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INVESTIGATION OF COMPLEX EQUILIBRIA 
BY WATER-ACTIVITY MEASUREMENT

T H E  A L U M IN A T E -S O D IU M  H Y D R O X ID E  SYSTEM

Z. G. S z a b ó , J .  W a j a n d  a n d  K . B u r g e r  

( D epartment o f  Inorganic  and A nalytica l C h em istry , L . Eötvös University. B u d a p es t)

R eceived O c to b er 17, 1974

A new  m e th o d  based on m ea su re m e n t o f  th e  w a ter a c tiv ity  o f th e  so lu tions 
w as e la b o ra te d  to  s tu d y  th e  com plex e q u ilib ria  in co n cen tra ted  aq u eo u s e le c tro ly te  
so lu tions, an d  to  d e te rm in e  th e  eq u ilib riu m  c o n s ta n ts .

In fra re d  s tu d y  of so lu tions w ith  v a r io u s  a lum in ium  (1 — 6 M )  a n d  sod ium  
h y d ro x id e  ( 6 — 14 M )  concen tra tio n s , based  on th e  earlie r w ork by Mo l e n a a r  et al. [12], 
con firm ed  t h a t  u n d e r  th e  given cond itions th e  tw o  p red o m in an t a lu m in iu m -co n ta in in g  
ions in th e  sy s tem s are  th e  m ononuclear A l(O H )7 , and  the  b inuclear ion A120 ( 0 H ) | - , 
fo rm ed from  th e  m ono n u clear ion in a d e h y d ra t io n  reaction .

On th is  basis, th e  equ ilib ria  of fo rm a tio n  of these  ions were s tu d ie d  v ia  w a te r- 
a c tiv ity  m easu rem en ts . The w a ter a c tiv itie s  o f th e  so lu tions are in close co n n ec tio n  
w ith  th e  d e h y d ra tio n  process resu ltin g  in d im e r fo rm atio n , and also w ith  th e  e ffects 
o f th e  in d iv id u a l ions w hich give rise to  chan g es in  th e  s tru c tu re  of th e  w a te r  an d  hence 
in  th e  w a te r  a c t iv ity , i.e. w ith  th e  eq u ilib riu m  ion  concen tra tions. In  th is  w ay , w ith  
ce rta in  sim plify ing  co n d itions, th e  e q u ilib riu m  c o n s ta n t was de term ined  fo r th e  fo rm a ­
tio n  of A120 ( 0 H ) | - :

2 A l(O H )7 ^  A120 ( 0 H ) £ -  +  H 20  K 2 = - 9 • 1 0 "1

Introduction

S tu d y  o f th e  com plex  equ ilib ria  in  c o n cen tra ted  aqueous e lec tro ly te  
so lu tio n s, an d  d e te rm in a tio n  of th e  com plex  s ta b ili ty  co n stan ts , a re  in  m any  
cases n o t possib le , or on ly  w ith  g rea t d iff ic u lty , if  th e  tra d itio n a l m e th o d s  are 
em ployed  (p o te n tio m e tr ic  or sp e c tro p h o to m e tr ic  m easurem ent o f  th e  eq u i­
lib rium  co n c e n tra tio n s  o f th e  cen tra l a to m , th e  ligand , or th e  co m p lex  ions).

In  th e  aqueous e lec tro ly te  so lu tio n  th e  fo rm atio n  of com plexes in  th e  
so lu tio n  has a co n siderab le  effect on th e  w a te r  a c tiv ity , as th e  a sso c ia tio n  or 
d issoc ia tion  reac tio n s  a re  accom pan ied  b y  changes in th e  h y d ra tio n  o f th e  
p a rtic le s . T h u s, i t  is to  be expected  th a t  in fo rm a tio n  on th e  co m p lex -fo rm a­
tio n  reac tio n s in  th e  so lu tion  can be o b ta in e d  b y  following th e  w a te r  a c tiv ity  
o f th e  system .

