

a) Hinder significantly the ammonia forming reaction, viz. the hydrolysis 

of AlN. 

b) The small amount of NH3 produced can be effectively absorbed by the 

formation of NH4HCO3 species in aqueous solution.   
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2.3 Synthesis  

The residue after leaching would contain Al2O3 and lesser amounts of SiO2, 

MgO and AlN, along with metallic Al. This is likely to form an ideal precursor 

for the synthesis of high-performance oxynitride ceramics. The samples were 

heated to 1873K and held for 6 h under embedding in β-Si3N4 powders, in a 

MoSi2 furnace under a nitrogen (99.99% purity) atmosphere (0.1 MPa). 

 

Fig.2.3-1: Isothermal section Si3N4-AlN-Al2O3-SiO2 of the system Si-Al-O-N 

at 1973K [40] 

It can be seen from Fig.2.3-1, N4, 15R, 12H, 21R, 27R, represent different 

AlN-polytypoids, one kind of solid solutions of SiO2 and AlN; AlON on the 

right vertical axis represents the solid solution of Al2O3 and AlN; O-Sialon, 

X-Sialon represent the solid solution of Si2N2O and Al2O3, β-Si3N4 and 

3Al2O3∙2SiO2, respectively; β-SiAlON represents the solid solution of β-Si3N4 

and Al2O3.  

Without the presence of Si3N4 in the raw materials, the following reactions 

may happen first: 

2 4 2 44 ( ) ( ) (15 )( )AlN s SiO s SiAl O N R s    (2.3-1) 
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2 4 2 3 2 0.2 1.45 2.15 0.150.2 0.525 0.225 0.075 0.225MgAl O Al O C N Mg Al O N CO    

(2.3-2) 

The solid-state reaction during the sintering initially favors the formation of 

15R phase, then β-SiAlON phase [41] by the reaction: 

4.2)zCO(g)(0)5.112(NOAlSi

(g)N)5.03(C)5.112(OAl5.0z)SiO-(6

z-6zz6

2322





 z

zzz

z

   

(2.3-3) 

It is believed that the fast consumption of Al2O3 and AlN by formation 

MgAlON and 15R in reactions 2.3-1 and 2.3-2 moves the composition of 

mixtures to Si corner of Si3N4-AlN-Al2O3-SiO2 system, which plays an 

important role in suppressing the reaction 2.3-1 and facilitating the growth of 

β-SiAlON. Under such circumstance, a long sintering period is necessary to 

fulfill the complete transformation from 15R phase to β-SiAlON phase.  

During the CRN procedure, the volatilization of SiO is likely to occur, with 

the loss of Si element [42-45] according to the reactions 2.3-4 and 2.3-5:  

3 4 2 2β-Si N ( ) 1.5O (g) 3SiO(g) 2N (g)s      (2.3-4) 

3 4 2 2β-Si N ( ) ( ) 2 ( ) 2 ( ) 2 ( )s SiO s SiO g Si l N g                      (2.3-5) 

With the embedding of β-Si3N4 powder as a reducing agent, low partial 

pressure of oxygen can be reached. Another advantage is in pressureless 

sintering of sialon, the high pressure of SiO provided by reaction 2.3-4 favors 

the backward reaction of reaction 2.3-5, which means that the equilibrium will 

be shifted towards the reactant side, the thermal decomposition of single-phase 

β-sialon is depressed.  

The reaction 2.3-5 is likely happened at temperatures >1923K according to 

Messier and Deguire‟s work [46], thus the sintering temperature was 

determined at 1873K. 

2.4 Reaction occurring during the oxidation  

The synthesized product consisted mainly of SiMgAlON. This can be 

considered as a composite material of β-SiAlON and MgAlON or 15R-SiAlON. 

β-SiAlON is an oxynitride ceramic material and is most commonly described 
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by the formula Si6-ZAlZOZN8-Z, representing the solid solution of β-Si3N4 by the 

substitution of A1 and O in the β-Si3N4 crystal. The value of Z can vary 

continuously from 0 to about 4.2 [47-50].  

The oxidation reaction for β-SiAlONs can be expressed by the following 

equation [51]: 

6 8 2 2 2 3 2 2

24 3 18 4 8
3 2

4 3 6 2
z z z z

z z z z
Si Al O N O SiO Al O SiO N  

  
     

  

(2.4-1) 

In the case of β-SiAlONs with higher z values, the ratio of Si to Al is low. 

This would favor to the formation of mullite (3Al2O3·2SiO2) during the 

oxidation process. A small amount of SiO2 is free and likely to be incorporated 

in the oxide scale. When subjected to oxidation, the degradation of the ceramic 

material can be retarded significantly by the limited access to air through fused 

silica layer. 

The addition of MgO has the likelihood of forming MgAlON using 

Carbothermic Reduction and Nitridation (CRN) technique which can provide 

nitrogen saturation through open pores of samples. According to the 

investigation of Dai et al [52], the oxidation reaction of MgAlON can be 

divided into two regimes: 

At lower temperatures <1473K 

2 2 4 2 3 2( ) ssMgAlON lowMg O MgAl O Al O N    
       (2.4-2) 

At higher temperatures >1473K 

2 2 4 2 3 2( ) ssMgAlON lowMg O MgAl O Al O N    
           (2.4-3)

 

2.5 Modelling 

2.5.1 Thermal diffusivity  

2.5.1.1 Simple parallel and series approaches 

The parallel arrangement (heat flux is parallel to the layers) represents a 

maximum in thermal conductivity. The serial arrangement (heat flux is 
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perpendicular to the layers) represents the minimum conductivity. 

In case of serial arrangement: 

1

KCl

KCl NaCl Al air

eff NaCl Al airk k k k k

   
   

                 (2.5.1.1-1)

 

In case of parallel arrangement: 

KCleff KCl NaCl NaCl Al Al air airk k k k k      
          (2.5.1.1-2)

 

2.5.1.2 Hsu et al. approach 

 

Fig.2.5.1.2-1 :(a) a three dimensional cube and (b)its unit cell spatially 

periodic three-phase system, (c) equivalent electrical resistance.  

Hsu et al. model combines the thermal resistance approach with the unit 

cell approach. By working with a structural unit cell, one can link the structure 

of the porous medium to the visual representation of the model. This cell is 

then split up into layers of solid and gas phases, so that the unit cell becomes a 

combination of serial and parallel thermal resistors.  

Due to the similar properties between NaCl and KCl, these are treated as 

one single phase, viz. salts in the present work. In case of salts +air system: 
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4.82eff salts salts air airk k k         (2.5.1.2-1) 

5.11 /saltsk W mk                (2.5.1.2-2) 

In the case of Al(salts)+air: protuberance has the blue cube, the white cube 

in the centre represent the metallic Al phase and chlorides phase, respectively. 

The rest, panted in red color, are the space for air being trapped in the pore.  

3

salts cl 
           (2.5.1.2-3)

 

2 (1 )
6

2

c
Al A

l
l


  

           (2.5.1.2-4)
 

Where, lc and lA are the length of cube cell for chlorides and metallic Al, 

respectively. 

1
2

1

2

( )
2

c

Al
Al

l

R
l

k



                     
2 2

1

2

1
( )

4

c

Al
air

l

R
l

k






             

(2.5.1.2-5) 

3 2

2( )c Al

salts c

l l
R

k l


                   4 2

2( )

(1 )

c Al

air c

l l
R

k l





               

(2.5.1.2-6) 

5 2

2

(1 2 (1 ) )

Al

air Al c c

l
R

k l l l


  
                6

2

(2 (1 ))

Al

Al Al c

l
R

k l l



      

 

7 2

2 Al

salts c

l
R

k l


                                                 

(2.5.1.2-7) 

e
e 1 e 2 e 3 3 4 5 6 71 2

1 2 3 4 6 7 5 7 5 6

2 22 R
R R Reff ff

ff ff ff

k
R R R R RR R

R R R R R R R R R R

  
 

 
   

  

(2.5.1.2-8) 

Similarly, in case of other combinations, viz, Al(air)+salts, air(salts)+Al, 

air(Al)+salts, salts(air)+Al, salts (Al)+air are calculated in the same way.  
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2.5.1.3  Modified approach 

2.5.1.3.1 Parallel and serial arrangement 

Fig.2.5.1.3.1-1: modified three-dimensional cube (a) its unit cell spatially periodic 

chlorides + air, (b) its unit cell spatially periodic Al+ chlorides + air system. 

It is important to estimate the sensitivity of metallic Al and air content to 

the resistance of the matrix, individually, thus understanding their geometry 

arrangements. In the real process:  

a) metallic Al has a lager particle size than that of the chlorides, and also  

b) the shape may vary with different conditions due to the excellent 

ductility of metallic Al. 

Aluminium can be considered to behave more like a fluid working as 

binder between the layers as shown in Fig.2.5.1.3.1-1(b). It is normal to assume 

a serial air layer, as marked layer 1 in Fig. 2.5.1.3.1-1(a). However, the 

resistance of serial air layer is extreme sensitive to the thickness, i.e. (1-a) 

needs to be well-defined, otherwise, this would cause lager derivations, 

sensitive even to very small errors. It is safer to avoid such arrangement, 

describe the system instead, using the arrangement as shown in Fig. 
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2.5.1.3.1-1(b). 

In case of Al+ chlorides+ air system: 

a 1
1

Al
  , 

a

saltsA


           (2.5.1.3.1-1) 

Where a is the thickness of the serial metallic aluminum layer, A is the area of 

serial salts layer which faces to the heat flux.  

e 1

1 a
R ff

Alk


                           (2.5.1.3.1-2) 

e 2

a
R

(1 )
ff

salts airA k A k


  
              (2.5.1.3.1-3) 

e 1 e 2

1

R R
eff

ff ff

k 


                     (2.5.1.3.1-4) 

2.5.1.3.2 Dunn et al. approach 

Dunn et al. [53] have investigated the thermal conductivity of multiphase 

ellipsoidal inclusion composites using Eshelby‟s model [54]. The thermal 

conductivity of composites containing pores can be considered as a special case 

of multiphase composites, and therefore, can be obtained as follows: 

( )( )1

3

m p c mm

cp c p m c p

k k k kk

k k k k k k

 
 

            (2.5.1.3.2-1)

 

2

1

1 ( 1)
p m

Fp
k k

Fp




 
                     (2.5.1.3.2-2)

 

1

air

Al

Fp






                           (2.5.1.3.2-3)

 

Where Fp, kC, km, kP, and kcp are the volume fraction of pores, the thermal 

conductivities of the fully dense composites, the matrix, the matrix with some 

porosity, and the composites containing pores, respectively. kc can be 

calculated by eqn. (2.5.1.3.2-4) [55-57], where the interfacial thermal condition 

is taken into account on the basis of Eshelby‟s model. 

 
 

2 (1 ) 3 ( 1)(1 2 )

(2 ) 3 ( 1)(1 )
c m

F F
k k

F F

  

  

    


    
           (2.5.1.3.2-4) 
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1

Al

air

F






     

Al

salts

k

k
                     (2.5.1.3.2-5) 

Where F is the volume fraction of the metallic Al, the parameter β represents 

the interfacial thermal condition of the compositions. Value of β between 0 and 

∞ represents the range of interfacial thermal conditions. In composites, an 

internal stress in the grains is generated by the mismatch and the scattering of 

the energy. Therefore, it is reasonable that a value, β=8 can be assigned in order 

to express generically the micro structural effect on the thermal conductivity of 

composites. 

2.5.2 A model for the hydrolysis of AlN in CO2-saturated solution (A 

chemical interaction model)    

Fig. 2.2-2 shows the molar fractions of various hydroxyl species presented 

in the system at different pH values. These species are expected to be formed 

by the hydrolysis of AlN according to the following reaction (eqn. (2.5.2-1)):  

   
3 2

2 2 56
( ) [ ]AlAl OH Al OH OH H

               (2.5.2-1) 

After the initial step in hydrolysis in which [Al(OH2)6]
3+

 is formed, 

hydrolysis reaction may proceed further, in the following sequence [58].  

   
3 2

2 6 2 5( ) ( )Al OH Al OH OH H
      (2.5.2-2) 

   
2

2 5 2 4 2( ) ( ) ( )Al OH OH Al OH OH H
       (2.5.2-3) 

   
0

2 4 2 2 3 3( ) ( ) ( ) ( ) ( )Al OH OH Al OH OH s H
     (2.5.2-4) 

   
0

2 3 3 2 2 4( ) ( ) ( ) ( ) ( )Al OH OH s Al OH OH H
    [59] (2.5.2-5) 

log Ini
Bk A C T DT

T
                (2.5.2-6) 

0.5 2
0.5 2 3 4

0 1 2log logi i

I I
k I I I

T T
 

                  (2.5.2-7) 

   3

2 6

31 2 4
2 3 4

1

1
H H H H

Al OH

C C C C


  

   



     
    

 

     

(2.5.2-8)  

where a([Al(OH2)6]
3+

) is the fraction, βi is the stoichiometric constant, ki is 
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the equilibrium constant of eqns.(2.5.2-2,3,4,5), T is the temperature, The 

values of the parameters A, B, C, D in eqn. 2.5.2-6 and αo, α1, α2, α3, α4 in eqn. 

2.5.2-7 are the hydrolysis constants of Al(III) in water fitted by Millero and 

Woosley [60].  

The disaggregation of Al-N lattice in aqueous solution would result in the 

release of ammonia. The ionization of Al atom in water is accompanied with 

the liberation of hydrogen atoms as showed in eqn. (2.5.2-1). Meanwhile, it is 

to be kept in mind that one nitrogen atom needs four hydrogen atoms for the 

formation of NH4
+
,  

   
3 2

2 2 56
( ) [ ] [ ]Al NAl OH Al OH OH H H

                 (2.5.2-9) 

If the concentration of hydrogen ions produced from the hydration of Al is 

less, it would be insufficient to form NH4
+ 

by AlN hydrolysis. The dissociation 

of the carbonic acid in aqueous solution would release some hydronium ions, 

H3O
+
, as shown in eqn. (2.5.2-10). An attempt is made to simulate the increase 

in the NH3 concentration in the aqueous solution and the change of pH with 

CO2 bubbling.  

