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Abstract: Resorting to Debye H tickel equation, the conception of the apparent dielectric constant € of sodium alu-

minate solution is introduced. By supposing that all the influences are attributed to it, € is successfully related to

caustic ratio 0k, concentration mn.on, 1 and temperature 7. Then an activity coefficient calculation model for NaAl
(OH)4-NaOH-H:20 system from 25 C to 100 C is established, which can be used in much wider a and my.on, v

ranges than those covered by the equilibrium solubility data.
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1 INTRODUCTION

Concentrations of the sodium aluminate solu-
tions in alumina industry are usually very high,
and the diverges of precipitation mechanism and
™ also ex-
ist, which makes the study of activity coefficients
extremely difficult. though lots of

work has been done on the thermodynamic proper-
[577]

structure in sodium aluminate solution
T herefore,

ties of sodium aluminate solution'” " and many sol-
ubility data have been obtained, the researches of

As Debye

H tickel activity coefficients calculation equation

the activity coefficient are scarce.

has a simple formula and definite meanings of vari-
ous physical parameters, it is convenient to be used
in practical calculation. Meanwhile, it is also suit-
able for calculating the activity coefficients of

NaAl(OH)4 in NaAl(OH)4+-NaOH-H20 system at
equilibrium'® .

In this paper, the idiographic issues of using
Debye H tickel model in NaAl( OH)4+NaOH-H20
system are analyzed, and then the resolvents to
break the ranges of equilibrium solubility data and
to guide the establishment of activity coefficients

calculation model are brought forward.

2 PRIMARY ISSUES AND CORRESPONDING
RESOLVENTS

In order to discuss conveniently, the classical
Debye H tickel model” is listed as follows:

- Adz 7z 117
logy= - 1+ BI (1)
where
1.8248 x 10°Q”*
AY: (g'V)3/2 (2)
50.291 x 10°0”?
By= (ET)VZ (3)

In Eqn. (1), I stands for the effective ionic in-
tensity of the solution in unit of mol/kg; Z. and
Z- denote the charge of the cations and anions, re-
spectively; arefers to the ion size parameter and
&vaalcom, is 3. 595 )&8]; Av, By represent the De-
bye H tickel parameters in units of (kg/ mol)"* and
kg"?/(mol”? * em), respectively; T means tem-
perature in K; and € Pstand for the dielectric con-
stant and density (g/cm’) of H20 when H>0 is
supposed to own a continuous phase.

Debye H tickel model employs four basic hy-
potheses, which contributes the huge interaction
among ions to the interaction between centric ions
and ion spheres to make the model less complex.
The discussion of the applicability of Debye
H tickel model in NaAl(OH)4+-NaOH-H20 system
also proves that this model is really suitable for the
system. For NaAl(OH)4+-NaOH-H:0 system, the
primary issues and corresponding resolvents are as
follows.

1) In Debye Htickel model, the key parameter
to determine the values of activity coefficients is
ionic intensity /. Supposing the aluminate ions ex-
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isted in NaAl( OH)4s-NaOH-H:0 system are only
Al(OH)4, thereis only one kind of cations. When
total caustic concentration my.on, v ( mol/kg) s
known, the ionic intensity of the whole solution is
decided. But obviously, the activity coefficients are
various at different caustic ratios 0k ( Na2O/ A2 03,
molar ratio) even mn.on, 1 is certain. So the prob-
lem of the influence of 0k on activity coefficients
can not be settled only with the parameter /. In
Debye H tickel model, €is another key parameter
to determine the interaction among ions. Because
the water is supposed to own a continuous phase in
the case of dilute solution, the original definition of
€is the dielectric constant of water. In this paper,
the conception of the apparent dielectric constant €
of sodium aluminate solution is introduced and all
the influences are attributed to €. According to
this, the ultimate calculation model, which pro-
vides the calculation method of the dielectric con-
stant € relating to ak, mn.on, 7(mol/kg), T(K), is
given.

2) The data used in this model are equilibrium
solubility data, which causes the applicable regions
of ak and concentration limited. Resorting to the
comparison of the activity data with other refer-
ences, the possible correlative laws can be explored
and the activity data can be extended to a broader
range of Gk, mn.on. v(mol/kg) . Then the calcula
tion of activity coefficients of NaAl( OH)s-NaOH-
H>0 system in non-equilibrium conditions could be
sought for.