In  aqueous so lu tio n  th e  ionic species ta k in g  p a r t  in com plex  fo rm a tio n , 
b o th  ca tions an d  an ions, are p resen t in  so lv a te d  form . A ccordingly, d isso lu tion  
o f th  ese ions decreases th e  a c tiv ity  o f th e  w a te r . Com plex fo rm a tio n  betw een  
th e  m e ta l ions an d  ligands changes th e  so lv a tio n  conditions in th e  system .
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148 SZABÓ et a t: INVESTIGATION OF COMPLEX EQUILIBRIA

T h e  c u s to m ary  stepw ise co m p lex -fo rm a tio n  reactions can be w r it te n  as 
fo llow s, th e  changes occu rring  in  th e  h y d ra t io n  o f  th e  rea c ta n ts  in  th e  course  
o f  th e  p rocess also being  ta k e n  in to  acco u n t:

M (H ,0 )m +  A (H 20 ) n ^  M A (H ,0 )p +  (m +  n —  p )H 20  (1)

M A (H 20 ) p +  A (H 20 )„  ^  M A ,(H ,0 )9 +  (p  +  n -  g)H 20  (2)

In  acco rdance  w ith  th is , in  th e  e q u ilib r iu m  co n stan ts  of th ese  p rocesses 
th e  free  w a te r  a c tiv ity  of th e  so lu tion  fig u re s  as th e  corresponding  pow er:

K  [M A (H 2Q)p] [H 20]"»+"-*
[M (H 20 ) m] [A (H 20 )„ ]

K  =  [MA2(H 20 )„ ] [H 20 ] m  

[M A (H 20 ) p] [A (H 20)„ ]

w h ere  i t  is also ta k e n  in to  co nsidera tion  th a t  in  th e  p resen t system  th e  w a te r  
also f ig u re s  as so lv en t, th e  free w a te r a c t iv i ty  b e ing  [H.,0],

I t  should  he n o ted  th a t  the  w a te r a c t iv i ty  in  the  so lu tion  is fu r th e r  
a ffec ted  b y  th e  s tru c tu re  o f th e  so lven t itse lf , th e  fo rm ation  o f h y d ro g en - 
b o n d e d  associa tes, e tc . T hus, in  c o n tra s t w ith  th e  s itu a tio n  for th e  o th e r  lig an d s  
th e  d ifference  b e tw een  th e  to ta l  w a te r c o n te n t o f  th e  solution and  its  m e a su r­
ab le  w a te r  a c tiv ity  can n o t be regarded  as th e  a m o u n t of co o rd in a ted  w a te r . 
T h e  w a te r  a c tiv ity  change occu rring  d u rin g  so lv a tio n  and  deso lvation  re a c tio n s  
can  th e re fo re  be follow ed on ly  in such a w ay  t h a t  by  defin ition  th e  a c t iv i ty  
of p u re  d is tilled  w a te r  in  te rm s  of mole fra c tio n  is ta k e n  as u n ity .

I f  th e  com positions (m eta l-ligand  ra tio s) o f th e  com plexes fo rm ed  in  th e  
re a c tio n s  o f th e  ions in  so lu tion  are know n , th e n  i f  th e  w ater a c tiv ity  ch an g e  
is fo llow ed over a su itab le , w ide co n cen tra tio n  in te rv a l, it  is possible to  d e te r ­
m ine th e  changes in  w a te r  a c tiv ity  due to  th e  in d iv id u a l species, an d  in  th e  
id ea l case th e  eq u ilib riu m  c o n s tan t of th e  co m p lex -fo rm atio n  process.

A ccord ing ly , in  system s in  w hich for so m e reason  the  fo rm a tio n  o f  th e  
co m p lex  c an n o t be follow ed in  the  n o rm al m a n n e r  by  m easuring th e  ch an g e  
in  c o n c e n tra tio n  o f th e  cen tra l a tom , th e  lig a n d , or some com plex, b u t  on th e  
o th e r  h a n d  th e  com positions of a t leas t th e  p re d o m in a n t com plexes in  th e  
so lu tio n  can  be e stab lish ed  b y  som e s tru c tu re -e x a m in a tio n  m ethod , q u a n t i ta ­
tiv e  in fo rm a tio n  on th e  com plex eq u ilib ria  can  be ob tained  by  m ean s o f 
m e a su re m e n t of th e  w a te r  a c tiv ity .
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SZABÓ et al.: INVESTIGATION OF COMPLEX EQUILIBRIA 149

