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Abstract

In this paper, the concept of hydrogen bonding adsorption was investigated for AI(OH);-NaOH-
H,O-S (solid) system. Aluminium hydroxide transfer between solid and liquid phase by hydrogen
bonding adsorption and desorption, only with hydrogen bond breaking or formation of aluminium
hydroxide crystal. When the AI(OH)3;-NaOH-H,O-S (solid) system achieves equilibrium, this is
due to hydrogen bonding adsorption. Equilibrium equation of the system was obtained, CE = 90
SOIN'3-exp(-18522.9/(R-T)). No chemical reaction occurs when aluminium hydroxide dissolves
in caustic solution process or crystallises in a seeded precipitation process. In the liquid phase,
alumina is in the form of AI(OH)s, rather than AI(OH)4". In this concept, supersaturation does not
exist in sodium aluminate solution.
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1. Introduction

Bayer process was born more than one hundred years, The basic principle of Bayer process is
established on the Na;O-Al,O3-H,O system, according to the generally accepted theory, alumina
exists in form of AI(OH)4 or two poly-aluminate ions in caustic solution. Alumina concentration
in caustic solution depends on the solubility, where seeded precipitation process is a chemical
reaction, which eventually stops when alumina solubility is reached. However, according to this
theory, the super saturation phenomenon is difficult to explain, even it is thought that spent liquid
is supersaturated. Researchers have attributed this to the complex structure of AI(OH)4 in caustic
solution, still there is no reasonable results supporting this up to now.

Researching on the basic principles of the Bayer process is important to the alumina industry, also
it is of great significance to improve the quality of the products. In this paper, the principle of
hydrogen bonding adsorption was adopted on Al (OH);-NaOH-H,O-S (solid) system.

2. Experiment

A series of experiments were conducted to study various aspects of the crystallisation phenomena,
such as the effect of temperature, solid concentration and caustic concentration.

2.1 Experimental Materials

Aluminium hydroxide: grade AH-1 GB/T 4294-2010, specific surface area: 0.104 m?/g. Caustic:
chemical pure.

Table 1. Size distribution of aluminium hydroxide.
Size, um| 10 15 20 | 30 40 50 60 80 120 150 | 200
% 0.91 | 3.53 1580|829 | 11.16 | 16.69 | 24.83 | 44.57 | 77.91 | 91.18 | 99.22
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2.2 Experimental Instrument and Analysis

A 5 L stainless steel container was used, with stirring, automatic temperature control of + 0.1 °C.
Laser particle size was analyzed using a Mastersizer 2000 instrument.

2.3 Experimental Operation
2.3.1 The Relationship Between the End Alumina Concentration and Temperature

Sodium aluminate solution 5 L, caustic concentration Na,O 100 g/L, alumina concentration Al,O;
80 g/L, heated to 60 °C. Dried aluminium hydroxide 3 kg was added to the sodium aluminate
solution, stirring. After 50 hours, the slurry was separated, analysis alumina concentration,
sampling once every 5 hours. Three of difference of alumina concentration is less than 0.5 g/L,
that reach the end, three results mean as the end of alumina concentration. Then cooling to 55, 50
and 45 °C, repeated sampling.

2.3.2 Relationship Between the End Alumina Concentration and the Amount of Solid
Aluminium Hydroxide

Sodium aluminate solution 5 L, caustic concentration NaO 100 g/L, alumina concentration,
AlLOs 80g/L, temperature 50 °C. Respectively, adding dried aluminium hydroxide 2, 3, 4 and

5 kg. Sampling was the same as described in 2.3.1.

2.3.3 The Relationship between the End Alumina Concentration and Caustic
Concentration

Sodium aluminate solution 5 L, caustic concentration Na20 120, 110, 100, 90 g/L, alumina
concentration Al,O; 90 g/L, temperature: 50 °C. 3 kg dried aluminium hydroxide was added to
the sodium aluminate solution, stirring. Sampling was the same as described in 2.3.1.

3. Results and Discussion

Alumina concentration at the end under the different conditions are shown in Table 2.

Table 2. Alumina concentration at the end under different conditions.

