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Summary 

The heat of reaction of gibbsite in caustic solution has been reported 
by various sources; the average value being 140 kcal/kg Al-O,. Although 
this value has been determined from solubility or calon'metrlc data 
at normal Bayer precipitation temperatures, it has been widely used in 
Bayer process mass and energy calculations at digestion temperatures. 
However, using correlations for gibbsite and Bayer liquor heat capacity, 
and National Bureau of Standards heats of formation data, the heat of 
dissolution of gibbsite at Bayer digestion temperatures (145°C) has 
been calculated at 200 kcal/kg A1?0,. This paper describes the 
theoretical thermodynamic treatment and the experimental verification 
(by calorimetry) of this higher value. 
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Introduction 

In normal Bayer process digestion, gibbsite in bauxite dissolves in 
caustic liquor to yield an alumina-rich solution. This process is 
endothermic. The energy required to dissolve gibbsite is a significant 
part of the total energy used in digestion. Any mass and energy balance 
calculation attempting to accurately predict digestion steam consumption 
requires some value or correlation for the heat of dissolution of 
gibbsite. 

A review of available literature shows a wide range of values of heat 
of dissolution/crystallization of gibbsite. Several reported values are 
found in Table I. Of the sources listed, all but one obtained their 
value from equilibrium solubility measurement. An equilibrium constant, 
K, was determined from solubility data and was related to heat of 
dissolution, "H n, by the relation: 

Э InK _ AHp (1) 

ЭТ RT2 

where T is temperature and R is the universal gas constant. In most 
cases, iH_ was determined from solubility data taken at Bayer process 
precipitation conditions (40-80°C), only Russell (6) used solubility data 
above 100°C . Calvet's (9) value was determined calorimetrically at 
35.5°C. 

The average of the Table I values is 140 kcal/kg Al-O,. This 
average value (or one close to it) has been widely used in Bayer process 
mass and energy calculations. It has been used in both digestion and 
precipitation calculations, even though it is based on data taken at 
precipitation conditions only. 

Because of the lack of data for gibbsite heat of dissolution at 
digestion temperature (130-150°C), a method was sought to determine that 
value trom avallaDle thermodynamic data, using available correlations for 
Bayer liquor and gibbsite heat capacity and National Bureau of Standards 
heat of formation data, a significantly higher than expected heat of 
dissolution value was determined at 145°C. This higher value was 
verified experimentally (again at 145°C) though use of the SETARAM C-80 
heat flux calorimeter. 

TABLE I 

REPORTED HEATS OF DISSOLUTION OF GIBBSITE 

Russell 
Adamson 
Bagaev 
Cal vet 
Tomonari 
Kuznetsov 

(6) 
(7) 
(8) 
(9) 
(10) 
(Π) 

144.0 kcal/kg Al-0 
170.0 
137.0 
109.8 
135.3 
137.2 
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CALCULATION OF AHp 

Figure 1 shows diagramatically how the heat of dissolution of 
gibbsite can be calculated. If low ratio spent liquor and gibbsite are 
present at temperature T, the amount of heat required to dissolve the 
gibbsite and form a high ratio liquor is ΔΗ... Д Н П is the heat of 
dissolution of gibbsite at temperature T. 

Because the energy required to form green liquor from spent liquor 
and hydrate is independent of the path chosen, the calculation of ΔΗ„ can 
be broken down into four steps: 

1. Calculate the amount of heat required to take the reactants (spent 
liquor and gibbsite) from temperature T to a base temperature T Q. 
If this is defined as ΔΗ,, it can be determined from: 

uHj = M S L <T° cpLdT ♦ MG Y cpGdT (2) 

where M_. and M„ are mass of spent liquor and gibbsite, 
respectively ana Cp| and C p r are equations for liquor and gibbsite 
heat capacity. PL PG 

2. Calculate the amount of heat to take reactants at T , to products 
at T . Defining this as ΔΗ, and T as 25°C, ЛН, caR then be 
determined from standard heats of Yormation (ΔΗ;.) 

f i ' 
-H 2 = ΣΔΗ products - ΣΔΗ, reactants (3) 

Consider the reaction 

A1(0H)3 ( c ) + N a O H ( a q ) - - > N a A 1 0 2 ( a q ) + 2H.,0(1) (4) 

then: 

AH2 = AHf(NaA102) + 2AHf(H20) - AHf(NaOH) - AHf(Al(0H)3) (5) 

3. Calculate the amount of heat required to take the product 
(green liquor) from T to T. Defining this as ΔΗ3> then: 

ΔΗ3 = (MSL + Μβ) < C P L dT (6) 

о 
4. Calculate the desired AIL by adding the previous terms. 

ЛН0 = AHj + ΔΗ2 + ΔΗ3 (7) 

Table II gives equations for C. and Cp-, and Table III gives 
values of iHf used to determine ΔΗ„. 