Equilibrium measurements in the Na20 -A l20 ;i— H20  systems 
by the isupiestic water-activity measurement method

O n th e  basis o f  th e  above  considera tions, an  equ ilib rium  s tu d y  b y  m eans 
o f  w a te r-a c tiv ity  m e a su re m e n t w as f irs t a tte m p te d  on th e  a lu m in a te -so d iu m  
h y d ro x id e  system : in  c o n c e n tra ted  alkali so lu tio n s d irec t m ea su re m e n t of 
e ith e r  th e  free lig an d  a c tiv i ty  or th e  free m e ta l ion a c tiv ity  in v o lv es  g rea t 
d ifficu ltie s , w hereas th e re  is no obstac le  to  follow  th e  change in  w a te r  a c tiv ity  
b y  th e  isopiestic m e th o d  (T able  I).

Table I

Values o f  water activity  o f  aqueous sodium  hydroxide solutions, 
determ ined by the isopiestic method

NaO II 
molality

aw
[17] mcasd. Act ff.

11.45 0.489 0.4110 4-0.002

11.47 0.403 0.4030 0.000

12.40 0.363 0.365 +  0.002

12.65 0.350 0.351 +  0.001

a w =  w a ter a c t iv i ty  in  m ole fraction . 
A a K — a w m easd . — а л, [17].

Q u a n tita tiv e  e v a lu a tio n  of th e  d a ta  o b ta in ed  w ith  th is  m e th o d  is possib le if 
th e  s tru c tu re s  of th e  d o m in a n t com plex ions in  so lu tion  can  be assu m ed  as 
kn o w n  from  d a ta  a c q u ire d  w ith  th e  aid of in d e p e n d e n t s tru c tu re -e x a m in a tio n  
m e th o d s  [1— 12].

A lthough c o n tra d ic tio n s  too  can  be fo u n d  am ong som e o f th e  l i te ra tu re  
d a ta ,  on th e  basis o f  th e  R a m a n  and  in fra red  spectroscop ic  an d  N M R  in v estig a ­
tio n s  o f M o l e n a a r  et a l.  [12], and  also ta k in g  in to  acco u n t th e  X -ra y  stud ies 
b y  J o h a n s s o n  [13], w e se t o u t in ou r w ork from  th e  follow ing tw o  equ ilib ria :

Al(OH)3 +  011- A1(0H)4~ (3)

2 A1(0H)4“ ^  A120 (0 H )“_ +  H20  (4)

W ith  th e  aim  o f th e  d e te rm in a tio n  of th e  equ ilib riu m  c o n s ta n ts  o f these 
reac tio n s , th e  iso p iestic  m e th o d  was u sed  to  m easu re  th e  w a te r  ac tiv ities  
(aw) o f  solu tions w ith  d iffe ren t sodium  h y d ro x id e  and  a lu m in iu m  c o n c e n tra ­
tio n s  (T able II).
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150 SZABÓ et al.: INVESTIGATION OF COMPLEX EQUILIBRIA

Table II

E xperim enta l da ta  regarding isopiestic equ ilibrium  study  
o f  the a lu m in a te -so d iu m  hydroxide system

A В aw

0.1955 0 0.3072
0.2074 0.032 0.3072
0.2161 0.0501 0.3072
0.1940 0 0.3118
0.2077 0.0321 0.3118
0.2124 0.0493 0.3118
0.1759 0 0.3842
0.1951 0.0780 0.3842
0.2087 0.1004 0.3842

0.2146 0.12056 0.3842
0.1755 0 0.3863
0.1956 0.0782 0.3863
0.2093 0.1006 0.3863
0.2143 0.1204 0.3863
0.2426 0.035 0.2020
0.2432 0.053 0.2045
0.2497 0.0725 0.217
0.2280 0.0344 0.2767
0.2314 0.0522 0.2835

0.2380 0.0719 0.2970
0.1976 0.0359 0.4162
0.2036 0.0555 0.4278

0.2053 0.0746 0.4313
0.1600 0.032 0.4898
0.1695 0.0509 0.5036
0.1815 0.0729 0.5387
0.1586 0.0351 0.5383
0.1616 0.0538 0.5440
0.1358 0.0344 0.6239
0.1385 0.0534 0.6352

0.1253 0.0357 0.6438
0.10565 0.0352 0.7205
0.09105 0.02625 0.7753

A = to ta l  alkali c o n c e n tra tio n , in mole frac tio n .
В to ta l  a lum in ium  c o n c e n tra tio n , in mole fra c tio n . 

