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THE SOLUBILITY OF GIBBSITE (a - Al(OH)3) i n  1 MOLAL N a C l  
AS A FUNCTION OF pH AND TEMPERATURE 

B. F. Hitch,  R. E .  M e s m e r ,  C.  F. Baes, Jr . ,  and F. H. Sweeton 

ABS TRACT 

This  r e p o r t  summarizes t h e  s t a t u s  of our  p r o j e c t  on hydroxide 
s o l u b i l i t i e s  a t  t h e  t i m e  of d e p a r t u r e  of one of t h e  s t a f f  (BFH) from 
t h e  l abora to ry .  Herein are d iscussed  t h e  advantages and d isadvantages  
of t h e  column approach t o  s tudy  t h e  pH dependence of t h e  s o l u b i l i t y  of 
w e l l  c r y s t a l l i z e d  hydroxides,  and pre l iminary  r e s u l t s  on g i b b s i t e  
(Al(OH)3) are presented .  Good r e s u l t s  have been obtained i n  t h e  b a s i c  

reg ion ,  and t h e  temperature  dependence of t h e  equ i l ib r ium q u o t i e n t  f o r  
t h e  r e a c t i o n  Al(OH)3(c) + OH- Al(OHl4- i n  lm N a C l  i s  given by 

b l o g  QSl4 = 3.3766 - 1326.4/T 

wi th  an agreement f a s t e r  of 0.035 ( u n i t  we igh t s ) .  These measurements 
were made over t h e  temperature  range 35-90°C a t  t h e  base concen t r a t ions  
of 0.01 m and 0 .1  m NaOH. 

bu f fe r ing  c a p a c i t y  of t h e  column i t s e l f  f o r  e q u i l i b r a t i o n s  i n  t h e  nea r  
n e u t r a l  pH reg ion .  W e  found t h a t  t h e  c a p a c i t y  could be accounted f o r  
i n  terms of monolayer adso rp t ion  (or  r e a c t i o n )  of H+ i ons .  
i n s u f f i c i e n t  evidence f o r  equ i l ib r ium w a s  ob ta ined ,  d a t a  i n  t h e  pH 
range 3-4 g ives  t h e  va lue  of -7.20 ? 0.15 a t  60°C f o r  t h e  l o g  Qslo f o r  
t h e  r e a c t i o n  Al(OH)3(c) + 3& $ A13+ + H 2 0 .  

Resu l t s  of t h e  s o l u b i l i t y  measurements i n  t h e  near  n e u t r a l  reg ion  
are only  pre l iminary  due t o  d i f f i c u l t i e s  w i t h  t h e  a n a l  t i c a l  method 
and t h e  very  low l e v e l s  a t t a i n e d ,  4 x 
t i m e s  impossibly low t o  be  c o n s i s t e n t  w i th  t h e  amounts of Al(OH)4- 
expected.  Modif ica t ions  of t h e  approach and a n a l y t i c a l  methods are 
being made t o  b e t t e r  e s t a b l i s h  t h e  important  mononuclear e q u i l i b r i a  i n  
t h e  near  n e u t r a l  r eg ion  and t o  extend t h e  measurements t o  h igh  temper- 
atures.  

The p r i n c i p a l  d i f f i c u l t y  w i t h  t h e  column approach i s  t h e  s t r o n g  

Although 

m - 7 x lo-? m y  are some- 

1. INTRODUCTION 

1.1 General 

Most metal c a t i o n s  form a series of mononuclear hydro1ysj.s p roducts  
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(where y usually does not exceed 4 ) ,  each of which can be an important 
species over the appropriate range of pH, provided the concentration of 

the metal is low enough that polynuclear species Mx(OH) 

not formed in appreciable amounts. Such mononuclear species therefore 

determine the chemistry of the metal valence - for example, its stabil- 
ity with respect to oxidation or reduction, the tendency to form other 

soluble complexes, and the solubility of the hydroxide M(OH)z - whenever 
the metal occurs at low concentration in aqueous systems. Such systems 

that are becoming increasingly important include the pressurized aqueous 

systems at elevated temperatures in LWRs, geothermal brines, natural 

waters, and the aqueous solutions in living systems. 

are (xz-Y>+ 
Y 

The stability and other thermodynamic properties of the mononuclear 

hydrolysis products are often poorly known because polynuclear hydrolysis 

products interfere at the (higher) metal concentrations accessible to 

study by the usual methods. The most promising means to investigate 

mononuclear hydrolysis products is the measurement of the low concentra- 

tion of the metal in solutions at equilibrium with the stable hydroxide 

or oxide phase. From such data, taken as a function of pH, the equili- 

brium constants for the reactions 

M(0H) (c) + zH+ + Mz+ + zH20 , 

M(OH)Z(c) + (2-1) H+ $ MOH ('-')+ + (2-1) H20 , 
z 

can be determined, and by appropriate combination of these, the stability 

constants of the separate hydrolysis products can be derived. In such 

measurements it is essential that (1) equilibrium between the solid and 

aqueous phase is attained, (2) the solid phase is crystalline material 

of sufficiently large crystal size that surface energy effects are 

negligible, and (3) the ionic strength is controlled to minimize acti- 

vity coefficient variation. Most previous efforts to employ this method 

have been compromised by failure to meet one (usually the second) or 

more of these requirements. 
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Z+ The results for a given M -OH system, coupled with the known 

thermodynamic properties of the solid phase (e.g., M(OH)Z), will yield 

the thermodynamic properties of all the mononuclear hydrolysis products 

of the cation that are stable. 

The purpose of this study was to study the mononuclear hydrolysis 

steps for aluminum(II1) as a function of pH, temperature, and medium 

for the several aluminum hydroxide and oxide phases using the column 

method. 

was interrupted by the departure of one of us (BFH) from the Laboratory. 

This report is written to summarize the status of the project at that 

time and to preserve the information. 

The objective was met to a limited extent when the project 

1.2 Aluminum(II1) Hydrolysis 

Aluminum hydrolysis behavior is important in understanding (1) 

corrosion behavior of aluminum and aluminum bearing alloys, (2) the 

complex chemistry of alumino-silicates and other natural materials, 

and (3) industrial and commercial applications such as gels in water 

treatment. 

The principal emphasis in this program is the hydrolysis behavior 

of A13+ ion in dilute solution. 

insensitive to the precise identity of polynuclear species but sometimes 

reflects their contribution in the regions of high solubility. It is, 

however, most useful in evaluating the mononuclear equilibria. The 

hydrolysis behavior of A13+ has been reviewed recently and the following 

general conclusions can be made [Raes and Mesmer (1976)l. 