No.| N,glL | W,glL T, °C C, gL
1 100 600 60 74.2
2 100 600 55 67.5
3 100 600 50 60.6
4 100 600 45 54.5
5 100 1000 50 57.3
6 100 800 50 58.6
7 100 400 50 62.2
8 120 600 50 79.1
9 110 600 50 69.3
10 90 600 50 51.2

N: caustic (Na,O) concentration; W: solid content; T: temperature; C: end alumina (Al,O3
concentration,
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3.1 Relationship between the End Alumina Concentration and Temperature

The end alumina concentration C of the experimentl, 2, 3, 4 were taken logarithm In(C),
temperature 1/T (Kelvin temperature), mapping, Figure 1.

3 3.05 3.1 3.15

( 1/T) X 1000

Figure 1. Logarithmic relationship between Temperature (1/T, Kelvin) and the end
alumina concentration In(C).

The linear relationship of the end alumina concentration, In(C) and temperature 1/T (Kelvin
temperature) was good, the slope was of 2227.8. The relationship between the end alumina
concentration and temperature was expressed in the form (1):

In(C) = -2227.8/ T + 10.99 )
or:
C = 59528.8 exp (-18522.9 / (R-T)) 2)
Equation (1) can be rewritten as:
In(C) = —18522.9/(R-T)+ 10.99 3)

After a long time, the alumina concentration in solution does not change, the system can be
thought as being in equilibrium. According Clausius-Clapeyron Equation (4)

In(C) = AHm/(R'T) + K 4)

In the representation AlI(OH)3;-NaOH-H>O-S (solid) system, solid aluminium hydroxide is
adsorbent, adsorbate is the aluminium hydroxide. The molecule on solid surface of aluminium
hydroxide crystal can be considered as adsorption layer. With alumina in liquid phase
continuously precipitating to the solid surface, adsorption layer is continuously changing, but the
outer molecular number of aluminium hydroxide on solid remains unchanged, so the surface
adsorption amount is a fixed value. Equation (3) completely satisfies the Equation (4), so
Equation (3) can be thought as a Clausius-Clapeyron equation. Thus, it can be concluded that the
system reaches equilibrium, the system constitutes a two-phase equilibrium system. Differential
adsorption enthalpy AHn, = —18522.9 J/mol, and the H-O--*H hydrogen bond energy of
18850 J/mol are basically consistent, which indicates that the AI(OH)s transfer between solid and
liquid phase through hydrogen bonding adsorption, excluding the formation of ionic bond,
covalent and coordination bond. And, in aluminium hydroxide crystal, layers are bonded through
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hydrogen bonding, that is consistent with the breakage and formation of hydrogen bond when
aluminium hydroxide dissolve and precipitate, each 1 mol aluminium hydroxide dissolved or
precipitated with 1 mol hydrogen bond breaking or formation, no other bond formation or rupture.
The adsorption process is an exothermic process and is consistent that seeded precipitation is
exothermic process. So, it can be concluded, aluminium hydroxide molecule in the crystalline
state and in solution only has the difference of one hydrogen bond, which is formed in the
crystallization of aluminium hydroxide, no other difference. Further inference, in the liquid phase,
alumina is in form of AI(OH);, rather than AI(OH)4".

3.2 Relationship Between the End Alumina Concentration and the Amount of Solid
Aluminium Hydroxide

The amount of solid aluminium hydroxide in system is expressed in surface area S, m*/L. The
end alumina concentration, C, of the experiment 5, 6, 3 and 7 were expressed in logarithm In(C),
the amount of solid aluminium hydroxide in the system, versus In(S) is shown in figure 2.
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Figure 2. Logarithmic relationship between the end alumina concentration (C) and solids
surface area (S).

The end alumina concentration, In(C), and solid aluminium hydroxide, In(S), also showed a linear
relationship, with a slope of —0.1. So the equation can be rewritten as follows:

In(C) = -0.1 In(S) + 4.513 (5)
or:
C=91.24-S (6)

It can be considered that the alumina concentration is related to the amount of solid aluminium
hydroxide. By the discussion in section 3.1, the system achieves equilibrium, the amount of solid
phase will affect the system state, a certain amount of the solid phase (seed) coincides with the
composition of the liquid phase. Namely, alumina concentration in liquid phase corresponds with
the amount of solid content, it does not determine the "solubility". In the actual factory, the larger
amount of solid phase (seed) gives a higher seeded precipitation rate, this phenomenon coincides
with the liquid-solid adsorption equilibrium, this phenomenon is strong evidence of liquid-solid
adsorption equilibrium.