1 2

2 2 2 3 31 2
( )

k k

k k
CO aq H O H CO H HCO 

 

                 (2.5.2-10) 

   
23 33

12

2( ) 2 2 2( )

i N i coi i

aq aq

H H H HCO HCOH HCO
Ka

CO H O H O CO

                      
      

   

(2.5.2-11) 

 [H2O] is the initial concentration of water which has a constant value of 

55.55mol/l, [CO2(aq)] is the concentration of CO2 in the aqueous solution, viz. 

3.36×10
-2

 mol/l when the pH value was stable after 30min bubbling [61]. This 

value can be assumed to be constant in the pH region 4-5. [Hi
+
] is the initial 

concentration once the pH value is stable after 30min bubbling of 

1.58×10
-4

mol/l. △HN
+ 

is the concentration of protons for NH4
+
. 

Thus, eqn. (2.5.2-11) would become: 

2

i i N iH H H H H H                                (2.5.2-12) 

Substituting eqn.(2.5.2-12) into eqn.(2.5.2-11) would yield: 

2
( ) ( ) ( )

10 10 10i e ipH pH pH
H

                    (2.5.1-13) 
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pHi is the initial pH value 3.8, pHe is the pH value after a certain amount 

of NH3 produced during the hydrolysis.  

The dissociation of CO2 would be completed in seconds [62] which can 

keep pace with the hydrolysis reaction of AlN. Thus, the reaction can be written 

as: 

2 3

4

17
co Al N mH H H NH                                 (2.5.2-14) 

 △[HCO2
+
] and △[HAl

+
] are the concentration of hydrogen ion generated 

by dissociation of H2CO3 and the ionization of Al respectively. In the present 

case, △[HAl
+
] was assumed to be neglected. Combination of Eqn. (2.5.2-14), 

Eqn. (2.5.2-13) and Eqn. (2.5.2-12) leads to  

2

2
( )

( )

3 ( )

104
10

17 10

i

e

e

pH

pH

co N m pH
H H NH



 



 
                       (2.5.2-15) 

In the deionized water or completely dissociated acid, if the effect of 

anions can be ignored, Eqn. (2.5.2-15) become: 

 
( ) ( )

3

4
10 10

17
b ipH pH

mNH
          (2.5.2-16)  

Where, pHb is the pH value after a certain amount of NH3 produced during 

the hydrolysis under deionized water or completely dissociated acid. 

2.5.3 Oxidation modeling 

A general mechanism of gas-solid oxidation can be described as consisting of 

the following steps:  

(I)  oxidant gas in the bulk gas phase gets adsorbed onto the surface of 

particle. 

(II)  Particle is oxidized to oxides and gas, oxide layer was formed on the 

surface. 

(III)  Diffusion of oxidant gas through the oxide product layer to the 

oxide/un-reacted particle interface. 

(IV)  The oxide product layer becomes gradually thick with the progress of 

the oxidation. 
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(V)  Product gas diffuse outward through oxide layer to the surface. 

(VI)  Product gas is swept away by the gas stream.  

Step (I) and (VI) refer to the external gas diffusion steps, step (III) and (V) 

consider the diffusion of reactant and product gases through the product layer, 

while step (II) represents the chemical reactions occurring. As the flow rate of 

the oxidant gas is more than the starvation rate, in the present analysis, the gas 

phase mass transfer is not considered as a rate-determining step.  

2.5.3.1 Non-isothermal model 

The kinetics of many solid-state reactions (e.g., decomposition, 

crystallization, polymerization, etc.) can be described by the following equation: 

[63-65]  

( ) ( ) exp( ) ( )aEd
k T f A f

dt RT


 


 

                        (2.5.3.1-1) 

Where t is the time, α is the extent of oxidation, k(T) is the Arrhenius rate 

constant, A and Ea are the Arrhenius parameters (pre-exponential factor and 

activation energy, respectively), R is the gas constant and f (α) is the reaction 

model associated with a certain reaction mechanism. Thermally stimulated 

reactions are commonly studied using linear heating program 

( )dT t

dt


                                  (2.5.3.1-2) 

Where β is the heating rate, combining Eqn. (2.5.3.1-1) and eqn. (2.5.3.1-2):   

exp( ) ( )aEd A
f

dT RT









                (2.5.3.1-3)
 

Golikeri and Luss [66] theoretically demonstrated that the differential 

iso-conversional method may yield the effective activation energy, which 

deviates largely from that of the individual reactions. By integrating eqn. 

(2.5.3.1-3): 

( ) exp( ) exp( )( )
( )

o

T

a a
o

o T

E Ed A A
g dT T T

f RT RT








  

 
    

            (2.5.3.1-4)

 

Where g(α) is the integral form of the reaction model. For unidirectional 

diffusion-controlled process, the value of g(α) =α
2 

and f(α)= 1/2α. To and Tα are 
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the initial and temperature corresponding to extent of oxidation, respectively. 

Rate constant,  (integral form) versus 1/T will be used for 

determining the Ea for diffusion. 

2.5.3.2  Isothermal model 

In the analysis of gas-solid reactions, the linear rate law is generally valid 

in the initial stage of the oxidation process. This would indicate that the 

rate-controlling reaction would be the chemical reaction as the surface is 

exposed directly to the oxidant gas. Eqn. (2.5.3.2-1) would represent the 

chemical reaction as the rate-controlling step [67].  

                                     (2.5.3.2-1) 

Where k is the rate constant, bc is an additive constant (ideally equal to zero).  

In the transition area, usually named as mixed control region, reflects the 

characterizations of the oxidation process, e.g. crystallization of products, 

oxidant transportation and many other factors. In the case of the oxidation of 

SiMgAlON, this transition area has been enlarged and needs special 

consideration. 

If oxide products crystallized gradually after the chemical 

reaction-controlled oxidation, the effective diffusion rate is time-dependent due 

to the progressive decrease in the cross section available for diffusion [68-74]. 

The oxidation kinetics can be considered to follow an arctan-rate law of the 

form: 

23

(1 ) ( 1/ )
arctan ( 1/ )

1/1/ )

p p o

o

o oo

f k k f tW
t t t d

A tt

 




 
   

（
 (2.5.3.2-2)

 

 

Where △W/Ao is the specific mass variation (weight change per surface 

area), kp is the parabolic-rate constant, β is the rate constant for the decrease of 

the cross-section area, f is the fraction of original area that still remains 

amorphous, to is the time at which the crystallization process reaches steady 

state (cross-section area become constant), and d is an additive constant. At to, 

the oxidation kinetics would change and the arctan-rate law is no longer obeyed. 

2 / ( )ok T T  

c
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W
kt b
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Consequently, after to, the effective diffusion rate would be parabolic, assuming 

that the oxide scale is protective: 

                      (2.5.3.2-3) 

Where kp
o
 is an apparent rate constant for diffusion, bo is an additive 

constant. 
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3. Experimental procedure 

 

Fig.3-1: illustration of experimental procedure 

The experimental flow is illustrated in Fig.3-1, with respect to the 

recovery of salt cake. Considering the fact that the complex compounds 

involved may cause difficulties in the analysis, reference experiment on the 

properties of AlN was introduced, oxidation and hydrolysis tests give a 

fundamental knowledge and insight of properties of salt cake, which would 

inspire the work on the leaching and synthesis. 

3.1 Preparation of raw material 

The aluminum dross used in the present work was supplied by Stena 

Aluminum AB, Sweden. The samples consisted of rounded lumps up to about 

10 mm in size (as well as some smaller metallic fragments) and had a slight 

smell of ammonia. The pieces of metallic aluminium which have a dull grey 

were picked out from a certain amount of salt cake ranged in size from a 

maximum of about 2 cm down to about 1–2 mm. Besides that, some particles 

having metallic luster and some glassy coating were also picked out. Both of 

those were crushed using a pulverizer and grounded into finer particles. The 
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fines were separated using a 200 mesh sieve. The magnetic components in the 

large particle size fraction were then separated by U-magnet, the rest 

(metallic-particle) is collected. From the mass of salt cake and metallic 

aluminum, the content of metallic aluminium can be roughly estimated as:   

%
metallic particle

saltcake

M
Alwt

M




                        (3.1-1)

 

Where Al wt% is the content of metallic Al in the salt cake, Mmetallic-particle is 

the mass of metallic aluminum, Msaltcakeis the mass of the salt cake.  

     

Fig.3.1-1: The aluminum dross before and after grinding 

The dry solids were mixed homogeneously with both metallic-particles and 

non-metallic particles and sampled for X-ray diffraction, chemical analysis and 

subsequent tests. In the case of the leaching treatment, deposits were taken out 

from the suspensions, filtered, and washed with 2-propanol to remove the 

adherent water. The residues were dried at 60℃ for 8 h and then stored in 

plastic, airtight containers, before conducting the characterization tests. 

3.2 The thermal diffusivity 

In the present work, the composites were prepared considering the major 

ingredients of the salt cake. The precursor materials for the Al/NaCl/KCl 

compacts were commercially pure Al powder (45-325 mesh, ≥99.8wt-%, Alfa 

Aesar), commercial NaCl powder (≥99.5wt-%, Sigma-Aldrich) and 

commercial KCl powder (≥99wt-%, Sigma-Aldrich), respectively. The NaCl 

and KCl powders were pre-dried in a muffle furnace at 473K for at least 120 

min. The mass ratio of NaCl and KCl powders was fixed as 2:1 corresponding 
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to the industrial salt cake composition and then mixed thoroughly with the Al 

powder at a specified ratio. Seven powder mixture samples, with different mass 

fractions of Al, viz. 0, 0.02, 0.04, 0.06 0.08, 0.10, 0.12 were pressed into pellets 

using a hydraulic press at 5MPa. In Table 3.2-1, samples with No. 0, 2, 4, 6, 8, 

10, 12, correspond to salt-aluminium composites with metallic aluminum 

contents: 0 wt-%, 2 wt-%, 4wt-%, 6 wt-%, 8 wt-%, 10 wt-% and 12 wt-%, 

respectively.  

Table 3.2-1: Sample No. and the corresponding compositions 

Sample No. 0 2 4 6 8 10 12 

Al wt-% 0 2 4 6 8 10 12 

KCl wt-% 33.33 32.67 32 31.33 30.67 30 29.33 

NaCl wt-% 66.67 65.33 64 62.67 61.33 60 58.67 

 

The compacts were placed in an electrical tube furnace pre-heated to 

673K under purified argon gas. The resultant compacts had a diameter of 

10mm and a thickness of 3 mm.  

The industrial salt cake sample was subjected to chemical analysis. The assay is 

presented in Table 3.2-2.  

Table 3.2-2: The chemical analysis of raw salt cake 

Composition Al2O3 Al AlN MgO Fe2O3 KCl NaCl SiO2 CaO 

Mass % 39.71-41.71 3-5 7 4.21 2.67 10.69 22.28 6.64 1.8 

As shown in the table, the salt cake contained nearly 32 mass % of alkali 

chlorides, over 50 mass % non- metallic oxides, i.e. alumina, silicon oxide as 

major components. Stewart [75] suggested that the following compounds may 

be present in aluminum drosses: Al2O3, SiO2, AlN, KCl, NaCl, MgAl2O4 

besides that, there are also other fluorides (MgF2, CaF2) carbides (Al4C3), and 

organic materials, like ink, paint, etc. These are generally in extremely small 

amounts.  

The compacts of salt cake were made by following the same procedure as 

above. 
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3.3 The leaching process 

 

Fig.3.3-1: Experimental apparatus: 1-carbon dioxide, 2- gas buffer, 

3-manometer, 4-reaction bottle, 5-thermostatic magnetic stirrer, 6-gas valve, 

7-absorption bottle, 8-computer, 9-pH measurement 

3.3.1 The hydrolysis tests of AlN   

Experimental apparatus used in the present investigation is presented in 

Fig. 3.3-1. Commercial AlN powder was supplied by XiLong Chemical 

Company, China and the maximum impurity content was less than 2wt%. The 

particle size of the powder was less than 1 micron. The hydrolysis tests were 

carried out in dilute suspensions containing 0.25 mass % of AlN in 0.3mol/l 

and 0.6mol/l NaCl solutions with and without CO2 bubbling in reaction bottle 

(Fig. 3.3-1(4)), for various time intervals, viz. 48, 96, 144 and 192h. Taking 

into consideration the possibility that a small amount of ammonia gas may 

escape from the reaction bottle, a scrubber bottle with boric acid solution with 

methyl red /methylene blue as indicator was provided downstream (Fig. 

3.3-1(7)). In the tests, 400 ml of aqueous solution was kept under constant 

stirring (300 rotations per min) at a temperature of 291K using a water bath 

provided with a thermostat. 
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3.3.2 The leaching experiments of salt cake 

3.3.2.1 The leaching experiments of salt cake at room temperature 

The leaching experiments on salt cake were similar to those carried out 

with pure AlN. The leaching tests were conducted by treatment with both pure 

water as well as the CO2-saturated water for 1 h, 3h at different solid to liquid 

mass ratios, viz. 1:5, 1:10, 1:20, respectively at 291K.  

3.3.2.2 The absorption of NH3 

3.3.2.2.1 Hydrolysis of salt cake at 373K 

In the case of NH3 volatilization tests, 300 ml of aqueous solution with 1:20 

solid to liquid mass ratio was kept at a temperature of 373K using a silicone oil 

bath provided with a thermostat. When the solution started boiling, NH3, 

together with water vapor was led through a long, water-cooled condenser tube 

into the aqueous solution containing CO2-saturated water in the absorption 

bottle. During the leaching, the heater power was varied to obtain different 

evaporation rates of water. The evaporation rates corresponding to the three 

heating powers used were 3ml/min, 2.4ml/min, 1.5 ml/ min compensating for 

the heat loss, and to maintain the bath temperature close to 373K. Zero time 

was set as the time when one can observe the escape of significant amount of 

water vapor. The solution in absorption bottle was sampled at different time 

intervals, viz. 8min, 10min, 20min for the determination the concentration of 

ammonia accumulated in boric acid solution. 