The solubility method is relatively 

The stable hydrolysis products are indicated on the distribution 

plots and the solubility plot in Figs. 1 and 2. O f  the four mononuclear 

species A1 (OH) (3-n)+, the well established ones are A1 (OH) 2+ and 

A1(OH)4 . A large species, probably A113014(OH)247+, is predominant 

in the pH region 3.5 to 4 . 5  at 25OC in supersaturated solutions. 

small polynuclear species such as dinuclear and trinuclear ones exist 

over narrow composition limits in the acidic region. 

is the stable crystalline hydroxide at low temperatures. 

- 

Also, 

Gibbsite, a-Al(OH)3, 
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designated as ( x , y > .  

The heavy curve is  
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A summary of selected values for the hydrolysis reactions of 

aluminum(%) taken from the literature along with estimates of their 

salt effects are given in Table I using the format employed by Baes 

and Mesmer (1976). 

A13+ ion in dilute solution suggests that the results of Kittrick (1966)" 

and of Singh (1974) are probably most accurate for Kb 

This gives for 25°C 

A reevaluation of data on the equilibrium of the gibbsite with the 

(see Eq.  4 ) .  s10 

log K:lo = -34.06 f 0.05. 

Also, from the results of Kittrick 

- +  + H A1(OH)3(c) + H20 2 A1(OH)4 (5) 

l o g  Ks14 = -15.30 f .06. 

1 . 3  Column Method 

There are four principal considerations in equilibrium studies of 

this kind: the characterization of the solid phase, the pH measurements, 

the metal ion concentration determinations, and the criterion of est- 

ablishment of equilibrium. The purity of the phase and the crystal size 

(to be discussed in the next section) must be controlled. Also, the 

precision of the pH measurements must be high since the dependence of 

the solubility on pH varies greatly (the slope of log solubility vs pH 

is y-xz or minus the charge on the species). 

the accuracy of such measurements is the low buffering in the solution 

One factor affecting 

*Small corrections were made for hydrolysis and temperature since 
these data pertained to 24 ? 1 O C .  Other data in the table were taken 
from the review by Baes and Mesmer (1976). 
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Table I. SUMMARY OF A13+ HYDROLYSIS BEHAVIOR AT 25OC 

* 
l o g  Qxy = l o g  K + a11’2/(l+T?’2) + bmX 

XY 

+ (3x-y)H20 ( 3 x 7  1 + xA1(OH)3(c) + (3x-y)H’ = A 1  (OH) 
X Y  

Spec ies  o r  Phase Log K a b Reference 
XY 

A 1  (OH) 2+ -4.97 -2.044 0.52 a 

-9 .3  -3.066 0.55 a A 1  (OH) 

A 1  (OH) (aq) -15.0 -3.066 0.45 a 

+ 

- 
A 1  (OH) -23.12 -2.044 0.36 a, b 

-7.7 0 (0) a 

-13.94 1.022 (0) a 

-98.73 -18.40 3.55 a 

4+ 

5+ 
A I 2  (OH) 2 

A I 3  (OH) 
7+ 

A11304 (OH) 24 

a - A l  (OH) ( l o g  Q,,,) 7.97** 3.066 -0.45 a ,  bY c 

Baes and M e s m e r  (1976) a 

b K i t t r i c k  (1966) 

Singh (1974) C 

* 
r e p r e s e n t s  t h e  m o l a l i t y  of t h e  medium sa l t  ** LL 

s10  l o g  K 
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in some regions of pH. Likewise, the metal ion concentrations are 

sometimes quite low and difficult to determine with precision. Finally 

measurements must be made from super- and undersaturation to establish 

that equilibrium is attained. 

Two generally different approaches are available for carrying out 

such equilibrations - static (or batch) and flow-through packed-column 
experiments. In the more traditional batch method a dilute slurry is 

equilibrated and sampled (after filtering or settling) for analysis. 

Column equilibrations have been used extensively expecially for rapidly 

equilibrating systems such as ion-exchange resins. One of the principal 

users of solubility measurements on hydroxides has been D. Dyrssen of 
Sweden (Dyrssen and Tyrrell, 1961; Dyrssen and Lumme, 1962) .  

There are several important advantages of the column approach 

which are listed below: 

(1) the high (maximum) solid-to-liquid ratio and therefore 

rapid equilibration, 

(2) elimination of attrition of the solid in the bed, 

( 3 )  ease of filtering, sampling, and delivery of 

solution to auxillary systems for pH or metal ion 

measurements. 

The principal disadvantages are: 

(1) the effects of impurities or adsorption phenomena, 

(2) great analytical demands for efficient use of the columns, 

( 3 )  greater difficulty of replication compared with batch 

methods. 

The sizing of the column is a simple matter only when the kinetics 

of the dissolution and deposition processes are known in detail, although 

this is rarely, if ever, the case. Probably the best approach is to 

begin with a few kinetic experiments so that a refined apparatus can 

be designed to produce the desired samples in a practical time. If, 

for example, the reaction follows the simple rate expression (for 

slow reactions), 

A - k v (C--C) dC 
dt e 
_ -  
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where A i s  t h e  t o t a l  area of t h e  s o l i d ,  V is  t h e  l i q u i d  volume i n  t h e  

packed column and Ce i s  t h e  equi l ibr ium concen t r a t ion ,  t h e  h a l f - l i f e  

i s  

The r e s idence  t i m e  f o r  t h e  d e s i r e d  a t ta inment  of  equ i l ib r ium i s  

where n i s  t h e  f r a c t i o n  of t h e  equ i l ib r ium va lue  des i r ed  o r  C/Ce.  

r e s idence  t i m e  i s  a l s o  g iven  by t h e  l i q u i d  volume V d iv ided  by f ,  t h e  

The 

flow rate .  Therefore  t h e  area of s o l i d  needed 

f ( tn ( l -n) - l>  
k A =  

When t h e  d e s i r e d  va lues  of f and n are chosen and t h e  s p e c i f i c  ra te  
cons t an t  i s  known, t h e  r equ i r ed  area of t h e  s a t u r a t i n g  phase can be  

c a l c u l a t e d .  