3 ESTABLISHMENT OF CALCULATION MODEL

3. 1  Relationship between Ynaom, and 0,
myon 1, 1 at equilibrium

According to a large amount of studies on the
sodium aluminate solution, the most possible
structure of aluminate ions in sodium aluminate so-
lution is tetrahedral AI(OH)z "> "1 In this paper,
supposing all the aluminate ions are AI(OH) 3 , the
dissolution of gibbsite in NaOH solution can be de-
fined as

Al(OH)3+ NaOH =NaAl(OH)4 (4)

The equilibrium constant K of Eqn. (4) can be
expressed as

2
ANaAl(OH) le\leu\1<()H)4 MNa" M AIOH)

2
ANaOH

le\la()H MN." Mmon~

le\lal\k OH) , M AI(OH)

(5)

QANaAl(OH), , @NaOH, ¥NaAl(OH),, ¥NaOH represent

Y:IZ\]a()Hm()Hi
where
the activities and the activity coefficients of the
subscripted species. mn.* , maon); , mou~ refer to
the stoichiometric molar concentrations of the sub-
scripted species in unit of mol/ kg, respectively.

From Eqn. (5),

Waalony, = (K mou~ / maion); ) "2 Ynaon (6)

In order to know the influence of 0k, mwaon, t
(mol/kg) and T(K ) on the activity coefficients in
sodium aluminate solution, we ought to know the
values of K and ¥x.on in Eqn. (6), as well as the
corresponding relationship of mon~ , mayon; and
ak, mn.on, T(mol/kg).

The values of K can be obtained by the fol-
lowing empirical equation reported by Wesolows-
kit

logK= - 96.550 6+ 2374.88/ T+

16.078 99In T— 0. 013 982 8T (7)

For Yn.om, the researches of activity coeffi-

cients of NaOH solutions have been presented

I at present and the satisfied results

completely'”
can be achieved either by extended Debye H iickel
equation or by Pitzer equation. In this paper, the
values of ¥n.ou are calculated by Pitzer equation and
parameters[ Ay
InYvaon= — Ao/ m"?/ (1+ bm"?) + (2/b) *
In(1+ bm"*) ]+ 2mBm +
(280on/ @)[ 1= (1+ an"*~ &m/2) *
exp(— am"?) ]+ 3m*Cluon/ 2 (8)
In sodium aluminate solution, we have
MNaAl(OH) , T TMNaOH

Ok = (9)

MNaAl(OH) ,

MN2OH, T= MNaAl(OH), + TMNaOH (10)
In order to discuss the relationship between
the activity coefficients of sodium aluminate solu-
tion and temperature, caustic ratio 0k, total caustic
concentration mn.on, 1, the corresponding function
can be obtained from Eqn. (6) and solubility da-
ta[ll 14] .
WaAl(OH), = p1+ p2 ® mMNaoH, T+ p3 ° mXaon, 1+
p4'(11<+p5'(112<+p6'
In( myaon. 1)+ p7 * Inok (11)
The corresponding parameters of Eqn. (11) at
different temperatures can be referred to Ref. [ 8].

3.2 Extension of Yvaom, laws

Theoretically, the values of Yxaionm, under
equilibrium condition can be calculated by Eqn.
(11). The calculation results also show that Eqn.
(11) fits well with those of references in the range
of my.on. v and & covered by the solubility data,
while there are some deviations beyond the range.
That is to say, Eqn. (11) can only be used in the
temperature, Ok, mn.on v ranges of the solubility
data. Among the equilibrium solubility data, the
high temperature refers only to low & and vice
versa, which means that it is difficult to calculate
activity coefficients by Eqn. (11) under wide a
range in which the alumina production requires.
Therefore, the extension principle of ¥naaiom), must
be investigated in order to extrapolate the adapta-
bility range.
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There is no systematic research on the activity
coefficients of this system, and the data are scarce.
Only the data of Yvaaom, at 40 C dealing with Pi-
zer equation are comparatively systematic'”', so
we take them for comparison. Meanwhile, consid-
ering the solubility data adopted in this paper,
there are only two points of temperature: 100 C
(myaon, 1= 0.57 11 mol/ kg, ok= 1.872.4) and 70
C(mnaon, 1= 0.01 = 11 mol/ kg, ax= 1. 87 4.5),
which have a wider range of mw.on. v and their o
values are similar to those of Ref.[ 15]. So the da-
ta calculated by Eqn. (11) in 100 C, &= 1.5 and
70 C, a= 3 are compared with the data'" calcu-
lated by Pizer model at 40 C and corresponding
values of a. The results are shown in Fig. 1.