=  m easured w a ter a c t iv i ty ,  in  mole frac tion .
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SZABÓ et ul.: INVESTIGATION OF COMPLEX EQUILIBRIA 151

I f  it  is assum ed  th a t  on ly  th e  tw o eq u ilib ria  described  b y  E q s (3) an d  (4) 
a re  involved  in  th e  reac tio n  betw een  A l(O H )3 and  sod ium  h y d ro x id e , the  
com plex fo rm a tio n  affects th e  w a te r  a c t iv i ty  o f  th e  so lu tio n  in  tw o w ays:

(1) s to ich io m etrica lly , in  th e  d e h y d ra tio n  process o f fo rm a tio n  o f th e  
dim  er;

(2) as a consequence  of th e  d iffering  d eh y d ra tio n s  o f th e  v a rious ions. 
T he follow ing sym bols h av e  been used :
A =  in itia l O H -  co n cen tra tio n
В =  in itia l A1 co n cen tra tio n  expressed  in m ole frac tio n s  
D =  in itia l H 20  co n cen tra tio n
F or a lk a lin e  a lu m in a te  so lu tions v a rio u s  re la tio n s ho ld  betw een  th e  

equ ilib rium  an d  in itia l co n cen tra tio n s  of th e  species. T h u s:

A =  [O H  ] +  [A l(O H )7 ] +  2 [А120 ( 0 Н ) Г ]

(The O H  in tro d u c e d  b y  d isso lu tion  of A l(O H )3 has n o t b een  inc luded .)

В =  [A 1(0H )3] +  [A 1(0H )“ ] +  2 [А 1 .,0 (0 Н )Г ]
D =  [H 20 ] tot. - [А120 ( 0 Н ) Г ]

w here [H 20 ] t 0t. is th e  to ta l  w a te r  co n cen tra tio n , w hich  is la rg e r th a n  th e  
in itia l w a te r c o n c e n tra tio n  as a consequence o f th e  d eh y d ra tio n .

A re la tio n  w as soug h t betw een  th e  selec ted  p a ra m e te r  (aw) an d  th e  
eq u ilib riu m  co n c e n tra tio n s  of th e  species, th e  follow ing assu m p tio n s being 
m ade:

(1) T he changes in  w a te r  a c tiv ity  due to  th e  ions are  d irec tly  p ro p o r­
tio n a l to  th e ir  eq u ilib riu m  co n cen tra tio n s . T h is assu m p tio n  is su p p o rted , for 
exam ple , b y  kn o w n  d a ta  from  th e  lite ra tu re , re la tin g  to  p u re  N aO H  so lu tions.

(2) In  th e  g iven so lu tion  (our sam ple) th e  changes in  w a te r  a c tiv ity  due 
to  th e  d iffe ren t ions [N a + , O H - , A 1(0H ), , A l.,0(0H)j( ] v a ry  ad d itiv e ly  w ith  
th e ir  co n cen tra tio n s .

On th e  ab o v e  basis , if  a w is th e  w a te r  a c tiv ity  o f th e  a lu m in a te  so lu tion ,
th e n

a w = [H 20 ] tot. —  ^[А Ц О Н ),- ] —  *2[А120 ( 0 Н ) Г  ] - -* 3[А1(ОН)3] —  *4[N aO H ]

w here, accord ing  to  o u r a ssu m p tio n , x v  x 2, x :j an d  x 4 are c o n s ta n ts  and  m easures 
o f th e  effects o f  th e  species on th e  w a te r  a c tiv ity .