From t h e  d a t a  i n  t h e  l i t e r a t u r e  i t  is  ev iden t  t h a t  t h e  equ i l ib r ium 

w i t h  g i b b s i t e  is  r e a c t i o n  l i m i t e d .  Apps (1970) r epor t ed  t h a t  a 2% s l u r r y  

a t t a i n e d  equ i l ib r ium i n  24 hours i n  t h e  pH range 8-12 a t  temperatures  

from 303°K t o  363°K. Russe l l  e t  a l .  (1955) r epor t ed  t i m e s  ranging 

from e leven  days t o  one day f o r  e q u i l i b r a t i o n s  a t  313 t o  373°K w i t h  

no dependence given f o r  t h e  base  concen t r a t ion  which ranged from 0.5 m 

t o  8 m NaOH. (Also, t h e  s o l i d - l i q u i d  r a t i o  w a s  n o t  s p e c i f i e d . )  The 

l a t t e r  g i b b s i t e  can b e  presumed t o  have been l a r g e  c r y s t a l s  s i n c e  i t  

w a s  prepared by t h e  Bayer process .  The p i c t u r e d  appara tus  sugges ts  

t h e  use  of a d i l u t e  s l u r r y  (ca.  20%). More q u a n t i t a t i v e  measurements 

of t h e  k i n e t i c s  of t h e  d i s s o l u t i o n  of g i b b s i t e  were repor t ed  by 

Packter  and Dhi l lon  (1973). An approximate va lue  of k i n  Eq. 6 

above der ived  from t h e i r  d a t a  a t  65°C i s  1 .7  x 

flow rate of 10 mR/hr and n = 0.99, Eq. 9 g ives  an  area of 2.7 x l o 5  c m  

cm h r - l .  For a 
2 
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2 (27  m ).  For 10  TI c u b i c  p a r t i c l e s  t h i s  corresponds t o  112 g of 

s a t u r a t i n g  bed. 

For t h e  cases where t h e  processes  are d i f f u s i o n  c o n t r o l l e d  very 

small bed volumes would s u f f i c e  i f  t h e  s o l u b i l i t i e s  were low. This  

can be demonstrated by t h e  fol lowing example: One wishes t o  e q u i l i -  

b r a t e  100 mR of s o l u t i o n  w i t h  a s o l i d  (wi th in  1% of t h e  s a t u r a t i o n  

concen t r a t ion )  where t h e  k i n e t i c s  are d i f f u s i o n  l i m i t e d .  Assume t h e  

c r y s t a l s  are  100  TI i n  diameter .  

The e q u i l i b r a t i o n  t i m e  can be est imated from t h e  expres s ion  given 

by Kraus e t  a l .  (1962) f o r  a s t a t i c  packed bed 

2 r tn '5 [-0.05 - 0.233 l o g  (1-n)] 

where r is  t h e  c r y s t a l  r a d i u s  (5 x lom3 cm), D is  t h e  d i f f u s i o n  coef- 

f i c i e n t  

The computed e q u i l i b r a t i o n  t i m e  f o r  n equa l  t o  0.99 Is about one sec. 
3 I f  t h e  void f r a c t i o n  i n  t h e  column is  0.3, a column volume of 0 .1  c m  

i s  adequate t o  s a t u r a t e  100 cm3 of s o l u t i o n  i n  one hour.  Of cour se ,  

t h e  bed would d i s s o l v e  i f  t h e  s o l i d  is  even s l i g h t l y  s o l u b l e .  Alter- 

n a t i v e l y ,  i f  t h e  bed volume were 10 cm3 a flow rate ( f )  of 3 c m  /sec 

could b e  used s i n c e  f = V / t  where t i s  t h e  r e s i d e n c e  t i m e  and V R' R 
is  t h e  volume of l i q u i d  i n  t h e  column. These estimates show t h a t  s i z i n g  

a column f o r  d i f f u s i o n  c o n t r o l l e d  p rocesses  is  no p r a c t i c a l  concern.  

2 c m  /see) and n is  t h e  f r a c t i o n  of t h e  e q u i l i b r i u m  value.  

3 

1 . 4  C r y s t a l  E f f e c t  

The "ripening" of p r e c i p i t a t e s  ( o r  growth of c r y s t a l s )  w a s  f i r s t  

recognized i n  1813 by Wollaston and t h e  e f f e c t  of c r y s t a l  s i z e  on t h e  

thermodynamic p r o p e r t i e s  i s  now w e l l  known. The Kelvin equa t ion  f o r  

l i q u i d s  w a s  a p p l i e d  t o  s o l i d s  by 1900. The Ostwald (1900)-Freudlich 

(1926) expres s ion  relates t h e  s o l u b i l i t y  of s o l i d s  t o  t h e  r a d i u s  

of t h e  s o l i d .  The s i t u a t i o n  f o r  c r y s t a l s  i s ,  however, n o t  e n t i r e l y  

analogous t o  l i q u i d s  s i n c e  t h e r e  are no curved s u r f a c e s  and t h e r e  is  

an i so t rophy .  It i s  t h e  d i f f e r e n t  a c t i v i t y  a s s o c i a t e d  w i t h  t h e  d i f f e r e n t  



f a c e s  of a c r y s t a l  which l e a d s  t o  t h e  c h a r a c t e r i s t i c  c r y s t a l  h a b i t s .  

I n  1960 Eniistiin and Turkevich expressed t h e  e f f e c t  of t h e  average 

s u r f a c e  f r e e  energy, 7, ( e rg  cm-2) on t h e  s o l u b i l i t y  f o r  monodispersed 

c r y s t a l s .  

The change i n  f r e e  energy f o r  t h e  p rocess  

can be expressed according t o  t h e  Eniistiin and Turkevich t r ea tmen t  as 

2 A G  = - -  3 Ys 

2’ where S i s  t h e  s u r f a c e  area of one mole of M(0H) 

I n  terms of t h e  e q u i l i b r i u m  cons tan t  f o r  t h e  s o l u b i l i t y  r e a c t i o n  w r i t t e n  

i n  t h e  hydrogen i o n  form, [ s e e  r e a c t i o n  (l)] t h i s  becomes K s l O ’  

The molar s u r f a c e  area can a l s o  b e  r e l a t e d  t o  a c h a r a c t e r i s t i c  dimension 

of t h e  c r y s t a l s ,  d (a dimension such t h a t  area = kd ) o r  2 

where M,  p ,  and ci are r e s p e c t i v e l y  t h e  molecular weight ,  t h e  d e n s i t y ,  
3 and t h e  geomet r i ca l  f a c t o r  (a = kd /v where v i s  t h e  volume of t h e  

c r y s t a l ) .  

Usually f i n e l y  d iv ided  c r y s t a l s  w i l l  grow only slowly under condi- 

t i o n s  of very low s o l u b i l i t y  (because of t h e  s m a l l  s u p e r s a t u r a t i o n s  

which can be achieved) .  Therefore ,  i t  i s  necessary t o  f i n d  c o n d i t i o n s  

of g r e a t l y  enhanced s o l u b i l i t y  t o  a t t a i n  s i g n i f i c a n t  growth rates. 