1.0

(a) .
¢ — Pitzer model
= — Egn.(11)

e
(o)
T

7Naal(OH),
g
o
T

04}

0.2 1 — 1 i

2 4 6 8 10
mygon, 1/(mol-kg1)

1.0

(b)

* — Pitzer model
s — Eqn.(11)

o
oo

&S
=)

YNaAl(OH),

04

0.2 L 1 1 1
0 2 4 6 8 10

Myzon, T/(mol -kg™1)

Fig.1 Comparison of Ywaon), calculated by

Pitzer model''”! and by Eqn. (11)
(a) —100 C, o= 1.5; (b) —70 C, o= 3.0

Flg 1 shows that the Change of 3(1\1&,\1(()1{)4 with
mn.on, v is almost with the same trend and range
when ak is identical, which is so called the parallel
law. The calculation results also show that in the
range of mn.on v and Gk at any other temperature
covered by solubility data, the similar parallel law
is also maintained. Furthermore, the values of
Waslon), reduce 0. 04 per 10 C with temperature

increasing at the same mn.on, v and ak. In order to

calculate the activity coefficients of the solution be-
yond the equilibrium solubility data, we ought to
calculate the activity coefficients at other tempera-
tures with the same ak and concentration by Eqn.
(11), and then utilize the law to get corresponding
activity coefficients.

Combining the range of solubility data, the
applicable range of the laws mentioned above is:
T'= 298373 K, mnwon, = 0.1~ 10 mol/ kg, Ok =
1.27 15, which can meet the practical needs of
alumina production.

3.3 Calculation model of Ynasom,

According to the above discussion, the activi-
ty coefficients of broader sodium aluminate solu-
tion range can be calculated. But the above calcula-
tion has no definite physical meanings and is diffi-
cult to be testified. What s more, the process is
complicated and is hard to be taken into practical
use. Therefore, supposing NaAl(OH)4 owns a
continuous phase, the conception of the apparent
dielectric constant € of sodium aluminate solution
is introduced and all the influence is attributed to
€. Then the extended Yvaiom, data are used to
Debye-H tickel model to calculate the corresponding
values of €. Accordingly, the activity coefficients
can be calculated by a comparable simple formula
with definite physical meanings so far as the values
of € are ascertained.

Using Eqn. (11) and parallel law to calculate
the activity coefficients of sodium aluminate solu-
tion of different temperatures, mn.ou. v, Ok, and
then using Eqns. (1) 7(3) to calculate correspond-
ing values of €, the empirical fitting equation and
corresponding parameters( listed in Table 1) of €
related to mn.on, v, Ok at different temperatures can
be obtained:

é= pi+ p2® mNaoH, T+ p3 * mZNa()H. T+

p4® &+ ps*®
p7° miaon, 1 * Ok + ps ® mMNaOH, T ° ok +
po* mRaom, 1 * K (12)

Investigation of € under different conditions

ok + p6 ® mnaoH, T * Ok+

can obtain the following principles:

1) The values of € decrease with the increase
of temperature in the case of a certain mn.on, 1 and
Gk, because the temperature increase leads to mol-
ecule reduce of unit volume for the solution expan-
sion.

2) The values of € increase with the increase
of ok at a certain mw.on, 1 and temperature, which
may be explained in the way that the high ok means
the high solute concentration due to the increment
of ion OH™ with smaller size and decrement of ion
Al(OH) 1 with bigger size.

3) The values of € increase with the increase
of mn.on. 1 at a certain temperature and . It is



Vol 15 Ne 4 Activity coefficient calculation model for NaAl(OH)sNaOH-H20 system < 911 -+

Table 1 Parameters at different temperatures in Eqn. (12)