3.3 Relationship Between the End Alumina Concentration and Caustic Concentration

The end alumina concentration C of experiments 8, 9, 3, 10 were expressed in logarithm In(C),
caustic concentration, In(N), as shown in Figure 3.
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Figure 3. Relationship between the end alumina concentration and caustic concentration.

A linear relationship also was obtained between the end of alumina concentration In(C) and
caustic concentration In(N)

Ln(C) = 1.5-In(N) — 2.8075 (7)
or:
C =0.0603-N'3 (8)

Combining the Equations (2) (6) (8), gives us an equation of alumina concentration as a function
of temperature, solid content and caustic concentration:

CE=90 S N'- exp(~18522.9 / (R'T)) )

When the system reaches equilibrium, the solid phase (seed) and liquid phase form hydrogen
bond adsorption-desorption equilibrium system. Any one of the factors in the system will affect
the equilibrium system. When temperature and caustic concentration are constant in the system,
alumina concentration in liquid phase is affected by the solid content. Balance is not fixed, which
changes with the solid content. This is the reason why alumina "solubility" cannot be measured
accurately, ignoring the solid effect, Aluminium hydroxide and the amount researchers used in
the determination of "alumina solubility" are not the same, so the numerical value of "solubility"
is different.

4. Experimental Verification

Adsorption equilibrium Equation (9) shows, at the same concentration and temperature, a "sodium
aluminate solution" with solids, the system state can be in a desorbed state (aluminium hydroxide
dissolves) in the case of less solid content, also can be in an adsorbed state (precipitation) in the
case of more solid content. For example, the caustic concentration Na,O 100 g/L, alumina
concentration Al,Os 110 g/L, temperature 90 °C, the system is in a desorption state, when the
solid content expressed in surface area is 20 m?/L, solid aluminium hydroxide will dissolve.
However, the system is in the adsorbed state when the solid content is 70 m?/L, alumina in liquid
will precipitate. As shown in Figure 4, the A-B line with the caustic concentration of Na,O
100 g/L, temperature 90 °C, it is the balance line of alumina concentration in liquid phase between
solid content. The system is in equilibrium along the A-B curve. When the system status is just
above the A-B curve, the adsorption rate is greater than desorption rate, alumina solution will
precipitate. When the system status is below A-B curve, the desorption rate is greater than the
adsorption rate, solid aluminium hydroxide will dissolve.
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Figure 4. Equilibrium curve and two kinds of status at various solid content.

4.1 Confirmatory Experiment

With the following sodium aluminate solution: caustic concentration Na>O 100 g/L, alumina
concentration Al,O3; 113 g/L, molar ratio 1.45 (moles Na;O / moles Al,O3). Respectively, two 1 L
solution were in sealed containers with agitation, at a temperature 90 °C, adding aluminium
hydroxide, experiment D 30 g, experiment E 800 g. Sampling and analysis 8 hours later, the
experiment D showed Al,O; 118 g/L and molar ratio 1.40, indicating that part of the aluminium
hydroxide had dissolve. However, the experiment E showed Al,Os 108 g/L. and a molar ratio of
1.51, suggesting that alumina precipitated from the solution.

From the above results, although the two solutions have the same initial composition and stays at
the same temperature, when the solid content is lower the aluminium hydroxide dissolves.
Conversely, at a higher solid content, alumina precipitates from solution. The experimental results
prove the inference based on the hydrogen bonding adsorption principle of aluminium hydroxide
in caustic solution. This phenomenon cannot be explained according to the solubility theory.
Therefore, solubility has nothing to do with the solid content.

5. Conclusion

The main conclusions of this work are that aluminium hydroxide transfers between solid and
liquid phase through hydrogen bonding adsorption and desorption, without chemical reaction in
the process of aluminium hydroxide dissolved in caustic solution or seeded precipitation, only
with hydrogen bond breaking of aluminium hydroxide crystals.

Also, when the system achieves balance, the equilibrium is based on hydrogen bond adsorption.

Furthermore, in the liquid phase, alumina is in form of AI(OH)s, rather than AI(OH)4".

And finally, the supersaturation phenomenon of “sodium aluminate solutions” does not exist,
according to the findings of this work.
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