Likewise,  me tas t ab le  phases o f t e n  do n o t  r e a d i l y  convert  t o  s t a b l e  

phases s i n c e  t h e  c r i t i c a l  n u c l e i  of t h e  s t a b l e  phase have enhanced 

s o l u b i l i t i e s  over  t h e  macroscopic c r y s t a l s  of t h a t  phase. 
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A number of previously studied systems summarized by Schindler 

, 100 g mole-', and 

(1967) indicate that most hydroxides have 7 values below 1,000 erg cm-2. 
Assigning values for 7, My and p (1,000 erg cm 

3 g cme3), we calculate for spheres or cubes (a=6) log [Kslo(S)/Kslo(0)] 

is 0 . 0 2 3  where d is 1 or S is 200 m /mole (specific area is 

2 m /g), i.e., an increase in solubility of 5 . 4 % .  For very fine crys- 

tals (200 A) the solubility is increased by fourteen times. On the 

other hand, if the crystal size is greater than a few microns the effect 

on solubility becomes negligibly small. 

-2 

2 

2 
0 

2. EXPERIMENTAL 

2 . 1  Analytical Methods for Aluminum 

2 . 1 . 1  Greater Than m Al(II1). There are numerous methods des- 

cribed in the literature which use aluminon to determine aluminum con- 

centration spectrophotometrically. We chose one described by Hsu ( 1 9 6 3 )  

which worked well for all of our samples above lov6  m (molal) aluminum. 
The developed lake appears to be stable over periods of several days. 

One difficulty with the aluminon method is the reagent itself; the 

aluminon absorbs in the same region (430-440 nm) as the aluminum com- 

plex. Several different batches of the reagent, which were obtained 

from Fischer Scientific Co., gave high blank values of 0.250 to 0 . 2 7 5  

absorbance units. Frequent checks using aluminum standards showed 

that the high blanks were not a problem with samples containing greater 

than m aluminum. 

Our initial procedure was to develop the samples according to Hsu 

then to measure the absorbance of the sample against the absorbance 

of an aluminon blank at 530 nm with a Beckman DU spectrophotometer. 

Typically, several samples were prepared at one time along with three 

aluminum standards which bracketed the sample concentrations. 

centration of aluminum in the samples was determined from the calibration 

curves produced by the aluminum standards. 

The con- 

During the low pH runs we encountered interference from iron when 

the platinum liner in the column failed. Iron(II1) causes serious 



13 

interference in the aluminon method since it absorbs at nearly the 

same wavelength as the aluminum complex. Iron(I1) does not interfere, 

and several authors have described various reductants to eliminate 

the interference from iron(II1). Ascorbic acid (Jayman and Swasubaramaniam, 

1 9 7 4 )  appears to be one of the few reductants which eliminates the inter- 

ference of iron and does not bleach out the color of the aluminon 

reagent. A l l  of our low and neutral pH samples were treated with 

ascorbic acid. 

During the time when we first found iron interference in our samples 

we switched to a Carey 14 scanning spectrophotometer for sample analysis. 

This instrument was used in all subsequent analyses. 

do interfere with the aluminon method, a scanning spectrophotometer is 

far superior to fixed wavelength machines. The recorded spectra allow 

one to see any change which might result from interfering ions (see 

Fig. 3 ) .  

Since many ions 

2.1.2 Less Than m Al(II1). The aluminon method of Hsu works well 

with samples which contain > 10 m aluminum. However, our samples in 

the neutral pH region contained much less than this so we attempted 

to concentrate them before applying the Hsu method. An ion-exchange 

column was used to concentrate the aluminum. The column consisted of 

a 2 mR 

(from BiO-Rad Laboratories). A funnel was attached to the top end of 

the column and Teflon tubing with a pinch clamp was used to close off 

the lower end. After the resin was cleaned our usual procedure was 

to flush the column with 1 N HC1, then add the samples, which had been 

made 0.1 N in HC1. Flow rates of 8-15 mR an hour were typically used 

for a 200-250 mR sample. 

after the sample was passed. Aluminum was then eluted from the column 

as aluminate using 5 or 10 mR aliquots of 0.5 N NaOH. 

least 4-6 aliquots were used to ensure that all of the aluminum was 

taken off the resin. 

before acid was added for the next cycle. 

-6 

pipette filled with 1 mR of Dowex 50W-X8 cation-exchange resin 

Deionized H20 was used to flush the column 

Usually at 

Deionized H20 again was used to flush the column 
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Aluminum s t anda rds  i n  t h e  concen t r a t ion  range of m t o  m 

were prepared,  added t o  t h e  column, e l u t e d  w i t h  NaOH, and analyzed by 

t h e  aluminon method. I n  each c a s e  95-100% of t h e  o r i g i n a l  aluminum 

w a s  found. However, a r e l a t i v e l y  l a r g e  blank had t o  be s u b t r a c t e d  f o r  

t h e  aluminum i n  t h e  NaOH and t h e  r e p r o d u c i b i l i t y  of t h i s  l i m i t e d  t h e  

p r e c i s i o n  of t h e  method. 

2 .2  S i z ing  Gibbs i t e  C r y s t a l s  

2 . 2 . 1  E l u t r i a t i o n .  The column w e  s e l e c t e d  f o r  use  i n  our  s o l u b i l i t y  

s t u d i e s  requi red  a s u b s t a n t i a l  amount (75-100 g)  of s i n g l e  c r y s t a l  

g i b b s i t e .  

t h e  need f o r  a l a r g e  s u r f a c e  area y e t  e l i m i n a t e  t h e  p o s s i b i l i t y  of 

t h e  s o l u b i l i t y  being c o n t r o l l e d  by very  f i n e  material. 

A c r y s t a l  s i z e  range of 10-50 pm w a s  d e s i r a b l e  t o  s a t i s f y  

We f i r s t  t r i e d  t h e  e l u t r i a t i o n  method of p a r t i c l e  s e p a r a t i o n  as 

descr ibed  by Beavers and Jones (1966). This  procedure i s  based on a 

c o n t r o l l e d  flow through s e v e r a l  v e s s e l s  shaped l i k e  sepa ra to ry  funne l s ;  

t h e  l i q u i d  leaves t h e  top  of one v e s s e l  and e n t e r s  t h e  bottom of t h e  

next  one. Each subsequent v e s s e l  i s  l a r g e r  t han  t h e  preceding one, 

t hus ,  a t  cons t an t  f low, p a r t i c l e s  have a longer  t i m e  t o  se t t le  i n  each 

subsequent v e s s e l .  