40 C 50 C 60 C 70 C
p MNaOH, T < MNaOH, T > MNaOH, T < MNaOH, T > MNaOH, T < MNaOH, T > MNaOH, T < MNaOH, T >
5 mol/ kg 5 mol/ kg 5 mol/ kg 5 mol/ kg 5 mol/ kg 5 mol/ kg 5 mol/ kg 5 mol/ kg
p1 61.8321 - 50.3311 54.778 6 - 7.5133 48.9 10. 065 6 43.97 17.957 8
p2 - 1.1439 31.0159 - 0.875 17.657 7 - 0.8801 11. 1459 - 1.0348 7.416 8
p3 - 0.8639 - 2.8094 -0.7236 - 1.9384 - 0.5873 - 1.4391 - 0.4612 - 1. 111
p4 4.007 9 0 3.698 1 0 3.1533 0 2.55 0
ps 0.1271 48.3072 -0.0248 26.4756 - 0.0667 16.030 1 - 0.06 10.3817
pe 3.1589 12.8828 2.5256 8.1303 2.2407 5.7477 2.1092 4.3679
p7 0.7489 - 1.0355 0.654 1 - 0.3189 0.5478 - 0.0275 0. 449 0.099 2
ps - 0.8131 - 19.8383 -0.5911 - 11.0832 - 0.4737 - 6.8451 - 0.407 - 4.5252
po 0.0469 1.9247 0.0203 1.058 7 0.009 1 0.6395 0.004 9 0.4109
80 C 90 C 100 C
P MNaOH, T < MNaOH, T > MNaOH, T < MNaOH, T > MNaOH, T < MNaOH, T >
5 mol/ kg Smol/ kg 5 mol/ kg 5 mol/ kg 5 mol/ kg 5 mol/ kg
pi 39.566 4 20.93 35.546 4 245.9179 31.878 6 142. 225
p2 - 1.1889 5.1563 - 1.256 4 - 73.296 8 - 1.3412 - 38.9718
p3 - 0.3568 - 0.8804 - 0.285 5.708 2 -0.2219 2.890 4
p4 2.060 2 0 1.8302 — 224.498 1.601 4 - 121.459
ps -0.0519 7.0459 -0.0719 54.906 2 -0.0714 30.6389
pe 2.0145 3.518 1.812 79.974 8 1.6979 44.2508
p7 0.3657 0.1474 0.3172 - 6.2622 0.268 6 -3.3196
ps - 0.3575 - 3.1446 -0.2992 - 19.4073 - 0.2662 - 10.9793
po 0.0029 0.276 4 - 0.0011 1.6214 - 0.0019 0.9123
200 250
(a) o—1
= 200
150
=~ T
T o 150
1 50
2 100+ :(;n
= g 100
g
50F 55
1 1 1 1 1 U 1 . (- ) I 1 H
0 50 100 150 200 250 300 50 100 150 200 250 300
pNa;O/(g'L_l) pNa;()’(g'L_l)
Fig.2 Comparison of equilibrium solubility data calculated by
calculation model in this study( II) and reference( I )
(a) —40 C; (b) —70 C
maybe caused by the solute concentration increases coefficients calculation model for NaAl(OH)a-
along with the mnaon, . NaOH-H:20 system is obtained:
All the principles mentioned above accord with log ¥naicom), =
the dielectric theories, proving the rationality of 1.8248x10°P"2 .,
. . / s 32 MNaOH, T
introducing €. (ET)

50.291 x 10%0@"% ), (13)

( 8/T) 1/2 MNaOH, T

From the work mentioned above, combining
parameters of DebyeH iickel model'”, the activity

1+ 3.595% 107 x
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where € can be calculated by Eqn. (12).

4 EXAMPLES

Employing the calculation method provided
above, the solubility data of Al2O3 in NaOH solu-
tion are obtained and compared with those reported
by Russell et al'". Fig. 2 shows the comparison
results of solubility curves at 40 C and 70 C.

The comparison in Fig. 2 indicates that the
current results derived from our method are in
good agreement with those of literature. When the
ionic intensity reaches 6 mol/ kg, the results are al-
so satisfactory. This strongly supports the out-
standing applicability of the method to solutions
with high concentration. But the calculated data
are a bit less than the literature data in the system
with the concentration above 6mol/ kg, which may
be due to the inaccuracy of the equilibrium solubili
ty data or the tetrahedral AI(OH)4 ions being not
dominative resulted from the structure change of
aluminate ions at high concentration.

S CONCLUSIONS

1) By introducing the conception of the appar-
ent dielectric constant € of sodium aluminate solu-
tion and attributing all the influences to €, the
classical Debye H tickel equation can be resorted to
calculate the activity coefficients of sodium alumi-
nate solution with a wider range of concentration.

2) It is a feasible way to calculate the activity
coefficients of solutions basing on the equilibrium
solubility data, and it also offers a new idea of the
calculation and measurement of activity coefficients
for similar systems.
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