O ur aim  w as to  d e te rm in e  th e  fo llow ing K x and  K 2 v a lu es , an d  also x v  
x.,, x3 and  x 4. K t is th e  equ ilib riu m  c o n s ta n t o f  process (3):

к  =  [А 1(О Н )Г ]
[A 1(0H )3] [O H - ]
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w hile  K 2 is th a t  of process (4):

к  =  [H 20 ] [А120 (0 Н )П  
[А1(0Н)Г]2

B a se d  on  a com pu ter p ro g ra m m e , th e  co rrec t values o f K { and  К ,, c an  he 
d e te rm in e d  from  K x, K 2 v a lu e  p a irs  b y  a c ritica l selec tion  of th e  x  v a lues.

A sp e c ts  o f th e  se lec tion :
(1) T h e  value d e te rm in ed  b y  co m p u te r  is co m p ared  w ith  th e  v a lu e  of 

x 4 c a lc u la te d  from  th e  p re v io u s ly  rep o rted  c o n c e n tra tio n  dependence  of th e  
w a te r  a c t iv i ty  of pure sod ium  h y d ro x id e  (x4 ~  2.25).

(2) T h e  values o f x v  x 2 a n d  x 3 are p re su m ab ly  of th e  sam e or n ea rly  
th e  sa m e  o rd e r of m ag n itu d e .

(3) K ,  ^> 10 , since th e  tra n s fo rm a tio n  of th e  A l(O H )3 to  Al(OH),t is 
v e ry  considerab le .

I t  tu rn s  ou t from  T ab le  I I I  th a t  on th e  above basis K 4 =  10 5 and  
K., =  9 • 1 0 -1 . In  th e  range  u n d e r  ex am in a tio n  th e  eq u ilib riu m  c o n cen tra tio n  
of th e  d im e r, А120(0Н );] , is m o re  th a n  5 % , and  a t tim es a t ta in s  2 0 % , o f th e  
c o n c e n tra t io n  of A l(O H )4 .

I t  shou ld  be no ted  th a t  th is  m e th o d  is p r im a rily  su itab le  for th e  ex ac t 
d e te rm in a tio n  of th e  e q u ilib riu m  c o n s ta n ts , th e  com p o n en ts  of w hich  are 
p re se n t in  sign ifican t a m o u n ts  an d  ion ica lly  in  th e  so lu tio n . T hus, since th e  
d isso lv ed  A l(O H )3 c o n c e n tra tio n  in  th e  so lu tion  is v e ry  sm all, th e  v a lu e  of 
K 4 su ffe rs  from  a large e rro r. H ow ever, as th is  v a lue  (if la rge  enough) causes 
o n ly  a  sm a ll change in  K 2, th e  v a lu e  found  fo r K 2 can  be reg a rd ed  as rea lis tic .

T h e  va lu e  of x4 w as fo u n d  to  be 2.48. w hich agrees accep tab ly  w ith  th e  
v a lu e  o f  2.25 calcu lated  from  th e  li te ra tu re  d a ta .

x 4 =  0.7275. This is a m easu re  of th e  effect o f A l(O H )4 on th e  w a te r  
a c t iv i ty .

x.2 =  0.2237, w hich in d ic a te s  th a t  th e  com plex  ion  А120 (0 Н )б  d e ­
c reases  th e  w a te r a c tiv ity  o f th e  so lu tion  to  a sm aller e x te n t  th a n  does th e  
m o n o m e r .

O u r in v estiga tions c lea rly  p ro v e  th a t ,  a lb e it to  a lim ite d  e x te n t, w a te r- 
a c t iv i ty  m easu rem en t is su ita b le  for follow ing com plex  equ ilib ria  in co n ­
c e n tr a te d  a lka li solutions. A co n d itio n  of th e  ap p lica tio n  of th e  m e th o d  is th a t  
th e  co m p o sitio n s of th e  ionic species in  th e  so lu tion , o r th e  eq u a tio n s of th e  
e q u ilib r ia  describing th e ir  fo rm a tio n , be know n from  in d e p e n d e n t s tru c tu re  
in v e s tig a tio n s .