Several a t t empt s  w e r e  made t o  o b t a i n  a p a r t i c l e  s i z e  range of 10 t o  

50 ym but  w e r e  no t  s u c c e s s f u l .  One problem w a s  t h a t  t h e  p a r t i c l e s  

seemed t o  s t i c k  t o g e t h e r  o r  agglomerate i n  t h e  l i q u i d  and set t le .  

2.2.2 Mechanical Se iv ing .  Severa l  g rades  of A1(OH)3 were k ind ly  suppl ied  

by Alcoa f o r  our  experiments.  W e  s e l e c t e d  Alcoa series C-331 because 

t h i s  grade c o n t a i n s  low amounts of i r o n ,  sodium oxide,  and s i l i c a  and 

because t h e  average c r y s t a l  s i z e  of t h i s  grade  i s  approximately 10  p m .  

This  material w a s  s i z e d  by means of a s o n i c  s i f t e r  (manufactured by 

Allen-Bradley Co.),  a mechanical s i f t e r  which u t i l i z e s  a t rapped column 

of a i r  t o  a g i t a t e  p a r t i c l e s  on seives. The r i m s  of  t h e  sc reens  f i t  

t oge the r  t o  form a s o l i d  o u t e r  s h e l l ;  t h i s  a l lows rubber  diaphragms on 

each end of t h e  column t o  be  pulsed by a v i b r a t o r .  The motion of t h e  
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diaphragm causes the air column inside to continuously agitate parti- 

cles on the screens. 

We first screened the gibbsite crystals through a 150 pm screen, 

then through a 38 pm screen and finally through a 10 pm screen. The 

yield from the 10 um screening was 1-2 grams over an 8-hour period. 

Although this is a slow process, all the gibbsite used in our column 

work was sized in this manner. Microscopic examination confirmed that 

indeed all of our material was in the range of 10-40 pm. The BET 

surface area was 0.65 m /g. 2 

2.3 pH Measurements 

The pH was measured with a Corning combination electrode from which 

the bridge solution was replaced with 1 m NaC1. The standard solution 

for calibration of a 801A Orion pH meter used to make the potential 

measurements was 0.001 m HC1 in 1 m NaC1. Therefore, the definition 

of pH is (-log me) rather than the common NBS definition, -log aH+. 

The electrode was held in a flow-through tube for some of the measure- 

ments. In others a thermostatted sample of solution was measured 

batch-wise. 

2.4 Columns and Apparatus 

For the high and low pH runs a column was fabricated using 1.27 cm 

316 stainless steel pipe with a platinum liner. The liner was rolled 

from platinum sheet and welded, then inserted inside the stainless 

tubing and flared over each end. Machined Teflon fittings contacted 

the platinum on each end of the column and were held in place by 

stainless steel nuts. The column was 1.3 cm in diameter and 40 cm 

long. The Teflon fitting at the lower end of the column contained a 

filter disk of porous Teflon pressed into a recess. This porous 

Teflon prevented material from the column entering the samples. 

The sized gibbsite crystals, described in the previous section, 

were added to the column as a slurry in deionized H20. This procedure 
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. 

took s e v e r a l  days s i n c e  t h e  w a t e r  passed very slowly through t h e  Teflon 
f r i t  a t  t h e  bottom of t h e  column. 

column w a s  about 8 mR. I n  a l l  t h e  experiments flow rates of about 

0.5 mR/hr t o  2 mR/hr were used and t h e  s o l u t i o n s  were g r a v i t y  f e d .  

The dead volume a t  t h e  top  of t h e  

For t h e  near  n e u t r a l  pH runs  a Teflon column w a s  f a b r i c a t e d  t o  

r e p l a c e  t h e  platinum l i n e d  column. This  column w a s  s l i g h t l y  smaller 

i n t e r n a l l y  than  t h e  p rev ious  column and used Teflon feed e x i t  l i n e s .  

The e x i t  l i n e  w a s  connected t o  a g l a s s  appa ra tus  which contained 

a g l a s s  e l e c t r o d e  and could b e  immersed i n  a water ba th .  The pH 

of t h e  sample e x i t i n g  t h e  column w a s  cont inuously monitored w i t h  an 

Orion 801A pH meter. The water b a t h  used t o  c o n t a i n  t h e  e l e c t r o d e  

appa ra tus  w a s  t h e  same one used t o  c i r c u l a t e  water through t h e  column 

j a c k e t ,  t h u s  both t h e  column and t h e  pH g l a s s  e l e c t r o d e  w e r e  always 

a t  t h e  same temperature.  

G i b b s i t e  removed from t h e  platinum l i n e d  column w a s  e q u i l i b r a t e d  

wi th  500 cc of 1 m N a C l  s o l u t i o n .  The pH of t h e  s o l u t i o n  had i n i t i a l l y  

been a d j u s t e d  t o  8.1 bu t  a f t e r  one week ( t h e  s o l u t i o n  w a s  period- 

i c a l l y  s t i r r e d  and t h e  pH measured), t h e  pH w a s  7.24  and appeared 

s t a b l e .  Some l i q u i d  w a s  decanted and t h e  remainder used t o  s l u r r y  

t h e  Al(OH)3. 

l i q u i d  allowed t o  d r a i n  through t h e  column u n t i l  i t  w a s  completely 

f i l l e d  wi th  c r y s t a l l i n e  g i b b s i t e .  

The Teflon column w a s  f i l l e d  w i t h  t h i s  s l u r r y  and t h e  

A f t e r  observing t h e  flow through t h e  column, i t  w a s  placed i n s i d e  

a 5 cm g l a s s  water j a c k e t  equipped w i t h  metal f l a n g e s .  

j a c k e t  w a s  t hen  connected t o  a Haake Model FS e x t e r n a l  c i r c u l a t i n g  

water ba th .  A mixture  of e t h y l e n e  g l y c o l  and H 2 0  w a s  used f o r  t h e  

the rmos ta t t i ng  f l u i d .  The Teflon f i t t i n g s  on each end of t h e  column 

e x i t e d  a t  t h e  m e t a l  f l a n g e s  on both ends of t h e  water j a c k e t  and a 

water t i g h t  seal w a s  made w i t h  swagelok f i t t i n g s .  