3.3.2.2.2 Experiments with the absorption of NH3 by CO2 

In this case, the boric acid solution was replaced by CO2 saturated solution. 

The flow rates of the CO2 gas in the present experiments were 20 ml/min, 

40ml/min and 70ml/min. The solution in the absorption bottle was stirred 

slowly by the magnetic stirrer to enable an efficient mixing of the gas phase 

with the aqueous phase. The pH value of solution was recorded every minute 

automatically. 
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The pH of the solution in the absorption bottle was monitored as a 

function of time using a combined glass electrode/ Pt 512 thermometer pH 

meter (SanXing Company, Shanghai, China). The CO2 gas was kept bubbling 

into the 0.6L deionized water for about half an hour prior to the experiment, 

which ensured the stabilization of the pH value around 4.0, while, the CO2 

pressure was maintained at 0.105 MPa during the entire process. In cases of 

experiments described in chapters 3.3.1 and 3.3.2.1, the CO2 gas and pH meter 

were placed in the reaction bottle (Fig.3.3-1, marked 4), in case of experiment 

in chapter 3.3.2.2.2, the CO2 gas and pH meter were placed in absorption bottle 

(marked 7 in Figure 3.3-1) instead. 

3.4 The synthesis of SiMgAlON 

Table 3.4-1: Chemical composition of the residue after leaching process for 

the salt cake  

content Al2O3 AlN NaCl KCl MgO SiO2 Fe2O3 CaO 

others(Cr, 

Mn, Ti et 

al) 

wt% 60 10 1.4-1.8 1.4 6 14 1.5-2 2.5-3 1 

Based on the compositions of residue after leaching process as shown in 

Table 3.4-1, selected compositions based on the content of aluminum dross 

after leaching process were prepared using synthetic chemicals shown in Table 

3.4-2. After the leaching, the residue was washed with absolute alcohol and 

aceton, dried and preserved in a desiccator.  
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Table 3.4-2: The starting materials 

Materials 
Purity 

(wt%) 
 Particle size(um) Supplier 

Al2O3 99.0  
Sinopharm Chemical Reagent Co., 

China 

AlN 98.5 <0.5 Xilong Chemical Co., China 

MgO 98.5 0.5 
Sinopharm Chemical Reagent Co., 

China 

SiO2 99.0  
Beijing Yili Chemical Reagent 

Co., China 

CaCO3 99.0  
Beijing Hongxing Chemical Co., 

China 

Fe2O3 Fe >69.8-70.1  
Tianjing Yongda Chemical 

Reagent Co., China 

metallic 

Al 
>99.5 < 74 

Beijing Chemical Reagent Co., 

China 

metallic 

Si 
>99.0 <74 

Sinopharm Chemical Reagent Co., 

China 

graphite 99.0 <0.5  Xilong Chemical Co., China 

 

The compositions of three synthetic residues and the leach residue from 

salt cake are presented in Table 3.4-3. In this Table, “Pure” refers to the 

composition with mixtures of pure components. This would correspond to the 

composition of the leach residue from salt cake without any impurities (Table 

3.4-1). “3-Fe2O3” refers to the addition of 3 g. Fe2O3 to the “Pure” sample; 

“3-CaO” refers to 3 g. CaO (about 5.4 gram CaCO3) added to the” Pure” 

sample. “AD” refers to the residue obtained after the CO2 leaching of the salt 

cake.  
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Table 3.4-3: Selected compositions of precursors for synthesis  

Sample 

No. 

Compositions/g 

Al2O3  SiO2  AlN  MgO  CaO  Fe2O3   KCl   NaCl   others  C
1
  Al

2
  Si

2
   

Pure 60   14    10    6                                       9  2.5  7.5 

3-Fe2O3 60   14    10    6            3                          9  2.5  7.5 

3-CaO 60   14    10    6     3                                 9  2.5  7.5 

AD 60   14    10    6   2.5-3   1.5-2    1.4  1.4-1.8     1     9  2.5  7.5 

Note: C
1
 refers to carbon added in the first step of the synthesis, metal Al

2
 and Si

2
 

correspond to metallic Al and Si added in the second step of the synthesis 

For the synthesis of the ceramic material for the oxidation measurement, 

the following procedure was adopted. At the outset, 9 g carbon, as a reducing 

agent, was added to the powder mixtures. Batch compositions were weighed 

accurately and mixed thoroughly for 8 hours in a rotary mill provided with 

zirconia balls, in ethanol (absolute grade) as the dispersion medium. After the 

batches were milled, dried powders were uniaxially pressed (5-7Mpa) into bars 

of 60×8×6 mm and dried at 353K for 10 hours. Carbothermal reduction and 

nitridation (CRN) technique is adopted in the following procedure.   

The sintering was carried out in two steps. In the first step, the samples, 

embedded in Si3N4 powder bed were heated to 1873K in a MoSi2 furnace and 

held for 6 h, under a nitrogen (99.99% pure) atmosphere (0.1 MPa). Si3N4 

embedding was adopted in order to keep the oxygen partial pressure low 

enough for the synthesis of SiMgAlON composite. This heating step was 

intended to obtain SiMgAlON precursors while the residual salts such as KCl, 

NaCl and fluorides were removed by vaporization at same time. This procedure 

was kept uniform in the case of the sample Pure, 3-Fe2O3, 3-CaO, even though 

these samples do not have halogen salts as impurities, so that the preparation 

conditions were identical to the processing of the fourth precursor, 

“AD”(aluminium dross), which has residual fluorides and chlorides as minor 

impurities as shown in Table 3.4-1. 

The samples after sintering in the first step were crushed into powders. 2.5 g. 

metallic Al and 7.5 g. metallic Si powders were weighed and added to each 90 

gram batch, made into bars following the same procedure as in the first step. 

The samples were then subjected to a second heating step. This step was 
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intended to facilitate the growth of SiMgAlON crystals with good physical 

properties by the addition of metallic Al and Si powders. During this treatment, 

residual carbon from carbothermic reduction would also be removed.  

3.5 The oxidation tests  

The kinetics of oxidation of the synthesized samples was investigated by 

thermogravimetric analysis (TGA) using a SETARM TAG 24(Setaram 

instrumentation, Caluire, France) unit which has a balance accuracy of 1µg. 

The experimental assembly consists of an electronic microbalance, with the 

sample and reference hanging in the constant temperature zone of two 

near-identical chambers in a dual furnace system as shown in Figure 3.5-1. 

During the experiments, a platinum basket containing pure, dehydrated alumina 

plate was hung from one of the balance arms, which served as the reference 

material for TGA. In the other balance arm, the sample with nearly the same 

shape and mass was kept in a similar Pt basket.  

 

Fig.3.5-1: A schematic diagram of the TGA assembly (SETARAM TGA 24). 

In case of the oxidation of SiMgAlON ceramics in air, the samples were 

cut into 6×6×1 mm coupons and polished. Before oxidation, the pieces were 

cleaned in toluene, and then in acetone. The sample was held in cross-shaped 
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basket made by platinum wire exposing most of the sample surface to the 

atmosphere. Non-isothermal tests were carried out from 273K-1873K. 

Isothermal oxidation studies were carried out at 1473K, 1523K, 1573K, 1673K, 

1723K and 1773K for 6h. The flow rate of oxidant gas, i.e. air was maintained 

at 0.1L/min. Preliminary experiments showed that this flow rate was above the 

starvation rate so that gas phase mass transfer would not be rate-controlling. 

Under isothermal mode, before the experiments, the chamber with the 

sample and reference were purged with purified argon for 12 hours. Argon gas 

was purified by passing through silica gel and dehydrite (Mg(ClO4)2) to 

remove moisture and through tube furnaces containing copper and magnesium 

at 773K in order to remove residual oxygen. The furnace was heated from 

room temperature to the target temperature at a heating rate of 15K/min under 

flowing argon. No mass change was observed during the heating period 

indicating that there was no oxidation.  

After the attainment of the desired temperature, argon flow was stopped 

and the oxidizing gas was introduced. The mass change during the experiment 

was recorded every 2 seconds by a computer. After a reaction period of 6h, the 

experiment was terminated by replacing the oxidant gas (air) with argon and 

cooling down the furnace at the maximum cooling rate allowed for the set-up 

(40K/min) until the furnace reached room temperature. Some selected 

experiments were repeated and the reproducibility of the results could be 

confirmed.  

3.6 Analytical methods 

The chemical analysis of the elements of raw aluminum dross was carried 

out by the Central Iron & Steel Research Institute, Beijing, China. The 

compounds of the as-received salt cake as well as the residue after leaching 

process were determined by RINT 2500HF+-based X-ray diffraction and X-ray 

fluorescence (XRF) methods.  

Nitrogen in the solid dross was determined by digesting a suitable amount 

of the sample in HCl solution (mass ratio = 1:1) at 473 K for 4 h using a 

polyethylene reactor. This duration of the acid treatment was considered 

essential in order to ensure that the AlN had reacted completely with HCl. The 
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pulp was filtered and the amount of ammonia dissolved in the aqueous solution, 

present as NH4
+
 ions, was determined by Water quality--Determination of 

ammonium--Distillation and Titration method (WDDT)[76,77]. Nitrogen 

measurements were used to quantify the amount of aluminum nitride (AlN) in 

the sample.  

Metallic elements, Na and K, in aqueous leach solutions after the leaching 

process were determined by a standard ICP-OES technique. During the 

leaching of salt cake and hydrolysis of AlN, the content of NH4
+
 in the solution 

was measured in order to monitor the AlN hydrolysis. The analysis method 

adopted was the same as mentioned above, WDDT.  

The apparent porosity of the synthesized ceramics SiMgAlON was 

determined using Archimedes principle. X-Ray diffraction analysis was 

performed on a D8 equipment, from Bruker AXS, with parallel beam 

arrangement by Goebbel mirror, 1.2 mm divergence slit, and long Soller slit on 

the detector side. Cu K X-Ray was used with energy dispersive detector, SolX 

(Bruker). The Goniometer set up was aligned at 10°- 80°with fixed sample. 

Diffraction pattern was matched against ICCD´s “PDF 4+” (version 2010) 

using element filter allowing N, O, Mg, Fe, Al, Si and Ca. Due to the limitation 

of x-ray penetration, only the crystalline phases on the surface of sample were 

detected.  

The morphologies of hydrolysis and oxidation products were studied by 

SUPRAtm55 field emission scanning electron microscopy. While carrying out 

the elemental analysis by EDS, the uncertainties in the analysis results of light 

elements, viz. N and O was taken into account.  

 

 

 

 

 

 

 

 

 

 

 

 



32 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The most interesting part of the result is that it does not always go as you 

expected 
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4. Results 

4.1 The thermal diffusivity 

The results of the thermal diffusivities of the synthetic composites and the 

single sample of the dross are presented in Table 4.1-1. The corresponding 

porosity values are also presented in the same table.  

Table 4.1-1: The thermal diffusivity and porosity results of different samples 

Sample No. 0 2 4 6 8 10 12 
Salt 

cake 

Thermal 

Diffusivity/mm
2
s

-1
 

3.03 3.08 3.07 3.45 3.61 3.59 3.56 0.87 

Porosity% 4.82 4.72 3.80 2.56  4.49 2.06 12.17 

 

It is seen that the salt cake compact has a very high porosity and the 

thermal diffusivity value is correspondingly low. In the case of the synthetic 

compacts, the thermal diffusivity shows an increase with increasing content of 

metallic aluminium except in the cases of samples 4, 10 and 12, for which the 

diffusivity is nearly constant within the experimental scatter. There‟s no doubt 

that with the increase of metallic Al in the matrix, the porosity shows a 

tendency of decrease, even with facing the fact of the lack of No.8 sample 

result and large deviation of sample10. These values are presented in a 

graphical form in Fig. 4.1-1.  
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Fig.4.1-1: Results of thermal diffusivity and porosity measurements in the 

case of salt-aluminium composites with different contents of metallic Al in the 

matrix. 

It is seen in Fig. 4.1-1 that, samples with zero and 2 wt % Al do not show 

any variation in porosity. Beyond this, the porosity shows a tendency of 

decrease with the increase of metallic Al in the matrix, with the exception of 

sample No.10, which shows a large deviation from the general trend. It is also 

seen in this figure that the thermal diffusivity initially shows a constant value 

up to 4 wt % Al in the composite, beyond which there is a sharp increase with 

the increase of metallic aluminum content upto 8 wt % in the composites. In 

the case of the samples with 10 and 12 wt % Al in the composite, the values 

show a slight decreasing trend. (In the modeling of thermal diffusivity, there 

needs to be pointed out that the porosity of samples 8 and 10 are assumed as 

2.3% and 2.15%, respectively) 

Typical micrographs taken from cross sections of synthetic salt-aluminum 

composites are shown in Figure 4.1-2. It can be seen that the aluminium 

particles are uniformly dispersed through the material. No appreciable pores or 

micro cracks in the composites could be detected. At higher aluminum contents, 
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a tendency of metallic particles to agglomerate is evident. 

  

  

Fig. 4.1-2: the surface optical microscope images of (a)No.6, (b) No.8, (c) 

No.10 and (d) No.12 samples 

Table 4.1-2 shows the typical values of thermal conductivity, density, specific 

heat and thermal diffusivity values of pure Al, NaCl, KCl, Al2O3 and air, which 

are the constituents of the salt-Al composites.  