From Light Metals 1985, HO. Bohner, Editor 

CD 
3 

■ D 
(II 

> 
7Γ 

"О 

™ Í 

> 

t 



•mm ra@{feö 

TABLE I I 

HEAT CAPACITY EQUATION FOR BAYER LIQUOR AND GIBBSITE 

Cp = .99639 - 3.90998 x 1 0"4 (TC) - 5.3832 x 10"4 (AlgOj) 

+ 2.46493 x 10"7 (TC2) + 5.7186 x 10"7 (TC) (AlgOg) 

- 1.86581 x 10"7 (A1203) (T) - 1.07766 x 10"7 (TC) (T) 

- 1.51278 x 10"4 (T) + 2.1464 x 10"6 (T2) 

where Cp. is the heat capacity of Bayer l iquor (cal/gm°C) 

TC is to ta l caustic as (gm/1 Na~C0,) 

ΑΙ,Οο is dissolved A1?0, as (gm/1 AUO-j) 

T is temperature in (°C) 

Source: Langa (5) 

CpG ■ .2694 + 6.4 x 10"4 T 

where Cp» i s the heat capacity of g ibbsi te (cal/gm°C) 

T i s temperature in С 

Source: Misra and White (1) 

TABLE I I I 

STANDARD HEAT OF FORMATION 

uH f [Al(OH), ( c ) ] 
Δ Η Ι [NaOH (áq)] 
Δ Η Ι [NaAlO, (aq)] 
ΔΗ^ [HO ( f ) ] 

-309.06 kcal/mole 
-112.36 kcal/mole 
-277.0 kcal/mole 
-68.31 kcal/mole 

Sources: National Bureau of Standards (2 ) , (3) 
Hemmingway and Robie (4) 
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TABLE IV 

REACTANTS AND PRODUCTS FOR SAMPLE CALCULATION 

Reactants Product 

Spent Liquor at 145°C Green Liquor at 145°C 

Composition: 200 gm/1 TC Composition: 187.4 gm/1 TC 
60 gm/1 AlpO, 121.8 gm/1 A1„03 

Total Mass: 1187.7 gm* Total Mass: 1294.9 gm 

Gibbsite at 145°C 

Total Mass: 107.2 gm 

* Equivalent to the mass of one litre at 25°C. 

Sample Calculation 
Table IV shows the mass of gibbsite and concentration of spent and 

green liquor used to calculate the heat of dissolution of gibbsite. The 
mass of spent liquor listed is equivalent to the mass of one litre at 
25°C. (The volume at 25°C is the basis for gm/1 TC and gm/1 Al-O, 
concentrations.) The mass of gibbsite was chosen so that the resulting 
green liquor ΑΙ,,Ο,/TC was .650, a typical digestion blow-off ratio. A 
usual Bayer digestion temperature of 145°C was chosen. With the 
information in Table II, III and IV and equations (2) - (7), the heat of 
dissolution of gibbsite can be determined at typical Bayer digestion 
conditions. 

Step 1 - Calculate ΔΗ1 

25°C 25°C 
-H. = Μς, ' C„, dT + Mr

 s CprdT 
1 SL 1 4 5 o c PL G 1 4 5 „ c PG 

Integrating the equations in Table II, using information from Table IV. 

25°C 
' C„.dT = - 108.6 cal/gm 
145°C L 

25°C 
' CDrdT = -38.856 cal/gm 
145°C P b 

ΔΗ. · 1187.7 gm (-108.6 cal/gm) + 107.2 gm (-38.856 cal/gm) 
ΔΗ^ · -133149 cal - -133.15 kcal 
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Step г - Calculate -H„ 

ΔΗ- = :Hf(NaA102) + 2:Hf(H20) - iHf(Al(0H)3) - -Hf(NaOH) 

Using information in Table III. 

H2 = 7.8 kcal/mole (Al(OH)3) = 15.6 kcal/mole (A1203-3H20) 

107.2 gm Α1203·3Η20 = .68727 mole А ^ С у З ^ О 

-H2 = 10.72 kcal 

Step 3 - Calculate Щ 

145°C 
H3 ' 'MSL + V ' 2 5 o c

 CPL d T 

Integrating the equation in Table II, using information from Table 
IV. 

145°C 
Cp dT = 105.70 cal/gm 

25°C 

'H3 = 105.70 (1187.7 + 107.2) = 136.86 kcal 

Step 4 - Calculate -H„ 

:MQ = LH. + My + ύΗ3 

UHD - -133.15 + 10.72 + 136.86 = 14.43 kcal 

wh en put on an A120, basis 

ÄHn ■ 14.43 1 156 . 205.8 kcal/kg ΑΙ,Ο, 
1 ПО ~ Ь « " 107.2 TÏÏ2 

Experimental Verification 

Once the calculated value of 206 kcal/kg ΑΙ,Ο, was determined, a 
search began for a method to verify the heat of dissolution of gibbsite 
experimentally. The experimental conditions had to be identical to those 
considered in the calculation, and a calorimetric method was preferred. 
The SETARAM C-80 heatflux calorimeter filled these prerequisites. 