The water 

A l l  f eed  s o l u t i o n  c o n t a i n e r s ,  e n t r a n c e  l i n e s ,  e x i t  l i n e s ,  and 

sample c o n t a i n e r s  were polyethylene o r  Teflon.  The f eed  s o l u t i o n  

c o n t a i n e r  as w e l l  as t h e  sample c o l l e c t o r  w a s  f i t t e d  w i t h  Ascarite 

t r a p s  t o  reduce C 0 2  contaminat ion.  
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3. RESULTS AND OBSERVATIONS , 

3.1 High pH 

We i n i t i a l l y  attempted t o  use  0.005 m NaOH f eed  s o l u t i o n  b u t  

because of t h e  low aluminum con ten t  and C 0 2  contamination decided t o  

i n c r e a s e  t h e  base c o n c e n t r a t i o n s .  I n  t h e  A-Run t h e  feed s o l u t i o n  w a s  

1 m N a C l  and 0.01055 m i n  NaOH; d a t a  from t h i s  run  are shown i n  

Table 11. A t  t h e  end of Run A w e  switched t o  a n e u t r a l  feed s o l u t i o n  

con ta in ing  1 molal N a C l  (pH % 6 .5 ) .  A f t e r  approximately 110 grams of 

feed s o l u t i o n  had passed through t h e  column, t h e  A 1  c o n c e n t r a t i o n  dropped 

below our  d e t e c t i o n  l i m i t  (1.0 x 10  , a t  t h e  t ime) and t h e  pH of t h e  

samples v a r i e d  between 7 and 8.5.  

-6 

The nex t  run  (C-Run) w a s  made us ing  a feed s o l u t i o n  w i t h  t h e  follow- 
- + ing compositions:  

08--0.07836 m (I = 0.89 m) . 
s i n c e  w e  expected a r a t h e r  h igh  c o n c e n t r a t i o n  i n  ou r  samples. 

m e t r i c a l l y  t h i s  was t h e  same as s t a r t i n g  w i t h  a s o l u t i o n  of 0.7959 m N a C l  

and 0.09712 m NaOH. The d a t a  from t h i s  run  are shown i n  Table 111. 

We do not  know t h e  sou rce  of t h e  scat ter  shown by t h e  d a t a  i n  F ig .  4 .  
These d a t a  were analyzed i n  terms of t h e  e q u i l i b r i u m  

N a  -0.8931 m ,  C1--0.7959 m ,  A1(OH)4 ,0.01876 m ,  and 

We added t h e  aluminum t o  t h e  feed s o l u t i o n  

S to i ch io -  

- 
Al(OH)3(~)  + OH- A1(OH)4 

b f o r  which t h e  q u o t i e n t ,  QSl4, i s  given by 

where t h e  b r a c k e t s  r e p r e s e n t  s p e c i e s  m o l a l i t i e s  and m and m r ep re -  

s e n t  s t o i c h i o m e t r i c  m o l a l i t i e s .  
A 1  OH 
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Table 11. SOLUBILITY OF GIBBSITE I N  1 m N a C l  
CONTAINING 0.01055 m NaOH 

A 1  

* - m  

m 

%aOH 

b -  - 

A 1  
Qs14 

b 
A 1  -log Qs14 * - m  A1 m 

Mol a1 i t  y %aOH t ( "C)  
Sample 
Number 

45 
46 
47 
48 
49 
50 
5 1  

54 
55 
56  
57 
5 8  

60 
6 1  

63  
6 4  
65 

67 
68 

59.45 
59.45 
59.45 
59.45 
59 .45  
59.45 
59.45 

90.12 
90 .12  
90 .12  
90.12 
90.12 

74.20 
74 .20  

48.69 
48.69 
48.69 

24.20 
24.20 

1 . 9 3 6  x 101; 
1.952 x 8.598 x 
1 . 9 8 2  x 8.568 x 
2.135 x 8.415 x 
2.006 x 8.544 x 
2.003 x 8.547 x 
2 . 0 1 1  x 10  8.539 x 1 0  

3.831 x 6.719 x 10:; 
3.512 x 7.038 x 
3.652 x 101; 6.898 x 
3.673 x 10  6.877 x 10  
3.673 x 6.877 x 

2.685 x 10:; 7.865 x 
3.140 x 10  7 .410 x 

1 . 5 4 8  x 10;; 
1.584 x 8.966 x 10  
1 .548 x 10  9 .002 x 

0.935 x 101; 
0 . 8 9 4  x 10 9 .656 x 1 0  

8 .614 x 10:; 

9.002 x 10:; 

9.615 x 10:; 

.648 

.644 

.636 

.628 

.629 

.630 

.628 

.244 

.302 

.276 

.272 

.272 

,467 
.373 

.764 

.753 

.764 

1 . 0 1 2  
1 . 0 3 3  

* 
S t a r t i n g  c o n c e n t r a t i o n  b e f o r e  d i s s o l u t i o n  of g i b b s i t e .  
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Table  111. SOLUBILITY OF GIBBSITE I N  N a C l  
( I  = 0.89 m) and 0.09712 m NaOH 

A1 m 
b -  - 

Qs14 %aOH - m A l  

Sample m A l  
Number t ( °C)  Mola l i t y  

8.62 x 8.85 x 10:; 1 .011  
8.59 x 8.86 x 1 .013  
8.62 x 8.85 x 1.011 
8.80 x 8.84 x 1 0  1.002 