Table 4.1-2: thermal properties of pure Al, NaCl, KCl, Al2O3 and air at room 

temperature [78] 

Al      NaCl      KCl      Al2O3       air 

Density g/m
3
 2.7×10

6
 2.17×10

6
 1.98×10

6
 3.8×10

6
 883 

Thermal diffusivity 

m
2
s

-1
 

105×10
-6

 3.46×10
-6

 4.9×10
-6

 4.28×10
-6

 38.5×10
-6

 

Thermal conductivity 

W/m k 
256 6.5 6.7 13 0.034 

Specific heat J/g K 0.9 0.86 0.69 0.8 1 



36 

 

The thermal conductivities of the specimens investigated in the present 

work could be calculated from experimental thermal diffusivities for the values 

of the specific heat and density according to the formula: 

k Cp   
            (4.1-1) 

Where k is the thermal conductivity, α is the thermal diffusivity, Cp is the heat 

capacity, and ρ is the density. The specific heat of the compact was calculated 

using the formula for the mechanical mixture: 

KCl KCl KCl NaCl NaCl NaCl Al Al Al air air airCp Cp Cp Cp Cp            
  

(4.1-2)   

%

(1 )
% % %

KCl
KCl air

KCl NaCl Al

KCl wt

KCl wt NaCl wt Al wt


 

  



  
  

 

           

 (4.1-3) 

Where, ф is the volume ratio of each component, similar, in case of volume 

ratios of NaCl and Al were calculated as eqn. 4.1-3. 

4.2  Hydrolysis of pure AlN and leaching of salt cake  

4.2.1 Hydrolysis of pure AlN 

4.2.1.1 pH and △N variation of hydrolysis 

Fig. 4.2.1.1-1 shows the variation of the value of pH as a function of 

hydrolysis time of pure AlN. The pH value did not show much significant 

variation during the first 6 hours. This initial period was followed by a sudden 

increase of the pH value. After one day, the slope of curve showing the pH 

change with time in deionized water became less at about pH=9. This might 

indicate that the hydrolysis was retarded due to the formation of a product layer 

around AlN particle. Introduction of NaCl into water resulted in a decrease in 

time for the initial slow reaction stage, and after that the hydrolysis reaction 

was still strong, even after one day immersion, in contrast to the reaction in 

deionized water. On the other hand, after the introduction of CO2, the pH curve 

had a slight rise around pH =4.0, and became nearly horizontal. 
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Fig.4.2.1.1-1: pH vs. time for a 0.25 wt% AlN powder at 291K in deionized 

water and 0.3mol/l NaCl solution and with CO2 bubbling. 

The content of ammonia was measured by WDDT method, which was 

represented as the degree of AlN hydrolysis. The nitride change △N was 

calculated based on eqn. (4.2.1.1-1).  

The nitride change, △ N, which stands for the degree of nitride hydrolyzed 

from AlN by the reaction with the aqueous phase, was expressed as:  

100%Nt

No

C
N

C
  

                          (4.2.1.1-1) 

Where CNt is the total content of ammonia in the reaction bottle 

(Fig.3.3-1(4)) and absorption bottle (Fig.3.3-1(7)) at time t, and CNo is the 

theoretical content of ammonia after the hydrolysis reaction has been 

completed.  
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Table 4.2.1.1-1: N change in the solution after immersion for 2, 4 and 6 days 

(√: with CO2 bubbling) 

No. Condition △N 

NaCl 

solution 

CO2 

bubbling 

2days 4days 6 days 

1   2.79 3.45 54.47 

2 0.3mol/l  6.94 15.17 69.98 

3 0.6 mol/l  10.3 46.62 92 

4 0.3 mol/l √ 0.64 0.87 1.41 

5 0.6 mol/l √ 0.64 0.86 1.40 

 

The results are shown in Table 4.2.1.1-1, it is seen that the presence of 

NaCl in the aqueous solution could accelerate the hydrolysis of AlN and higher 

contents of NaCl would benefit the reaction. The hydrolysis with CO2-saturated 

water is significantly less in comparison with non-carbonated water.  

4.2.1.2 Hydrolysis product of pure AlN 

The extent of the hydrolysis reaction during the first 1-10 hours is very 

little as shown in Fig. 4.2.1.1-1. Some earlier researchers observed a similar 

slow-reaction stage prior to the fast hydrolysis reaction [79]. This was 

attributed to a thin layer of aluminum hydroxide compound, probably formed 

on the surface of the AlN particles while contacting with moisture. This acts as 

a barrier layer, which has to be dissolved or penetrated by water molecules [80]. 

The slow-reaction stage of the hydrolysis case in CO2-saturated solution is 

much longer than the case without CO2 bubbling at a different pH region, as 

shown in Fig.4.2.1.1-1. This strongly indicates that the solubility of aluminum 

hydroxide compound is dependent on the pH of the solution. 
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Fig.4.2.1.2-1: TEM images of products with stirring after 6 days immersion in 

(a) 0.3mol/l NaCl solution with continuously CO2 bubbling (b) deionized 

water (c) 0.6 mol/l NaCl solution (d) and corresponding XRD patterns 

The corrosion rate of AlN began to increase after slow-reaction stage. The 

exposed aluminum atoms at the surface react readily with water molecules, 

forming as H-Al-OH structure [81, 82]. In Fig. 4.2.1.2-1(a), even after 6 days 

immersion in CO2-saturated solution, very thin amorphous flaky shell is on the 

surface of AlN particle, which is very similar with the morphology of boehmite 

(AlOOH) [83]. It indicates that the corrosion product would remain on the 

surface of AlN when its solubility is at a minimum level and acts as a barrier 

layer. While, after the same time of immersion in deionized water, the Fig. 

4.2.1.2-1(b) shows the big typical wedge-shaped particles, which corresponds 

to bayerite as shown in Fig. 4.2.1.2-1(d) accompanied with by a very small 

amount of poorly crystallized boehmite. This becomes predominant rod-like 
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shape in Fig. 4.2.1.2-1 (c).It is suggested that the presence of NaCl can enhance 

the growth of side faces and reinforce the cohesion among the layers, 

indicating that unit layers attach themselves at a greater rate to the edges of 

crystallites than to the top and bottom surfaces. 

After 6 days immersion in deionized water, still some amount of AlN 

present in the XRD analysis, while in 0.6 mol/l NaCl solution, has been 

transformed completely, On the other hand, the peaks of the product in 0.6 

mol/l NaCl solution with CO2 bubbling did not show any other phases except 

AlN. The major difference between these three cases is that for those without 

CO2 bubbling, the solutions were alkaline and has a pH range of 9-11, but with 

CO2 bubbling, the equilibrium between H
+
 and HCO3

-
 in carbonate solution 

can keep the pH range at 4-6. It suggests that the corrosion rate of AlN is at a 

minimum when the corrosion product is not very soluble (pH 4-6) thus hinders 

the hydrolysis reaction. At pH 9.0-11, where the solubility of the corrosion 

product increases, the corrosion of AlN increases. Svedberg et al [84] also 

observed that the corrosion rate was related to the pH value of solution. 

4.2.2 Leaching process of salt cake  

4.2.2.1 Extraction of salts during the leaching 

As shown in Table 3.2-2, the salt cake contained nearly 32 mass % of alkali 

chlorides, 7 mass % AlN and small amounts of iron. The amounts of Al4C3 and 

AlP were found to be below the detection limits.  
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Table 4.2.2.1-2: The extraction results after leaching treatment with 

deionized water at 291K (√: with CO2 bubbling). All percentages are mass %. 

Solid liquid 

ratio 

Dross 

/g 

Leaching 

time/h 

CO2 

bubbling 

Mass 

loss% 

Na% 

extraction 

K% 

extraction 

1:5 80 1 √ 24.75 80.11 81.45 

1:5 80 1  24.64 80.06 81.69 

1:5 80 3 √ 25.82 82.72 82.99 

1:5 80 3  25.3 81.83 83.18 

1:10 40 1 √ 28.4 86.86 84.77 

1:10 40 1  28.25 84.35 88.35 

1:10 40 3 √ 30.72 91.16 93.36 

1:10 40 3  29.8 92.35 91.87 

1:20 20 1 √ 31.8 89.77 91.49 

1:20 20 1  31.65 87.04 88.64 

1:20 20 3 √ 32.28 92.06 95.19 

1:20 20 3  32.2 95.64 95.87 

 

 

Fig.4.2.2.1-1: The XRD patterns of the residue after leaching process with 

CO2-saturated water (top) and as-received salt cake (bottom). 
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Fig. 4.2.2.1-1 presents the pattern of the as-received dross (bottom pattern). 

It is seen that the material contains significant amounts of KCl and NaCl, in 

addition to the presence of other phases (spinel, Al2O3, AlN). The top pattern in 

Fig. 4.2.2.1-1, corresponding to the residue after leaching treatment, shows that 

most of the chlorides have been removed with consequent increase in the 

intensity of the AlN peaks. From Table 4.2.2.1-2, it is seen that, the extraction 

of Na and K, calculated from the ICP-OES results increased with the increase 

of solid liquid ratio and leaching time. Most of the sodium present in the salt 

cake as halite (NaCl) and potassium as sylvite (KCl) are readily soluble in 

water. At solid-liquid ratio 1:20, leaching time of 3h, the removal of NaCl and 

KCl could be kept as high as 95.64% and 95.87% respectively.  

4.2.2.2 Hydrolysis during the leaching process of salt cake 

4.2.2.2.1 Retardation of hydrolysis by the injection of CO2 

Fig. 4.2.2.2.1-1 shows the change of pH with time during the leaching 

experiment for a 1:20 ratio of deionized water with and without CO2 bubbling 

carried out over a period of 3 h.  

 

Fig. 4.2.2.2.1-1: pH vs. time for aluminum salt cake in deionized water and 

CO2-saturated water at 291K 

It can been observed in Fig.6 that, as soon as the salt cake was added into 

the deionized water, the value of pH rose immediately from 6.5 to 8.75. This 

may be indicative of the dissolution of a moisture layer on the surface of the 
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salt cake containing some amount of ammonia. This NH3 is likely to have been 

produced by the hydrolysis of AlN in the moist air before the leaching process. 

After this initial rise, the pH value increased slowly to 9.0 because of the 

continuation of the hydrolysis reaction. The corresponding curve for the 

experiment with CO2-saturated water, showed only a marginal increase of pH 

from the initial value of 4.5 to 5.5, still in the acid range. Under such 

circumstances, the following reactions will occur: 

3 2 4NH H O NH OH             (4.2.2.2.1-1) 

4 3 4 3NH HCO NH HCO            (4.2.2.2.1-2) 

During the leaching experiments, the ammonia gas generated would firstly 

dissolve in the leachant in the reaction bottle (Fig. 3.3-1, marked (4)), but a 

small amount can escape and being absorbed in the absorption bottle (Fig. 

3.3-1, marked (7)). It will be interesting to know the mass of ammonium ions 

(presented as “ammonia”) in the solution in these two bottles in order to 

understand the extent of the hydrolysis reaction in both cases. Fig. 4.2.2.2.1-2 

presents the mass of “ammonia” in the reaction bottle when leaching was 

carried out both with deionized water as well as CO2-saturated water at 

different solid-liquid ratios and different leaching times.  

 

Fig.4.2.2.2.1-2: Mass of ammonia in the reaction bottle after leaching process 

with and without CO2 bubbling at different solid-liquid ratio: 1:5, 1:10, 1:20.  
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It is seen that  

a) Leaching time had virtually no impact on the concentration of ammonia 

in solution in when leaching is carried out in carbonated water.  

b) The amount of ammonia present in the solution when leaching was 

carried out using CO2-saturated water was less compared to the 

corresponding results with deionized water. 

 
Fig.4.2.2.2.1-3: Mass of ammonia escaped in the absorption bottle during 

leaching process with and without CO2 bubbling at different solid liquid ratio: 

1:5, 1:10, 1:20. 

Fig. 4.2.2.2.1-3 presents the mass of “ammonia” which escaped from the 

reaction bottle (Fig. 3.3-1, marked (4)) during the leaching process. While in 

the case of the pure de-ionized water, the amount of ammonia escaping from 

the reaction bottle was as high as 0.48 mg, the amount that escaped into the 

absorption bottle during leaching with CO2-saturated water was almost 

negligible (<0.006 mg). This indicates that, during leaching with 

CO2-saturated water, there is practically no ammonia escaping into the 

atmosphere. This is a strong indication that leaching with carbonated water 

would be extremely environmentally-friendly.  
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4.2.2.2.2 The absorption of NH3 by injection of CO2 

The change of AlN content, denoted as ΔN is presented as a function of 

time in Figure 4.2.2.2.2-1. The value of ΔN = 1 would correspond to total 

hydrolysis of AlN in the aluminum dross. 

 

Fig. 4.2.2.2.2-1: The plot of nitride extraction with time during the leaching with 

different evaporation rates of the gas phase, viz.3ml/min, 2.4ml/min, 1.5ml/min at 

373K. 

The results shown in Fig.4.2.2.2.2-1 indicate that higher heat power brings 

higher water evaporation which enhances the volatilization of ammonia. It was 

inferred that the upward movement of water during evaporation carried NH3 

upward within the solution, thereby increasing the concentration of ammonia 

gas at the surface.  
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Fig. 4.2.2.2.2-2: the plot of pH value with time during the leaching with at heat 

power of 2.4ml/min at 373K. 

It is seen that the increase is significant in the case where there is no 

bubbling of CO2 through the solution, reaching a pH value as high as 11. In the 

cases where the rate of CO2 gas is changed, the pH values show only a slight 

increase reaching almost that of pure water of pH=7.0 after more than 1000 s. 

Under the present experimental conditions, HCO3
-
 is a predominate specie 

in the solution according the pH value of the solution. However, no solid 

compound crystallized out during the absorption tests due to the high solubility 

of these ammonium salts in water.  

The rate of increase of the pH values appears to increase in the initial 

stages with increasing flow rate of CO2. This apparent increase can perhaps be 

attributed to the decrease in the contact time affecting the effective absorption 

of CO2. It is admitted that various factors including the non-uniform size and 

shape of different salt cake samples would make the quantification more 

difficult.  