The SETARAM C-80 is shown in Figure 2. One C-80 feature useful in 
this investigation was the reversal mixing cell. The cell, shown in 
Figure 3, was used to keep the solid gibbsite separate from liquor until 
the desired temperature was reached. The cell containing separated 
liquor and gibbsite was placed into the calorimeter at room temperature. 
The cell and contents were heated and allowed to equilibrate at 145°C. 
Once the system reached equilibrium, the cell was inverted mixing the 
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FIGURE 2. THE SETARAM C-80 HEATFLUX CALORIMETER 
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НЕЯТ OF DISSOLUTION KCflL/KG RL203 

< CELL TOP 

CAP FOR LIQUOR CHAMBER 

LIQUOR 
CHAMBER 

FIGURE 3. REVERSAL MIXING CELL 

solid and liquid. The amount of heat required to maintain a temperature 
of 145°C was measured. In about one hour, the system reached a new 
thermal equilibrium. The total heat added to the cell to maintain 145°C 
less the heat added to the empty cell during calibration determined the 
heat of dissolution of gibbsite at 145°C. 

Before any measurement of heat of dissolution was made, the SETARAM 
C-80 was used to measure heat capacities of pure water, a 20% NaOH 
solution and a sepathetic Bayer liquor. The results were compared, 
respectively, with steam table data, caustic manufactures heat capacities 
and Table II correlation for Bayer liquor heat capacity. Agreement 
between experimental results and literature was generally within 2%. 

With confidence established in the C-80's results, three replicate 
experiments were run to measure the heat of dissolution of gibbsite at 
145°C. All runs were made at liquor concentrations identical to those in 
Table IV. Because the volume of the cell (8.6 cc) was considerably 
smaller than the one litre basis used in the calculation, the mass of 
liquor and gibbsite charged was reduced proportionally. 

The experimental heat of dissolution of gibbsite at 145°C was 200.9 
+ 3.2 kcal/kg ΑΙ,Ο, 
value within 2.4% 
capacity correlation and is considered good agreement. 
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JO. The experimental value compares with the calculated 
This is within the accuracy of the liquor heat 
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Conclusions 

The heat of dissolution of gibbsite at Bayer digestion conditions 
was found to be significantly higher than the widely used values reported 
in the literature. An increase in heat of dissolution with temperature 
was found, Figure 4 shows calculated values from 60-160°C. Note that the 
value at 60°C, a typical precipitation temperature, is higher than the 
average Table I value, but compares well with the value reported by 
Adamson. 

Heats of dissolution of gibbsite as calculated by the previously 
outlined procedure have been used in hand calculations and in a steady 
state computer model for digestion. Agreement between calculated steam 
usage and process temperatures and those observed in plant operation has 
greatly improved. 

References 

1. С Misra and E. T. White, "A Mathematical Model of the Bayer 
Precipitation Process for Alumina Production," paper presented at 
the "Chemeca '70" Conference, Melbourne, August 1970. 

2. National Bureau of Standards Alkali Metal Compounds Thermodynamic 
Properties (TN 270 Series). 

3. National Bureau of Standards, 500 Selected Values of Chemical 
Thermodynamic Properties, February 1952. 

4. в. S. Hemmingway and R. A. Robie, "Enthalpies of Formation of Low 
Albite (NaAlSUOj, Gibbsite (A1(0H),), and NaAlO,; Revised Values 
for ΔΗ , 298°K°afid uG , 298°K of Alutrtino-Si 1 icate^Minerals," 
Journal Research, U. S. Geological Survey 5, 413-429 N Y 
July-August 1977. 

5. J. M. Langa, Alcoa Laboratories Technical Report, 1984. 

6. A. S. Russell, 0. D. Edwards and С S. Taylor, "Solubility and 
Density of Hydrated Aluminas NaOH Solutions," Journal of Metals, 
Vol. 7, 1123 (1955). 

7. A. N. Adamson, E. J. Bloore and A. R. Carr, "Basic Principles of 
Bayer Process Design," Extractive Metallurgy of Aluminum, Vol. 1, 
pp. 23-57, New York (1962). 

8. A. S. Baçaev, "Properties of Aqueous Solution of Sodium Aluminate," 
Tsvetnye Metalls, February 1968. 

9. E. Calvet, P. Boivinet, H. Thibon and A. Maillurd, 
"Microcalorimeter Study of Decomposition of Sodium Aluminate 
Solution," Bull. Soc. Chem., France, 402 (1952). 

10. T. Tomonari, "Physical Chemistry of Solutions of Sodium Aluminate," 
J. Chem. S oc, Japan, Vol. 47, 28 (1944). 

From Light Metals 1985, HO. Bohner, Editor 

11. S. T. Kuznetsov, "Manufacture of Alumina," Moscow (1956). 

12. N. Brown, "The Heat of Crystallization of Alumina Trihydroxide 
Derived from Equilibrium Solubility Data," Light Metals (1973), 
Vol. 2, pp. 807-814, A. V. Clack, editor, The Metallurgical Society 
of AIME, New York. 

175 