4 
5 
6 
7 

9 
10  
11 
1 2  
1 3  

16 
1 7  

1 9  
20 
2 1  

23 
24 
25 

28 
29 

32 
33 
35 

37 
38 
39 

4 1  
42 

45 
46 
47 
48 

50 
51 
52 

30.45 
30.45 
30.39 
30.39 

49.61 
49.62 
49.61 
49.61 
49.62 

60.60 
60.60 

90.06 
90.20 
90.20 

75.99 
75.99 
75.99 

44.89 
44.93 

25.5 
25.7 
25.95 

44.63 
44.60 
44.60 

75.56 
75.56 

49.95 
49.95 
49.98 
50.00 

60.50 
60.51 
60.52 

1.60 x 10:; 
1 .60  x 
1.57 x 
1.69 x 
1.69 x 1 0  

2.09 x lo-; 
2.05 x 10- 

3.59 x 101; 
3.69 x 10  
3.59 x 

2.69 x 10:; 
2.68 x 
2.67 x 1 0  

2 1.27 x 1 O v 2  
1 .26  x 10- 

3 9.08 x 
8.37 x 10- 
7.74 

1 .22  x 101; 
1.22 x 
1.32  x 10 

2.57 x lo-; 
2.60 x 10- 

1 .39  x 10:; 
1 .40  x 
1 . 4 3  x 
1 .43  x 1 0  

1 .89  x 10:; 
1.86  x 
1.83  x 10  

8.12 x 10:; 
8.12 x 
8.15 x 
8 .03  x 
8.03 x 10  

7.63 x 10:; 
7.67 x 10  

6.13 x 10:; 
6.03 x 
6.13 x 1 0  

7 .03  x 10;; 
7.04 x 
7.05 x 10  

8.45 x 10:; 
8.46 x 1 0  

8.80 x 10:; 
8.68 x 
8.94 x 1 0  

8.50 x 10:; 
8.50 x 
8.39 x 1 0  

7.14 x 10:; 
7.12 x 1 0  

8.32 x 10:; 
8.31 x 
8.28 x 
8.28 x 1 0  

7.82 x 10:; 
7.85 x 
7.88 x 1 0  

,706 
,706 
.715 
.677 
.677 

.562 
,573 

.232 

.213 

.232 

.417 

.419 

.422 

-823 
.827 

.986 
1.016 
1.062 

.843 

.843 

.803 

.444 

.437 

.777 

.774 

.763 

.763 

.616 

.625 

.634 

. 
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tions of NaOH in Column Experiments from 25 to 90°C. 



A l e a s t - s q u a r e s  f i t  of t h e  d a t a  of Tables I1 and I11 us ing  u n i t  

weights  g ives  . 
l og  Q:14 = 3.3766 - 1326.4/T 

b 
s 1 4  w i t h  an agreement f a c t o r  of 0.035. The s t anda rd  e r r o r  f o r  l o g  Q 

computed from t h e  s t anda rd  e r r o r s  of t h e  c o e f f i c i e n t s  i n  Eq. 1 7  and 

t h e i r  c o r r e l a t i o n  c o e f f i c i e n t  is  0.01. (We should n o t e  h e r e  t h a t  an  

e r r o r  w a s  made i n  t h e  composition of t h e  feed s o l u t i o n  i n  Run C so  

t h a t  t h e  i o n i c  s t r e n g t h  w a s  0.89 m i n s t e a d  of t h e  intended 1 m. How- 

eve r ,  t h i s  s m a l l  d i f f e r e n c e  i n  i o n i c  s t r e n g t h  i s  expected t o  have a 

very s m a l l  e f f e c t  on Qb where Az2 is  z e r o . )  
b s14 

The thermodynamic q u a n t i t i e s  c a l c u l a t e d  from Eq. 1 7  are: 

mole 
AHsl4 i s  

b -1 -1 6.07 2 0.12 kcal/mole and ASsl4 is 15.45 2 0.37 cal  O K  

( e r r o r s  are one a ) .  

3.2 Low pH 

I n  t h e  low pH runs  t h e  f eed  s o l u t i o n  w a s  1 m N a C l  w i t h  t h e  pH 

a d j u s t e d  t o  t h e  d e s i r e d  level wi th  HC1.  F igu re  5 shows t h e  e f f l u e n t  

pH during t h i s  run  as a f u n c t i o n  of q u a n i t i t y  of sample. A t o t a l  

of over 1,400 mR of f eed  s o l u t i o n  (pH = 3 . 0 )  w a s  passed through t h e  

column b e f o r e  t h e  sample pH dropped below 6.0. 

of t h e  column e f f l u e n t  dropped only t o  2, 4.0 and a f t e r  700 mR more 

of f eed  s o l u t i o n  had passed through t h e  column, t h e  pH of t h e  sample 

w a s  down t o  2, 3.7. The aluminum c o n c e n t r a t i o n  i n  a l l  samples w a s  a n  

o r d e r  of magnitude h i g h e r  t han  t h o s e  e s t ima ted  by Baes and M e s m e r  

(1976) (Fig.  2 ) .  

Even then ,  t h e  pH 

The problem w i t h  d i l u t e  feed s o l u t i o n s  seems t o  be a s s o c i a t e d  w i t h  

t h e  i n a b i l i t y  t o  convert  t h e  s u r f a c e  )of a l l  t h e  g i b b s i t e  t o  a uniform 

pH. 
The s l u r r y  contained 150 mR of 1 molal N a C l  s o l u t i o n  and 11 grams o f  

g i b b s i t e  (38-75 pm c r y s t a l  s i z e ) .  T i t r a t i o n s  w e r e  made s t a r t i n g  a t  

pH 1 0  and t i t r a t i n g  t o  pH 3 w i t h  s t anda rd  HC1 and then  back t o  pH 1 0  

We checked t h i s  s u p p o s i t i o n  by t i t r a t i n g  a s l u r r y  of g i b b s i t e .  

. 
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wi th  s t anda rd  NaOH. Two complete c y c l e s  were made i n  t h i s  manner. One 

of t h e  t i t r a t i o n s  i s  shown i n  F ig .  6 which i l l u s t r a t e s  t h e  l a r g e  

b u f f e r i n g  c a p a c i t y  of g i b b s i t e  i n  t h i s  pH reg ion .  

hydrogen i o n s  from pH 10 t o  4 . 9  is  l i k e l y  due t o  t h e  s o l i d  i t s e l f  s i n c e  

t h e  equ i l ib r ium s o l u b i l i t y  is  ve ry  low i n  t h i s  r eg ion .  

ac id  consumed would b e  equ iva len t  t o  t h e  n e u t r a l i z a t i o n  of one l a y e r  of 
O2 hydroxide i o n s  each occupying 22A on t h e  s u r f a c e .  Also, t h e  s m a l l  

amount of hydrogen i o n s  consumed a t  t h e  lowest  pH v a l u e s  i n d i c a t e s  a 

non-equilibrium c o n d i t i o n  wi th  r e s p e c t  t o  d i s so lved  aluminum i n  t h i s  

experiment.  

The consumption of 

The amount of 

The important consequence of t h i s  s t r o n g  b u f f e r i n g  by t h e  s o l i d  

hydroxides is  t h a t  i t  i s  no t  p o s s i b l e  t o  n e u t r a l i z e  o r  t r ans fo rm t h e  

s u r f a c e  wi th  d i l u t e  s o l u t i o n s  of a c i d  o r  base .  It i s  p a r t i c u l a r l y  

d i f f i c u l t  t o  c o n t r o l  t h e  pH i n  e q u i l i b r a t i o n s  i n  t h e  n e a r  n e u t r a l  range 

f o r  t h i s  reason us ing  t h e  column approach. 

remove t h e  s o l i d  from t h e  column, t o  a d j u s t  t h e  pH w i t h  s t r o n g  a c i d  o r  

base i n  a s t i r r e d  vessel and then  t o  r e f i l l  t h e  column. Once a d j u s t e d  

t h e  pH of t h e  column can c o n t r o l  t h e  pH of t h e  f eed  s o l u t i o n .  This  

w a s  done i n  Run E i n  t h e  next  s e c t i o n .  