4.3 Synthesis of SiMgAlON from leaching residue  

The XRD patterns of synthetic samples are presented in Fig. 4.3-1. 
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Fig.4.3-1: X-ray powder diffraction patterns of ceramics obtained from 

different starting materials 

 (β: 01-076-0598 β-Si2Al4O4N4, α:00-056-0741 Mg0.2Al1.45O2.15N0.15, 

●:04-004-2852 Al2O3, f:04-007-9753 Fe, ♥:00-042-0160 SiAl4O2N4) 

The main phases are β-Si2Al4O4N4 and Mg0.2Al1.45O2.15N0.15 in Pure, 

3-Fe2O3, and 3-CaO samples. It is interesting to notice that, in the case of the 

AD sample, MgAlON phase seems to have disappeared, probably due to the 

influence of the impurities present. This phase is found to be replaced by 

15R-SiAl4O2N4 in this sample. 15R-SiAl4O2N4 shows a larger Mg
2+ 

solution 

than β-Si2Al4O4N4. [85] Traces of Al2O3 and Fe phases are found in Pure and 

3-Fe2O3 samples respectively. In the patterns of AD and 3-CaO, it was 

expected that CaO would dissolve into β-SiAlON forming Ca-α-SiAlON [86]. 

However, this was not noticed in the XRD analysis. It is surmised that CaO 

enters the glassy phase instead.  

Fig. 4.3-2 (a), (b), (c) and (d) present the microstructures from Scanning 

Electron Microscope (SEM) observations of the various samples investigated. 

The structures in Fig. 4.3-2 (a) and (b) correspond to Pure and 3-Fe2O3 samples. 

It is seen that these samples have large number of pores, in agreement with the 

porosity data presented in Table 4.3-1. The surfaces of these samples were 

found to be far from being compact due to a number of open pores, the latter 

being normal in the case of sintering under ambient pressure. 
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Table 4.3-1: Porosity of four different ceramics 

Sample Pure 3- Fe2O3 3-CaO AD 

Porosity% 30.25 28.24 14.11 18.22 

On the other hand, the samples AD and the one containing CaO, viz, 3-CaO, 

were found to be much denser and had less open pores. The shapes of the 

grains, which were rod-like, plate-like could be clearly seen. A possible reason 

for this could be the reaction between SiO2 and Al2O3 present in the oxide 

starting material and the CaO added resulting in the formation of a liquid phase 

during the synthesis, and facilitate the growth of crystals. The shrinkage due to 

the densification can thus eliminate pores. 

 
Fig. 4.3-2：Typical scanning electron microstructures of polished and 

chemically etched samples: SiAlON/MgAlON composites from different sources: 

(a) Pure, (b) 3-Fe2O3, (c) 3-CaO, (d) AD. 

From Fig. 4.3-2, the phase present was identified as SiAlON/MgAlON 

composite and this was even confirmed by SEM analysis. In Fig. 4.3-2(c), the 

big particle (spot 4) was identified as MgAlON. The impurity Fe2O3 was found 
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to be present as the Fe-Si alloy phase, shown in white color in Fig. 4.3-2(b) and 

Fig.4.3-2 (d). 

According to EDS analysis of AD sample presented in Table 4.3-2, the 

rod-like particle (spot 2) and plate-like particle (spot 1) would correspond to 

15R-SiAl4O2N4 and β-Si2Al4O4N4, respectively. 

Table 4.3-2: The EDS results (points 1, 2 and 3 in Fig. 4.3-2(c), point 4 in Fig. 

4.3-2 (d)) 

Spots 

No. 

Elements/ wt% 

N O Mg Al Si Fe Ca Ti Cr 

1 14.13 17.54  1.73 38.67 26.96 0.35 0.62   

2 9.86 13.81 4.57 54.72 15.83 0.38 0.60 0.23  

3 4.23 32.34 7.35 54.43 1.31  0.34   

4  1.90 5.36 0.89 20.43 68.31 0.27  2.84 

 

4.4 Oxidation results 

4.4.1 SiMgAlON oxidation under air atmosphere 

4.4.1.1 The TGA results under non-isothermal and isothermal modes 

Fig.4.4.1.1-1 shows the experimental data corresponding to 

non-isothermal experiments with heating rates 5K/min and 15 K/min. In this 

figure, the specific mass variation, △ W/Ao, (where △ W represents the mass 

change recorded, Ao is the initial cross section area) was plotted as a function 

of temperature. It can be seen from the TGA results that the oxidation of the 

Pure sample and 3-Fe2O3 sample starts at about 1100K, while the 3-CaO 

sample starts getting oxidized at 1200K and AD at 1000K. As the temperature 

increases, the oxidation rates are found to increase in all the cases. After a 

certain period of time, the oxidation rate become slower and the oxidation 

curves show a plateau, appearing at different temperatures for different samples. 

Before the appearance of plateau, the oxidation rates vary with the different 

samples. Most aggressive oxidation is noticed in the case of AD sample with a 



50 

 

high level of impurities. The oxidation of the iron oxide containing precursor, 

viz. 3-Fe2O3 is slightly faster than that of Pure sample, while, 3-CaO sample 

exhibits a very good oxidation resistance. 

The lengths of these plateau regions are also found to differ for different 

samples. AD has the longest plateau appearing at the lowest temperature, 

around 1500K. As the temperature continuously increases, the oxidation rate is 

found to increase after the plateau region.  

 

Fig.4.4.1.1-1: Oxidation curves under non-isothermal condition with 

different ramping rate 5K/min, 15K/min in the air. 

To analyse the kinetics in non-isothermal mode, a referenced sketch as 

shown in Fig. 4.4.1.1-2 was used to get a better understanding of diffusion 

kinetics based on the plots 2 / ( )ok T T    (integral form) versus 1/T taken 

from the sample AD non-isothermal oxidation test. Four inflection points can 

be considered as the starting point of different rate-controlling mechanisms. 

After chemical reaction (L) at 900-1100K region, the mixed controlled 

transition area (A) prevails with the oxidized layer gradually becoming thick 

(similar as arctan-rate law controlled region in isothermal model); beyond this, 

diffusion takes place by oxygen transport through pores (Ppore). As the 

temperature continuously increases, once liquid phase is formed, which is 

indicated by the plateau region of the oxidation curve as can been seen in 

Fig.4.4.1.1-1, oxygen molecule has a minimum solubility in the liquid phase 



51 

 

and the small gradient potential results in slow mass transfer. The oxidation 

almost stops (Pliquid1) in this region. At higher temperatures, there is even a 

likelihood of increased diffusion occurring due to oxygen ion transport (Pliquid2). 

Fig.4.4.1.1-2: The Arrhenius plot of the rate constants for diffusion rate law of 

AD samples in air in the non- isothermal mode of temperature range 900-1873K. 

The TGA results obtained in the case of the isothermal oxidation studies 

are presented in Fig. 4.4.1.1-3 (a) – (d). The specific mass variation, △ W/Ao 

was plotted as a function of time at different temperatures.   

.  
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Fig.4.4.1.1-3: Oxidation curves under isothermal condition with different 

temperatures in air (a) Pure, (b) 3-Fe2O3, (c) 3-CaO, (d) AD. 

It is seen that the maximum oxidation level, about 0.07mg/mm
2 

was 

achieved in the case of the samples marked “Pure” and “3-Fe2O3” (Fig. 

4.4.1.1-3 (a) and (b)) at 1673K, in the cases of 3-CaO and AD, even at 1773K, 

the oxidation level has reached to more than 0.08 mg/mm
2
. The difference 

between them may be contributed by the transformation from 

Mg0.2Al1.45O2.15N0.15 to 15R-SiAl4O2N4 with more nitrogen content dissolved in 

the solid solution. In general, at lower temperatures, viz. 1373K and 1473K, all 

the four samples show better oxidation resistance beyond 5000s. This is 

particularly evident in the case of the AD sample at 1473K. The reaction is 

very fast in the beginning. After 2000s with a sharp change, the reaction slows 

down. Besides that, there are some interesting observations, in the case of the 

AD sample at 1573K and 1673K. The oxidation rate did not show an increase 

beyond the initial period of increasing rate. A similar behavior is observed in 

the case of the sample marked “Pure” at 1773K. This behavior may be 

attributed to the formation of a barrier layer even during the ramp which would 

hinder further oxidation.  
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Fig. 4.4.1.1-4: the linear fit for the first 1000s of oxidation curves of Pure 

and 3-Fe2O3 samples 

Fig.4.4.1.1-4 shows the linear fit for the first 1000s oxidation of Pure and 

3-Fe2O3 samples. The curves are in general linear indicating that the chemical 

reaction is the rate-controlling step at this stage. A closer look at the curves 

indicates that these apparently linear plots have a slight upward curvature. This 

is more apparent with the plot of Pure-1573K. One plausible explanation is the 

existence of local non-isothermal conditions on the surface of the sample. As 

reactions are exothermic, there is a likelihood of a non-isothermal situation 

with local temperature increase on the surface of the sample that could 

accelerate the oxidation. The ceramic samples are expected to exhibit a low 

thermal conductivity and consequently, the heat transfer within the sample 

would be slow resulting in local temperature increase. This situation is further 

enhanced by the oxidation with the formation of spinel and mullite phases, 

which are both exothermic reactions. 

In order to identify the diffusion part of the oxidation reaction as the 

oxidized layer begins to grow, the oxidation data are plotted as (△ W/Ao)
2 

versus t in Fig. 4.4.1.1-5. For convenience, the chemical reaction controlling 

part (the first 1000s) is included as a starting point. According to the 

investigation of Persson et al [87], normally isothermal diffusion kinetics was 

classified into four different types. In the present work, the same classification 
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is followed. 

In the first type, the addition of CaO during the synthesis leads to the 

shrinkage of the synthetic sample with lesser porosity which would greatly 

improve the oxidation resistance. At lower temperatures, viz. 1473K and 

1523K, 3-CaO oxidation is controlled by diffusion obeying the parabolic law. 

The second type, for 1673K of 3-Fe2O3 and Pure, derivative of (△ W/Ao)
2
 

decreases with increasing time during the entire experiment. The third type, in 

the case of the sample AD, at 1473K, the slope of (△ W/A)
2
 increases at the 

outset, and finally follows the parabolic rate law behavior. It is necessary to 

develop a combination of kinetics models (the first type and second type) in 

order to explain the oxidation behavior in the cases of the lower temperatures 

oxidation of 3-Fe2O3, “Pure” and AD samples. In the case of the fourth type, 

once liquid is formed, the obtained oxidation curve for sample marked “Pure” 

at 1773K could be described by the parabolic rate law. This is also applicable 

in the case of of 3-CaO at 1673K, 1773K and in the case of the AD sample at 

1573K, 1673K, 1773K. In fact, there is actually even a fifth type, in the case of 

the oxidation of the 3-CaO sample at 1573K, which can be considered as the 

combination of the second and fourth type once the liquid is formed during the 

oxidation.  
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Fig.4.4.1.1-5: The squared specific weight gain versus t for different types of 

oxidation kinetics A: arctan-rate law, P: parabolic law, to: to is the time at which 

the crystallization process reaches steady state.  

Note: P-pore: diffusion through pores, P-liquid: diffusion through liquid, symbol line: 

experimental data, solid line: fitted line based on different kinetics  

The rate constants determined from the results shown in Fig 4.4.1.1-5 for the 

linear (k), arctan (kp), parabolic (kp
o
) regimes respectively are shown in the 

Arrhenius-type plots of Fig. 4.4.1.1-6. The activation energies (Ea) for the 

oxidation can be then determined by fitting the rate constants in Arrhenius 

equation (Eqn. (4.4.1.1-1)):  

 ln lnaE
k A

RT


                        (4.4.1.1-1) 

Where A is the pre-exponential factor, R is the universal gas constant 

(8.314 J/mol K), and T is the absolute temperature. The best fits lines are also 

presented in Fig. 4.4.1.1-6, from which the activation energies were obtained.  

  

Fig.4.4.1.1-6: The Arrhenius plot of the rate constants for the linear (a), and 

arctan and parabolic fit (b) oxidations of four different samples in air in the 

temperature range 1373-1773K. The lines are linear fits of the point data. ■– – 

–3-Fe2O3-linear, □– – –Pure-linear, ▲– – –3-CaO-linear, ■—3-Fe2O3-Arctan, 

□—Pure-Arctan, ○﹣﹣3-CaO-Parabolic, liquid ●—AD-Parabolic, liquid, 

△ —3-Fe2O3-Parabolic, pore diffusion,▲—3-CaO-Parabolic, pore diffusion, 

★—Pure-Parabolic,◆—AD-Arctan. 
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4.4.1.2 Oxidation products analysis 

With respect to the oxidation mechanisms, the XRD analyses suggested that 

SiMgAlON would react with O2 according to the following reaction: 

4.4.1.2.1 In the case of the Pure sample:  

2

1473

1573

1673

1773

K

K

spinel

K

K

SiAlON MgAlON O

mullite cristobalite corundum

Mg Al mullite cristobalite corundum

mullite cordierite

mullite corundum

   

  

    

 

     (4.4.1.2.1 -1) 

At 1773K, it is interesting to notice that there are no other phases 

containing magnesium element. The possible reasons can be as follows:  

(i) It is inferred that mullite has a solution capability in the lattice. 

According to literature, mullite is reported to incorporate up to about 

0.5 wt% MgO [88]. Thus, it can absorb some of the Mg
2+

.  

(ii) The residual magnesium may be precipitated as fine-grained spinel 

phase in the mullite with consequent difficulty in the identification 

of this phase in XRD analysis;  

(iii) Present as solute ingredient in glassy phase. 

One sample of the Pure was heated to 1773 K in argon and quenched. The 

SEM micrograph is shown in Fig. 4.4.1.2.1-1 (a). The corresponding 

micrograph of the sample after oxidation for 6 h at the same temperature is 

shown in Fig. 4.4.1.2.1-1 (b). 
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Fig.4.4.1.2.1-1: SEM of Pure sample (a) quenched after heating to 1773 K in 

argon, (b) after oxidation 6 h in air at 1773K.  

Table 4.4.1.2.1-1: The EDS results of the samples in Fig.4.4.1.2.1-1 

Spot No. Elements (wt%) 

O Al Mg Si 

1 49.04 30.76 3.40 16.80 

2 54.38 33.18 1.32 11.12 

3 43.10 41.06 7.37 8.47 

4 49.54 27.76 4.40 18.3 

In the case of the non-oxidized sample, a fused structure on the surface 

of is evident. There are two possible reasons for this structure:  

(i) The decomposition of the oxynitride is likely to be enhanced in 
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argon due most probably to the low partial pressure of SiO and N2. 

[89]  

(ii) The Pure sample may contain some amount of glassy phase.  

Both would lead to the formation of melt with free Al2O3, SiO2 with MgO 

around 1773K. 

The large amount of rod-like phase formed in the Pure sample after 

oxidation for 6 h at 1773K (shown in Fig. 4.4.1.2.1-1(b)) was identified as 

mullite according to the phase analysis in eqn. 4.4.1.2.1-1. In the corresponding 

enlargement as shown in Fig, 4.4.1.2.1-1(b), lots of round-shaped precipitates 

grow on the mullite rods. These precipitates with higher content of Mg are 

indicated as faceted Mg-Al spinel (MgO·Al2O3) grains on the basis of the EDS 

analysis. (Table (4.4.1.2.1-1))  

4.4.1.2.2 In the case of 3-Fe2O3: 

2

1473

1573

1673

K

K

spinel

K

SiAlON MgAlON O

mullite cordierite cristobalite

Mg Al mullite cordierite cristobalite

mullite





  

  

    

     (4.4.1.2.2 -1) 

The major differences between eqn.4.4.1.2.1-1 and eqn.4.4.1.2.2-1 are,  

(i) the formation of cordierite phase happens at lower temperatures viz. 

1473 K (1200
o
C) and 1573 K (1300

o
C),  

(ii) the dissolution of cristobalite is enhanced.   
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Fig.4.4.1.2.2-1: SEM of 3-Fe2O3 sample after 6h oxidation in air at (a) 1373K, 

(b) 1573K.  

Table 4.4.1.2.2-1 EDS results of samples in Fig.4.4.1.2.2-1 

Spot No Elements (wt%)  

O Al Mg Si Fe 

1 16.06 1.97 2.40 3.94 75.63 

2 51.01 34.43 10.92 1.43 2.21 

3 52.56 32.13 4.48 7.39 4.44 

According to the EDS analysis, needle-shaped crystals (point 3 in Table 

4.4.1.2.2-1) grow on the interface of Mg-Al spinel (point 2), which was 

confirmed by EDS close to the composition of cordierite 

(MgO·Al2O3·SiO2).This phase has an orthorhombic structure with a short 

length in the c-direction. It provides high crystallization energy with 

preferential growth along the c-axis. [90] Therefore, the overall result is that 

needle-shaped crystals of cordierite grow in the glassy matrix. Since the 

distribution of components in the whole body is expected to be random, no 

preferred orientation of the needles should occur as shown in Fig.4.4.1.2.2-1(b). 

Some amount of liquid would be present to completely wet the Mg-Al spinel 

grain boundaries to favor the growth of cordierite. 
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4.4.1.2.3 In the case of 3-CaO:  

2

1473

1573

1673

1773

15

K

K

spinel

K

spinel

K

spinel

SiAlON MgAlON R SiAlON O

mullite anorthite cristobalite

Mg Al mullite anorthite

Mg Al mullite anorthite corundum

Mg Al mullite corundum

     

  

   

    

   

  

(4.4.1.2.3-1)  

It is seen that, the formations of anorthite phase (CaO·Al2O3·SiO2) and 

spinel are enhanced by the increase of temperature. At 1673K, the appearance 

of corundum phase is accompanied by the decrease of mullite. 

The SEM micrographs of the surface of 3-CaO sample after oxidation for 

6h in air at 1773K (1500
o
C) are presented in Fig.4.4.1.2.3-1. 

 

Fig.4.4.1.2.3-1: SEM micrograph of the surface of 3-CaO sample after 

oxidation in air at 1773K for 6h. 
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Table 4.4.1.2.3-1: The EDS results of 3-CaO samples in Fig.4.4.1.2.3-1 

Spot No. 

 

Elements (wt%) 

O Mg Al Si Ca 

1 37.27 18.03 44.70   

2 50.95 0.98 45.80 1.98 0.29 

3 49.12 1.95 33.25 15.68  

The specimen in Fig.4.4.1.2.3-1 shows a microstructure of dark Mg-Al 

spinel grains (spot 1) with their typical cubic growth features, large light-gray 

grains with an elongated shape, corresponding to mullite (spot 3), with 

entrapped big re-crystallized corundum particles (spot 2). It needs to be 

mentioned that during the SEM analysis, the anorthite phase was not found, 

which probably beneath the surface of the sample.  

4.4.1.2.4 In the case of AD:  

2

1673

1773

15

K

spinel

K

spinel

SiAlON R SiAlON O

Mg Al mullite anorthite

Mg Al mullite corundum




   

   

   
     (4.4.1.2.4-1) 

There are several distinct features that can be noticed. Firstly, it shows the 

same behavior as in the case of 3-CaO sample that the amount of the spinel 

increase as the oxidizing temperature increases. However, the mullite phase 

shows a decrease at 1673K. Secondly, the disappearance of anorthite phase 

indicated that most of calcium got included in the liquid phase. 

The SEM micrographs of the AD samples quenched from 1573 K in argon 

as part of the reference tests (in analogy with the Pure sample) as well as the 

one oxidized at 1573 K in air for 6 h are shown in Fig. 4.4.1.2.4-1 (a) and (b) 

respectively. The corresponding EDS analysis results are presented in Table 

4.4.1.2.4-1.  
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Fig.4.4.1.2.4-1: SEM micrograph of the surface of (a) AD cooling from 

1573K in argon gas (b)AD after oxidation in air at 1573K for 6h. 

Table 4.4.1.2.4-1 EDS analysis of oxidation AD samples presented in 

Fig.4.4.1.2.4-1 

Spot 

No 

              Elements (wt%)   

O Mg Al Si Ca Fe Na Cr 

1 21.43  0.64 18.72  55.94  3.27 

2 54.81 0.2 21.13 14.88 5.68 2.27  1.03 

3 44.20 3.02 29.01 16.83 1.75 3.77 1.42  

The formation of molten phase involving FeO-CaO-Al2O3-SiO2 (point 2 

in Fig. 4.4.1.2.4-1(a)), which became a glassy phase around the FeO-SiO2 

particle (point 1), can be seen spread on the surface of non-oxidized AD sample. 

Fe-Si alloys drops with a small amount of Cr were also found. The formation 

of these particles has been attributed to the extremely reducing conditions 

during synthesis which causes iron oxide to get reduced.  

The similar image of white elongated needles spread on the interface of big 

spinel particle in Fig. 4.4.1.2.4-1(b) is also shown in Fig. 4.4.1.2.2-1(b). The 

presence of certain impurities (CaO, Fe2O3, Na2O, etc.) would lead to further 

lowering of the eutectic temperatures and form silicate melt [91]. Further, no 

open pores, which are the paths of diffusion of oxygen have been observed on 

the oxidized surface.  
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The result of discussion is far more beyond the discussion of the results 
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5. Discussions 

 

Fig.5-1: the illustrated traditional and proposed methods for the recycling 

of salt cake 

Due to massive energy consumption and environmental issues during 

primary aluminum production, the secondary aluminum production has great 

potential to satisfy the increasing demand, especially in Brazil, China and other 

developing countries. In current situation, in rotary melting furnace, anything 

up to 300-500kg of salt slag can be generated in the production of one tone of 

secondary aluminum metal [92, 93]. Basically, the way to judge the value of 

aluminum dross is based on its amount of metallic aluminum and chlorides 

which were normally recycled by mechanical and leaching process. Hence it‟s 

very important to evaluate the content of metallic aluminum which is directly 

related to the recovery strategy. Thermal diffusivity as a function of metallic Al 
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was attempted to establish.  

Actually, even great efforts during the last forty years have been devoted to 

the recycling of aluminum dross. However, the most common way of treating 

the wet residue after leaching today is still landfilling even at a quite 

considerable expense. The aluminum dross as received in the present work can 

be called “salt cake” due to the metallic aluminum content is less than 10wt-%. 

New innovations have been started with water leaching process even which has 

been studied many times by other researchers and considered as most 

economical way.  

 

Fig.5-2: economic assessment of salt cake recycling process options [94]  

Compared with economic assessment for traditional methods, the 

proposed method shows a significant improvement the economics of salt cake 

recycling by converting AlN to carbonates (-$322/metric ton) and reuse of wet 

oxides residue (SiMgAlON ceramics) instead of being dumped in landfill with 

an extra cost. Besides, from the environmental view, the use of ammonia can 

also as an excellent candidate of scrubbing greenhouse gases, via, CO2, NOx, 

SO2, etc, reciprocally, those prevent the pollution of gases and hinder the 

generation of ammonia in alternative way.   

5.1 The thermal diffusivity 

It is important to derive theoretical relationships between aluminium 
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contents in the salt-Al composites and the thermal conductivities so that these 

would serve as calibration curves for industrial samples taken out from 

secondary aluminium re-melting at a later stage. In order to extrapolate the 

curve, it is necessary to incorporate the experimental results in a suitable 

theoretical model.   

5.1.1 Simple parallel, series approaches and Hsu et al. approaches 

 

Fig.5.1.1-1: The comparison between experimental data and the prediction of (a) 

parallel, serial models (b) Hsu et al. model 

Fig.5.1.1-1 allows a simple estimation of the effective thermal conductivity 

range that is to be expected. However, one can see that this range is rather large 

predicted by simple parallel, serial models in Fig.5.1.1-1(a). It can be seen from 

fig.5.1.1-1(b), despite the trials with all possible combinations, no satisfactory 

fitting could be obtained. 
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5.1.2 Modified approach 

 

Fig.5.1.2-1: The comparison between experimental data and the prediction of 

parallel and serial arrangement, Dunn et al. model. 

In Fig.5.1.2-1, the curve with red line shows a lower sensitivity to the 

increase content of Al in the compact compared with Dunn et al model, as a 

result of all of metallic Al phase was arranged in the serial position. The 

possibility of some part of metallic Al phase may be present on the parallel 

position was considered in these calculations, but this contribution to the final 

value of thermal properties is so difficult to estimate.  

Despite the difference between the experimental data and Dunn et al model, 

it is seen that the trend regarding the increase of thermal conductivity with the 

increase of metallic Al in the salt composite is reasonably well-represented 

considering the experimental scatter and the uncertainties in the calculation of 

the thermal conductivities from the thermal diffusivities. Thus, in the present 

work, Dunn et al. model was used to predict the thermal conductivity in a 

narrow range of metallic Al in the salt cake corresponding to various porosity 

levels so that the content of metallic Al in the salt cake from secondary 

aluminium smelting can be estimated with reasonable accuracy. Such an 

exercise is shown in Fig.5.1.2-2 
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Fig. 5.1.2-2: Prediction by Dunn et al model with relate to different content 

of metallic Al 

In order to compare the thermal conductivities of the salt-Al composites 

with that of the industrial salt cake sample, some approximations have to be 

made with respect to the density and the specific heat of the industrial sample. 

For the composition of aluminum salt cake as presented in Table 3.2-2, it is 

assumed as the first approximation that the density is close to that of Al2O3, i.e. 

3.8g/cm
3
, the specific heat is close to 1J/gK. The thermal conductivity in this 

case would be only 3.11W/mk. Thus, the thermal conductivities of the salt cake 

from the aluminium industry would have a much lower thermal conductivity 

(after making assumptions regarding the density and specific heat of the sample) 

than the salt-sample composites used in the present work. Thiele [95] proposed 

that during the skimming the first oxide formed at 700-850℃ temperature in 

industrial practice, a tight protective layer of ɤ-Al2O3, a spinel-like cubic 

structure is formed around the metallic Al, which brings the oxidation of the 

enclosed metal quickly to a halt. This insulating layer of Al2O3 is compounded 

by the air layer surrounding each Al particle will affect the thermal diffusivity 

value and lead a discrepancy as observed in the present work.  

In the practical application, the interfacial condition of metallic Al particle 
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in the salt cake needs to be considered and which would vary with different 

types of drosses. It can be treated like β in the Dunn et al. modeling to adjust 

the validity region of the prediction. Dross with high metal content usually has 

a lower porosity due to the abundant liquid aluminum which could fill the 

existent pores [96, 97]. The connectivity condition between the granules would 

be changed under such circumstance compared with salt cake. Despite of so 

many variable factors, as long as the contribution of free aluminum in the dross 

to the thermal conductivity falls into an analyzable region, it could be a new 

standard method for evaluating of the aluminum content. 

5.2 The AlN hydrolysis behavior under different environments 

5.2.1 The hydrolysis behavior in chlorides solution 

 

Fig.5.2.1-1: The schematic diagram of hydrolysis of AlN in deionized water and 

0.3 mol/l NaCl solution. 

Fig. 5.2.1-1 shows the different hydrolysis products along with various 

immersion times. The first one is the initial slow-reaction stage, during which 

the aluminum hydroxide layer needs to be dissolved. This is then followed by 

the second stage: growth of Al(OH)3 gel, which brings the mild reaction, only 

about 10hours, beyond this region, the hydrolysis rate is slow again as a 

consequence of the aluminum hydroxide gel being formed around the AlN 
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particles acting as barrier layer, which lasts about one day. At the expense of 

the dissolution of aluminum hydroxide gel which is in equilibrium with 

[Al(OH)4]
−
 in the solution [98], the nucleation of porous boehmite on the 

surface of AlN brought the acceleration reaction, which is the third stage. 

During the fourth stage, the boehmite with a low degree of crystallization 

further changes into bayerite in the shape of large conical somatoids or rods. In 

the last stage, the evolution from metastable crystallized bayerite to 

well-developed gibbsite was suggested. Based on the above analysis, it is 

suggested that dissolution and re-crystallization mechanisms are involved in 

the transformation of AlN powders from amorphous gel to boehmite, bayerite 

and gibbsite.  