It becomes necessa ry  t o  

Data taken from t h e  end of Run D is  shown i n  Fig.  7 .  I f  t h e  

assumption i s  made t h a t  no h y d r o l y s i s  is occur r ing  a t  pH of 3.7 (consis-  

t e n t  w i t h  t h e  r e s u l t s  i n  t h e  l i t e r a t u r e  f o r  25OC),  t h e n  an  e s t i m a t e  

can be made f o r  t h e  q u o t i e n t  f o r  t h e  e q u i l i b r i u m  

Al(OH)3(c) + 3H' A13+ + 3H20 

These d a t a  g i v e  l o g  Q s10 
i s  u n s a t i s f a c t o r y  f o r  a d e t a i l e d  a n a l y s i s  of t h e  d a t a  and i t  may b e  

due t o  non-equilibrium cond i t ions  i n  t h e  column and t o  t h e  inaccuracy 

of t h e  pH measurements. 

of 7.20 2 0.15 a t  6OoC i n  1 m N a C 1 .  The scat ter  

3.3 Neu t ra l  pH 

E q u i l i b r a t i o n s  w e r e  made by pH adjustment  of t h e  bed i n  a b a t c h  

t i t r a t i o n  as d i scussed  above. The f i r s t  samples from t h e  Run E were 

. 
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t o  Observe t h e  Consumption of Hf. 
pH 1 0  and 4 . 9  appea r s  t o  b e  due t o  t h e  s o l i d  i t s e l f .  

The amount consumed between 
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Y 

analyzed i n  t h e  convent iona l  manner and t h e  aluminum concen t r a t ion  w a s  

found t o  be below t h e  d e t e c t i o n  l i m i t  (ca .  m). A t  t h i s  t i m e  w e  

began c o l l e c t i n g  l a r g e  samples (% 200 ma) and concen t r a t ing  by ion- 

exchange. The concen t r a t ion  f a c t o r  i n  t h e  procedure w a s  about twenty 

t i m e s  but  t h e  p r e c i s i o n  s u f f e r e d  from t h e  l a r g e  blank due t o  t h e  NaOH 

e l u t a n t .  

appears  t o  be i n  t h e  5 x 

of t h e  s o l u b i l i t y .  We cons ider  t h a t  t h e s e  r e s u l t s  must be  e s t a b l i s h e d  

w i t h  b e t t e r  p r e c i s i o n  t o  be s a t i s f a c t o r y  f o r  de f in ing  t h e  appropr i a t e  

equ i l ib r ium q u o t i e n t s .  A t  t h e  h igher  temperatures  t h e  observed 

va lues  of m 

This  i s  an  impossible  r e s u l t  and w e  are unable  a t  t h i s  t i m e  t o  p l ace  

l i m i t s  on t h e  u n c e r t a i n t i e s  of t h e  obse rva t ions .  More e f f o r t  w i l l  

cont inue  t o  be  made t o  e s t a b l i s h  t h e  s o l u b i l i t y  i n  both  t h e  low pH 

and nea r  n e u t r a l  reg ion .  New approaches f o r  t h e  e q u i l i b r a t i o n s ,  means 

of concen t r a t ing ,  and es tab l i shmegt  of r e v e r s i b i l i t y  w i l l  be developed. 

The r e s u l t s  i n  Table  I V  are q u i t e  s c a t t e r e d  and t h e  s o l u b i l i t y  

t o  5 x lo-' m range near  t h e  minimum 

- 
are lower than  t h e  A1(OH)4 as computed from Eq. 1 7 .  Al 

3.4 Comparison w i t h  Other Resu l t s  

Our r e s u l t s  i n  l o g  Qb i n  1 m N a C l  can b e  compared wi th  t h e  r e s u l t s  s14 
of Russe l l  e t  a l .  (1955) i n  NaOH s o l u t i o n s  and w i t h  t h e  r e s u l t s  of 

Apps (1970) i n  very  d i l u t e  s o l u t i o n .  F igure  8 shows t h e  logar i thm of 

t h e  s o l u b i l i t y  as a func t ion  of pH. The bold l i n e  is  computed from 

t h e  d a t a  i n  Table  I f o r  2 5 O C  and i o n i c  s t r e n g t h  of un i ty .  

l i n e s  i n  t h e  b a s i c  r eg ion  are computed from Eq. 1 7  f o r  l o g  QSl4 and 

l o g  Qw from Busey and M e s m e r  (1978). 

amongst t h e  v a r i o u s  d a t a  sets i s  q u i t e  good when t h e  d i f f e r e n c e s  i n  

medium e l e c t r o l y t e  and i o n i c  s t r e n g t h  are t aken  i n t o  account .  

r e s u l t s  of Russe l l  e t  a l .  (1955) i n  1 m NaOH are  shown as short-dashed 

l i n e s  and t h e  va lues  f o r  l o g  Ks14 from Apps (1970) are shown as do t t ed  

l i n e s .  I n  the a c i d i c  r eg ion  t h e  s o l i d  l i n e  r e p r e s e n t s  our  r e s u l t s  a t  

60°C i n  1 m N a C l  and t h e  dashed l i n e s  r e p r e s e n t  t h e  r e s u l t s  of Singh 

(1974, 1976) .  

The s o l i d  
b 

The agreement i n  t h e  b a s i c  r eg ion  

The 

Our r e s u l t s  i n  t h e  nea r  n e u t r a l  r eg ion  are no t  shown because t h e  

scat ter  of t h e  d a t a  are y e t  t oo  g r e a t  t o  provide  u s e f u l  bases  f o r  

a s s ign ing  equ i l ib r ium c o n s t a n t s .  
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Table I V .  SUMMARY OF RESULTS I N  THE NEAR NEUTRAL pH REGION 

25 O 3.8 x m 6.75 f 0.04 9.1 x m 

<5 x m 

45O 4.4 x m 6.45 f 0.25 3.7 x m 

60 O <5 x m 6.58 1.9 x m 

86.7" 7.4 x m 6.8 f 0.1 2.3 x m 

9.0 x m 

c 

. 
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Fig.  8. Comparison of R e s u l t s  w i t h  L i t e r a t u r e  Data. The heavy curve 
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l i t e r a t u r e  d a t a .  
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