The presence of NaCl caused a shorter slow-reaction period and a 

relatively more “aggressive” hydrolysis reaction afterwards. It suggested the 

dissolution of aluminum hydroxide gel layer and nucleation of porous boehmite 

happened earlier. It is suggested that the shell-like porous boehmite layer 

around AlN particles would provide more channels for the transferring of water 

molecules than aluminum trihydrate gel. This would cause an acceleration of 

the reaction in NaCl solution.  

Anions such as chloride, nitrate and perchlorate have a lower affinity for 

Al cations compared to hydroxyl ions and are commonly attached by 

electrostatic attraction to the edge of the structure of the hydrous Al 

precipitation products without displacing OH
-
 ions [99]. It can be assumed that 

chloride ions are dissociated from poly-aluminum structures in aqueous 

environment. Therefore, the effect of chloride ion on the stability of aluminum 

species was not considered as the main factor producing higher hydrolysis rate 

of AlN compared with that in de-ionized water. Mashovets et al [100-102] 

reviewed experimental evidence supporting the presence of sodium aluminate 

complexes. These authors found that Na
+
 had formed stronger complexes with 

aluminate ions than OH
-
. After investigating the solubility of alumina in 

alkaline solution and the thermodynamic property of sodium aluminate solution, 

Anderson et al [103-105] suggested that the formation of ion pair Na
+
 

-Al(OH)4
-
 was the main reason of enhancement of the equilibrium 

concentration of Al(OH)4
-
 . It seemed plausible that sodium chloride has 

increased the solubility of aluminum hydroxide precipitates in alkaline solution, 
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hence, accelerated the hydrolysis reaction. 

5.2.2 The hydrolysis behavior in CO2-satruated water 

As mentioned earlier, the introduction of CO2 would have a dual function 

in hindering the hydrolysis of AlN:  

a) By absorbing the ammonia formed to form ammonium bicarbonate.  

b) Effectively stifling the hydrolysis reaction as less number of hydroxyl 

ions would be available for hydrolysis.  

While the presence of chlorides has an accelerating effect on the 

hydrolysis reaction in the absence of CO2 dissolved in the aqueous phase, as 

shown in our earlier experiments, this seems to be more than offset by the 

CO2-saturation in the leachant solution. 

In order to discuss a possible mechanism of the effect of CO2 in hindering 

the hydrolysis, it is necessary to understand the behavior of various ions in 

water-salt-CO2 solution. A hydrated aluminum ion with a six coordination of 

H2O molecules, viz. (Al(H2O)6)
3+

, due to the polarization of the OH bonds, 

would behave as an acid in terms of Brønsted-Lowry acid-base theory 

[106,107]. The weakening of the O-H bond of an attached water molecule 

would benefit to easily liberate a hydrogen ion as shown in reaction 5.2.2-1.   

At the temperature of 291K, in 0.3 mol/l NaCl solution where the effect of 

ionic strength was taken into account, after 4 days immersion, the 

disaggregation of Al-N lattice in aqueous solution has resulted in the release of 

ammonia, the CNH3/mg/l is 7.02 mg/l, thus CN = 4.1×10-4
 mol/l, meanwhile, 

one atom N needs four protons for NH4
+
, 

NH    =16.4 ×10-4 
mol/l.  

   
3 2

2 2 56
( ) [ ]AlAl OH Al OH OH H

                 (5.2.2-1) 

Where HAl
+
 is the proton from the ionization of Al, based on the 

hydrolysis model in chapter 2.5.2, the amount of 
AlH      was calculated. 

 
3

2 6

43.567 10 /
Al OH

C mol l



     

              (5.2.2-2) 

   
 

2

2 5

4 40.533 10 / 16.4 10 /N
Al OH OH

C mol l H mol l

  

     

          (5.2.2-3) 

http://en.wikipedia.org/wiki/Br%C3%B8nsted-Lowry_acid-base_theory
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It shows that the concentration of hydrogen ions produced from the 

hydration of Al would be insufficient to form NH4
+ 

by AlN hydrolysis. The 

dissociation of the carbonic acid in aqueous solution would release some 

protons (to be more precise, hydronium ions, H3O
+
) as shown. An attempt is 

made to simulate the increase in the NH3 concentration in the leachant and 

change of pH with CO2 bubbling.  

2

2
( )

( )

3 ( )

104
10

17 10

i

e

e

pH

pH

co N m pH
H H NH



 



 
                        (5.2.2-4) 

2coH    
 is the concentration of hydrogen ion generated by dissociation of 

H2CO3,  NH   is the concentration of protons for 4NH  . pHi is the initial pH 

value 3.8, pHe is the pH value after a certain amount of NH3 produced during 

the hydrolysis.  

In Fig. 5.2.2-1(a), the concentrations of produced NH3 after 2 days and 4 

days are agree with the calculated data 3mNH based on the eqn.5.2.2-4, which 

suggested that during the immersion, CO2(aq) would continuously dissociate 

into HCO3
-
 and H

+ 
to satisfy the hydrolysis of AlN.  

In the case of deionized water or completely dissociated acid, if the effect 

of anions can be ignored, hence, eqn. (5.2.2-4) becomes: 

 
( ) ( )

3

4
10 10

17
b ipH pH

mNH
          (5.2.2-5)  

Where, pHb is the pH value after a certain amount of NH3 produced during 

the hydrolysis under deionized water or completely dissociated acid. Thus 

calculated 3mNH  can been used as a reference to evaluate the pH fluctuation 

as brought about by the same hydrolysis level in completely dissociated acid or 

deionized water without considering the influence of anions. A simulation 

based on 3mNH  in eqns. (5.2.2-4) and (5.2.2-5) (the dot line) was made to 

compare the calculation results with the experimental pH changing as shown in 

Fig. 5.2.2-1(b). It can be seen that pH is continuous increased in completely 

dissociated acid, however, after CO2 bubbling, pH value has been prolonged 

the duration time because of the deprotonation based on the equilibrium 
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between H
+
 and HCO3

-
.  

 

Fig. 5.2.2-1: The comparison between calculated data based on eqns. (5.2.2-4) 

and (5.2.2-5) and experimental value. 

The solubility of the corrosion product is a critical factor when evaluating 

the extent of AlN corrosion. In that pH region 4-7, the solubility of aluminum 

hydroxide precipitates is extreme low, this would indicate that the corrosion 

product would remain on the surface of AlN when its solubility is at a 

minimum and acts as a barrier layer.  

Another possible reason can also be taken into consideration. Krnel and 

Kosmac [108] found that the hydrolysis of AlN has been hindered in 

incompletely dissociated diprotonic acids (H2SO4 and H2CO3), HSO4
- 

and 

HCO3
-
 which are not completely dissociated. Due to the high electrostatic 

attraction, these species can be adsorbed on the powder surface by forming 

hydrogen bonds with Al-OH groups, thus hindering the dissolution of 

aluminum hydroxyl precipitates. 

5.3 Oxidation behavior  

It is necessary to extract the information in the XRD patterns, since these 

not only can reveal the oxidation products, also the evolution of the products 

with the changing of temperature. The spinel compound known as 

MgO-nAl2O3 is non-stoichiometric. It is reasonable to regard MgO-nAl2O3 as a 

solid solution of MgAl2O4 and Al2O3, from n -values 0 up to 7.3. The excess 
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Al
3+

 ions occupy tetrahedral sites, substituting for Mg
2+

 ions [109]. 

2 2 2( ) hkla n h k l d   
                        (5.3 -1)

 

2 31 3( 1) / 4
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1 3( 1) / 4

Al Oa n a
a n

n

 


                          (5.3 -2)
 

Where, a(n) stands for the lattice constant of non-stoichiometric spinel at 

different n, a1= 0.8086 nm and aAl2O3= 0.7922 nm, corresponding to the 

constants of MgAl2O4 and ɤ-Al2O3 respectively[110]. The results based on eqns. 

(5.3-1) and (5.3-2) are summarized in Tables 5.3-1. 

Table 5.3-1: Calculated data based on XRD analysis 

 AD samples 

T/K 1473K 1573K 1673K 1773K 

2θ (°) 36.69 36.77 36.89 37.00 

d(311)(nm) 0.244764 0.244257 0.243448 0.242754 

n 0.782862 0.887666 1.102838 1.358618 

 

Table 5.3-2: The diffraction angle of 311 plane of the spinel type phase 

corresponding to different samples and after the 6h oxidation at various 

temperatures 

 XRD patterns of (311) plane of MgAlON or Mg-Al spinel  

T/K 298 1473 1573 1673 1773 

Sample No.  

“Pure” 37.32 37.29 37.17 - - 

3-Fe2O3 37.33 37.18 37.01 - - 

3-CaO 37.33 37.30 36. 87 36. 91 37.01 

AD - 36.69 36.77 36.89 37.00 

From Tables 5.3 -1 and 5.3-2, there are three interesting observations from 

the data:  

a) The lattice constant of Mg-Al spinel in 3-CaO and AD gradually 

become smaller with the increase of temperature.  
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b) Lattice constant of spinel phase formed in AD is much smaller than that 

formed in Pure, 3-Fe2O3 and 3-CaO at 1473K.  

c) Lattice constant of spinel phase (MgAlON or Mg-Al spinel) increases 

in Pure and 3-Fe2O3 samples during the oxidation. 

It is easy to conclude from the observation (a) that the Mg-Al spinel phase 

formed due to oxidation in AD and 3-CaO samples shows a 

dissolution-crystallization behavior. Thus, retrieving from literature, the values 

of the ionic radii of Al
3+

 and Mg
2+

as 0.072 and 0.053 nm respectively [111], it 

would be expected that the larger Al
3+

 ion would have a higher mobility as the 

viscosity of the liquid phase formed decreases above 1573K. 

From the observations of (b) and (c), the following inferences are made: 

The degradation from MgAlON to Mg-Al spinel is an in situ reaction. 

This would occur by the release of some Al2O3 and the replacement of nitrogen 

atoms by oxygen atoms (as shown in the shift of (311) plane in Pure, 3-Fe2O3 

and 3-CaO samples). Meanwhile, the oxidation sequence of 15R-SiAl4O2N4 

with MgO-doped in AD samples will follow reaction stages:  

-firstly, by releasing excess Al2O3 leading to SiO2:Al2O3 value close to the 

stoichiometric value of 2:3 of mullite;  

-secondly, the SiAlON with higher Si degrade to mullite with limited 

solubility of MgO,  

-thirdly, the excess amount of MgO would react with free Al2O3 and form 

spinel with larger lattice constant.  
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Fig.5.3-1: (101) peak of β-SiAlON of Pure, 3-Fe2O3, 3-CaO samples and after 

oxidized at different temperatures 

In Fig.5.3-1, the peak of β-SiAlON was represented only by 3-CaO sample 

(as the difference between different samples is small). After oxidation at 1473K 

and 1573K, the β-SiAlON peak is decreased. In the case of the Pure sample, 

the peak of β-SiAlON shifts to a higher angle. The dependence of cell 

dimensions on Al/Si ratios has been well-documented, [112, 113] namely, the 

lattice parameters “a” and “c” would increase, with increasing in the Al/Si ratio. 

In other words, crystal lattice of β-SiAlON corresponding to the XRD angles is 

decreasing (shown by the peaks of β-SiAlON shift to the right-hand side) by 

releasing excess alumina. This is in agreement with the evidence of the 

presence of free alumina in eqn. 4.4.1.2.1-1. On the other hand, the presence of 

impurities Fe2O3 and CaO can disturb this “normal” oxidation behavior of 

β-SiAlON. The fast consumption of SiO2 as a result of the growth of cordierite 

and anorthite phases at lower temperatures leads to a higher value of Al/Si. 

The differences of oxidation products from four different samples can 

only be attributed to the impurities present in the leach residue, especially CaO 

and Fe2O3. (i) According to the observation in Fig.4.4.1.2.2-1(b), the released 

amorphous silica from SiAlON is likely to react with iron silicate and thus 
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create a local molten phase, and enhance the mobility of SiO2 thereby 

facilitating the growth of cordierite. (ii) During the synthesis, when temperature 

above 1573K, CaO would react with SiO2 and Al2O3 to produce a eutectic 

liquid phase [114]. Due to various reasons, as for example, the amount of liquid, 

the viscosity of liquid, and the experimental parameters, most of Ca
2+

 ion might 

not have dissolved into the SiAlON lattice as shown by the present results, but 

be present in the glassy phase. The shrinkage of the synthetic sample would 

lead to lesser porosity, leading to improved oxidation resistance. Fig.5.3-2 

shows the pseudo ternary phase diagram CaO-MgO-SiO2 (projection from 

Al2O3-corner onto opposite face of quaternary tetrahedron).  

 

Fig. 5.3-2:Projection through Al2O3-corner onto opposite face of quaternary 

tetrahedron Al2O3–CaO–MgO–SiO2 of the boundary surface of primary 

volume of Al2O3, showing quaternary invariant points P, Q, and M, phase 

boundaries (———), and isotherms (– – –). The various symbols represent 

experimental compositions from the research data of Alicia Vazquez et al 
[115]

 

Note: the red line shows the direction of Al2O3 wt-% which only valid in the left 

area of the figure. 

According to the phases as shown in eqn.4.4.1.2.3-1 and the compositions 

of oxide scale of 3-CaO at 1673K is close to the composition of invariant point 
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P (CaAl2Si2O8, MgAl2O4, Al2O3, 3Al2O3·2SiO2), as presented in figure 5.3-2. 

With increasing temperature, mole ratio of Al2O3 will increase continuously as 

a consequence of oxidation as pointed in the red line. Thus, the Mg-Al spinel 

phase will disappear gradually, accompanied by the growth of corundum at 

1773K in accordance with the composition changing along the red line.  

It has been reported by present authors, the presence of transition metal 

like Fe, Mn, Ti and Cr would weaken the oxidation resistance. In the AD 

sample, with the presence of transition metals, the formation of FeOx (Cr2O3, 

TiO2, etc.) -CaO-Al2O3-SiO2 melt appears at even lower temperatures and the 

dissolution is accelerated in accordance with the fact that the disappearance 

temperature of anorthite in the CaO-Al2O3-SiO2-MgO is lower (1673K) than 

the case of 3-CaO (1773K).  

 

Fig.5.3-3: the schematic diagram of oxidation of four different samples 

In Fig.5.3-3, the complex reactions of four different samples during the 

oxidation are illustrated based on the above analysis. Four different colors 

represent non-isothermal reaction routes of four different samples. The solid 

and dotted lines indicate the reaction through solid and liquid states, 

respectively. Al2O3 and CaO, two solo reactants, as shown at the upper right of 
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the figure are considered to be presented in the glassy phase of the 3-CaO and 

AD samples. It very clearly shows that, in the case of mullite, which is a final 

product of the matrix, the crystallization would result in depleted zone of Al
3+

 

and Si
4+

cations around crystallized oxide scale. The compositional gradient of 

Al
3+

, Si
4+

, etc, between the crystallized oxide scale and the intergranular phase 

thus induces the migration of these cations to the interface. The rest of cations 

Mg
2+

, Fe
3+

/Fe
2+

, Ca
2+

 or excess Al
3+ 

and Si
4+

 beyond the solubility limit in the 

mullite phase would be present in the glassy phase. During the crystallization, 

the thermal expansion of mullite will bring the densification of the matrix and 

thus, improve the oxidation resistance. This, however, would induce the 

formation of cracks derived from the re-crystallization during the cooling, once 

liquid was formed. 
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Table 5.3-3 oxidation parameters for isothermal and non-isothermal tests of 

four different samples 

T(/K) Sample 

Pure 3-Fe2O3 3-CaO AD 

Ea (KJ/mol) 

Ea for L (isothermal) 174.88(ta<1000s) 147.16(ta<1000s) 248 

(ta<1000s) 

- 

Ea for A (isothermal) 361.31 

(1000s<ta<10000s) 

314.78 

(1000s<ta<10000s) 

- - 

Ea for Ppore (isothermal)  142.04 

(10000s<ta<21600s) 

242.38 

(t>1000s) 

 

Ea for Ppore(5K/min) 

(non-iso) 

187(1523-1700K) 177(1523-1873K) 246 

(1373-1650K) 

174 

(1273-1530K) 

Ea for Ppore(15K/min) 

(non-iso) 

243(1523-1700K) 214(1523-1870K) 296 

(1373-1650K) 

179 

(1273-1530K) 

Ea for Pliquid (isothermal) - - 398 

(whole t) 

355.14 

(whole t) 

Ea for Pliquid1(5K/min) 

(non-iso) 

- - 0 

(1650-1673K) 

0 

(1530-1700K) 

Ea for Pliquid1(15K/min) 

(non-iso) 

- - 0 

(1650-1673K) 

0 

(1530-1700K) 

Ea for Pliquid2(5K/min) 

(non-iso) 

132 

(1700-1873K) 

 127 

(1650-1873K) 

210 

(1700-1873K) 

EaforPliquid2(15K/min) 

(non-iso) 

112 

(1700-1873K) 

 104 

(1650-1873K) 

111 

(1700-1873K) 

 

The activation energies corresponding to the non-isothermal and isothermal 

modes were collected in Table 5.3-3. As the sample itself is likely to have a 

low thermal conductivity, a higher heating rate of 15K/min is likely to lead to a 

sharp temperature gradient as compared to the low heating rate, viz. 5K/min as 

well as in the isothermal mode. The difference of temperature between the 
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temperature zone of the furnace and reactive core gets widened with the 

increased thickness of oxide scale. Hence, it would be reasonable to consider 

that, a higher heating rate may lead to the smaller estimated activation energy 

which is in agreement with the estimated data above liquid temperatures.  

The interesting observation is: At non-isothermal mode, the estimated 

activation energy at the heating rate of 15K/min is larger than that at the 

heating rate of 5K/min at lower temperatures. Based on that, it can also be 

surmised that high heating rate may be conducive to nucleation of a large 

number of oxides, viz, SiO2 Al2O3, cordierite, anorthite, spinel and mullite with 

small grain sizes. Part of SiO2 and Al2O3 will be converted into spinel and 

mullite with increase in temperature. At the heating rate of 5K/min, the time 

required for oxidation is longer, there will be a distribution of comparatively 

coarse particles of spinel and mullite. Since at higher temperature the 

crystallization time of spinel and mullite is more prolonged, this may lead to 

the depleted zone of Al2O3 and SiO2. Accordingly, the nucleation density will 

be less than that at 15K/min, where a fine distribution of oxidized products acts 

as a better barrier, leading to higher activation energy. 

In isothermal mode, the Ea, for the kp
o
 (parabolic rate constant) essentially 

represents the activation energy for the diffusion, whereas Ea, for the kp (the 

rate constant derived from arctan relationship) and k (chemical reaction rate 

constant) represent the activation energy with arctan rate-controlling and 

chemical-reaction controlling, respectively. It can be concluded from the values 

Fig.4.4.2.1-6 determined for the linear (k), arctan (kp) and parabolic (kp
o
) 

regimes that:  

(i)    The activation energy for chemical reaction for Pure sample 

(174 kJ/mol) is much lower than that of the sample with CaO 

addition: 3-CaO (248.20 kJ/mol), but comparable with the literature 

value for β-SiAlON powders [116] (161 kJ/mol) and pure Si3N4 

powders [117] (147 kJ/mol). Normally, the sintered samples with 

sintering additives have a higher value of activation energy. It is 

suggested that facilitation of the crystal growth, the transformation 

from Mg0.2Al1.45O2.15N0.15 to 15R-SiAl4O2N4 with more content of N 

or the reduction of lattice defects during the sintering may benefit 

the oxidation resistance.  
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(ii)    The sample with addition of Fe2O3, i.e. 3-Fe2O3 is less 

oxidation-resistant than Pure in the entire temperature zone (higher 

kp). The relatively lower Ea (141.16 kJ/mol and 314.78 kJ/mol) for 

linear and arctan of 3-Fe2O3 respectively, compared to those for 

Pure (174.88 kJ/mol and 361.31 kJ/mol) is likely to be indicative of 

a lattice distortion making the sample vulnerable to oxidation. The 

large value of activation energy in the arctan region, indicates that 

the rate-controlling mechanism is rather outward diffusion of Al
3+

, 

Si
4+

 cations from the intergranular phase into the oxide scale for 

compensating the crystallization [118, 119].  

(iii)    The activation energy associated with the Kp
o
 values of 3-CaO, 

viz. 242.83 kJ/mol is higher than that obtained from 3-Fe2O3 at 

lower temperatures (142 kJ/mol). The low activation energy may be 

attributed to the lattice distortion mentioned earlier, which may 

result in improved transport of oxygen and nitrogen. 

(iv)    At higher temperatures, the activation energy associated with the 

Kp
o
 of 3-CaO is much larger than that at lower temperatures (398 

kJ/mol versus 242.83 kJ/mol, respectively), revealing a difference in 

the diffusion-controlling mechanism. The transformation of oxygen 

state form molecules to ions is known to be accompanied by the 

changing of the activation energy for diffusion [120, 121]. The 

much higher activation energy is ascribed to diffusion of O
2-

 ions 

from the liquid phase into the oxide scale. The moderate value of the 

activation energy in the latter case is due to the inward diffusion of 

oxygen gas molecules through pores. 

(v)    Due to properties of AD samples, above 1573K, a barrier layer 

can be formed during the heating, where the oxidation has not even 

started yet. As a consequence, only the Ea associated with the Kp
o
 at 

higher temperatures could be estimated. In other words, the 

rate-controlling step for the oxidation of AD is the diffusion through 

liquid above 1573K. The ln kp of 1473K-AD has the highest value 

which indicates that the transition metals like Fe or corresponding 

oxides FeOx, (which may dissolve into the lattice of SiMgAlON) 

can have a accelerated effect on the oxidation rate. 
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6. Summary and conclusions 

The work in this thesis is focusing on innovative process solution towards 

recycling of salt cake from secondary aluminum smelting. The prediction of 

metallic aluminum in the salt cake, the hydrolysis behavior during the leaching 

process as well as the reuse of the residue were carried out, covered both 

hydrometallurgy and pyrometallurgy to give a wide field on comprehensive 

recycling.      

Thermal diffusivity measurements as a function of temperature on salts-Al 

composites having various compositions (0, 2, 4, 6, 8, 10, 12wt pct metallic Al) 

were carried out. The thermal diffusivity and the thermal conductivity were 

found to increase with the metallic Al content. The experimental results are in 

reasonable agreement with the Dunn et al model. The complexity of the salt 

cake leads a discrepancy compared with the prediction by Dunn et al model 

based on the composition of referential salts-Al composites.  

The hydrolysis of AlN in NaCl solution and CO2-saturated solution was 

investigated. The solubility of the corrosion product is a critical factor when 

evaluating the extent of AlN corrosion, which increased with the increasing 

content of NaCl solution due to plausible ion pair between Na
+
 and Al(OH)4

-
, 

decreased in the CO2-saturated solution. The equilibrium between H
+
 and 

HCO3
-
 in carbonate solution can buffer the trend of rising pH the due to the 

ammonia formed, thus prolong the duration time in pH region (4-7) where the 

solubility of corrosion product is kept at minimum level.  

Based on the above knowledge, the effect of CO2 saturation in water on the 

leaching process of salt cake produced in secondary aluminium melting was 

guided in the present work. The solid to liquid ratio as well as the leaching time 

were varied. The results were also compared with that of CO2-less leaching. 

The results show that an extraction level of Na and K to 95.64wt% and 

95.87wt%, respectively could be reached under a solid to liquid ratio of 1:20, 

leaching time 3h. The mass of escaping NH3 decreased from 0.25mg in pure 

water down to <0.006mg in CO2-saturated water. This indicates that NH3 

evolution from hydrolysis is reduced considerably by CO2 bubbling in the 

leaching water, which makes the hydrolysis process environmentally friendly. 
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The further water leaching tests of salt cake combined with absorption of 

ammonia using CO2-saturated water at downstream demonstrates the feasibility 

towards an alternative recycling and utilization of AlN of the salt cake.  

Both methods have shown their advantages: 

a) The AlN can be preserved or be used as a nitrogen resource. In the 

former case, pollution due to environmental unfriendly gases produced is 

kept at a minimum level. 

b) The environmentally undesirable NH3 can be utilized effectively to 

produce a useful compound that has application as fertilizer.  

c) The carbon as CO2 can be fixed as carbonate decreasing, to a certain 

extent, the load on the environment.   

After leaching process, the leaching residue (AD) of the salt cake can be 

successfully used to prepare a high value ceramic material, SiMgAlON other 

than dumped in landfill. The effect of the additions (CaO and Fe2O3) on the 

oxidation behavior of SiMgAlON composites in air was investigated in the 

temperature range 1373–1773K. Based on this study, the following conclusions 

can be drawn: 

a) Pure sample: 

( 1700 )spinel corundum mullite liquid around K        (6.1-1) 

3-Fe2O3 sample: 

( 1573 )iron oxide silicates liquid around K           (6.1-2) 

3-CaO sample: 

( 1650 )anorthite mullite spinel corundum liquid around K       

(6.1-3) 

AD sample:  

( ) ( 1530 )

anorthite mullite spinel

iron oxide and other impurities liquid around K

  

   
 

(6.1-4) 

b) The addition of Fe2O3 caused lattice distortion, which is believed to result in 

a lower activation energy in linear region as well as in the diffusion region 

as compared to Pure and 3-CaO. This leads to a more aggressive oxidation. 
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At lower temperatures, the addition of Fe2O3 facilitates the formation of 

cordierite. 

c) The additive of CaO content result in a combined diffusion mechanism: 

diffusion of oxygen molecule through pores at lower temperatures (due to 

the shrinkage of sample 3-CaO during the synthesis) and diffusion of 

oxygen ions inward through liquid formed at higher temperatures. The 

continuous oxidation will shift the content of alumina to the Al2O3-rich 

corner in CaO-MgO-Al2O3-SiO2 system. As a result, anorthite and spinel 

would dissolve in the liquid phase. 

d) SiMgAlON synthesized from salt cake shows a combined oxidation 

character: the impurities of CaO and Fe2O3 in the sample AD can result in 

an aggressive oxidation at low temperature (1473K) and a protective 

oxidation at the temperatures above lower eutectic point (1573K).   
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7. Suggestions and further work 

7.1 Mechanism 

(i) In the present study of hydrolysis behavior of AlN has shown the trace 

evidence of the growth of Al precipitates and can be influenced by NaCl, 

further study will try to understand this phenomenon.  

(ii) During the leaching process of salt cake at 373K, the possible 

relationship between volatilization rate of NH3 and hydrolysis rate of 

AlN needs to be considered. 

(iii) The activation energies represent macroscopic reaction-specific 

parameters that are not simply related to threshold energies, but the 

sensitivity of the reaction rate to temperature, thus the interference by 

the state of reactant, the heat transfer and human (the 

mathematic/physical model) need to be considered. 

7.2 Practical application 

The present results demonstrate the complete utilization of an 

environmentally hazardous metallurgical waste towards the synthesis of a high 

value ceramic material. 

(i) Further work of the evaluation of aluminum content in the salt cake 

will be focused on including the interfacial condition of metallic Al 

particle in the salt cake as a new parameter in the thermal 

conductivity model for accurate prediction, along with an estimation 

of the resistance offered by the oxide layer around aluminium 

particles. 

(ii) The future work of the recycling of ammonia will be focused on 

pursuing in examining the adaptability of the process to an industrial 

application and optimizing the process.  

(iii) It is admitted that the ceramic produced from leaching residue has 

less-optimized oxidation resistance, further work is currently under 

progress to remove the iron oxide impurity magnetically before heat 

-treatment under controlled oxygen partial pressure. Besides of 

SiAlON refractory, the residue also is a potential candidate of 

M-Si-O-N glass due to its considerable amount of AlN. 
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