T h e  re s tr ic ted  value of th e  re su lts  of our in v e s tig a tio n s  sim ila rly  follows 
fro m  th e  above. The values o f th e  equ ilib riu m  c o n s ta n ts  fo u n d  ca n  be re g a rd ed  
as d e f in i te  only if, a p a r t  fro m  th e  tw o  ions assum ed , no o th e rs  are fo rm ed  in  
th e  c o n c e n tra tio n  range in  q u e s tio n .
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Table III

E quilibrium  concentrations, in  mole fra c tio n , 
relating to the equilibrium  constants К г =  105 and 9 ■ 10 _1

[Al(OH)2-] [AlaO(OH)*l Dissolved
[A1(0H),] [OH 1 aw [ii.oj

2.80 • I O " 2 3.52 • 10 2 1.31 • i o - » 0.214 0.213 0.760

3.93 • i o - 2 6.80 • 1 0 - 3 1.92 • 1 0 -« 0.203 0.241 0.763

5.09 • IO” 2 1.07 • 10-2 2.56 • i o -« 0.198 0.250 0.761

2.89 • IO“ 2 2.73 ■ i o - 3 1.45 ■ i o - e 0.199 0.266 0.774

4.13 • I O " 2 5.42 ■ 1 0 - 3 2.17 • i o - 6 0.190 0.286 0.772

5.41 • I O - 2 8.87 ■ i o - 3 2.94 • i o -» 0.183 0.299 0.770

3.15 • I O“ 2 2.16 • 1 0 - 3 1.90 • i o - e 0.166 0.381 0.804

4.64 • 10-2 4.53 ■ i o - 3 2.95 • i o - c 0.157 0.401 0.800

5.97 • 10-2 7.44 • i o - 3 4.10 ■ i o - 6 0.145 0.436 0.802

2.89 • I O“ 2 1.53 • i o - 3 2.20 • i o - 6 0.131 0.506 0.836

4.39 • I O - 2 3.45 • i o - 3 3.50 ■10-® 0.125 0.521 0.833

6.06 • I O“ 2 6.14 • 1 0 - 3 5.01 • I O " 3 0.120 0.530 0.824

3.17 • I O“ 2 1.68 • i o - 3 2.50 • i o - ° 0.126 0.524 0.842

4.66 • IO“ 2 3.59 • 1 0 -3 4.05 ■I O - « 0.114 0.561 0.841

3.15 • I O " 2 1.43 • 1 0 -3 3.02 ■i o - e 0.104 0.609 0.865

4.71 • I O - 2 3.14 • 1 0 -3 5.15 ■io - « 0.009 0.654 0.863

3.27 • I O ' 2 1.49 • I O - 3 3.53 • io -" 0.009 0.654 0.875
3.25 • I O“ 2 1.32 • 1 0 - 3 4.45 • i o - 6 0.007 0.733 0.895

2.48 • I O " 2 7.14 • i o - 4 3.74 • i o - e 0.6 0.76 0.909
2.75 • IO“ 2 2.22 • 1 0 -3 1.53 • i o - 6 0.179 0.304 0.762

4.05 ■ I O " 2 4.80 • i o - 3 2.30 • I O- 6 0.175 0.291 0.738

2.76 • I O " 2 2.20 • 1 0 -3 1.53 • I O“ 6 0.180 0.303 0.762

4.00 • I O“ 2 4.62 • 1 0 -3 2.32 ■ I O - 6 0.172 0.304 0.743

6.07 • I O " 2 8.64 • 1 0 - 3 4.52 • I O - 6 0.134 0.402 0.735

7.44 • IO“ 2 1.29 • 10-2 5.54 ■ 10-« 0.134 0.373 0.703

8.59 ■ I O - 2 1.73 • 10-2 6.68 •

C31О

0.128 0.371 0.682

6.09 ■ I O“ 2 8.60 • i o - 3 4.52 • 10 -« 0.134 0.401 0.734

7.46 • I O“ 2 1.29 • 10-2 5.54 ■ I O“ 3 0.134 0.371 0.703

8.59 • I O ' 2 1.72 • 10-2 6.69 • 10 -« 0.128 0.372 0.682

* ! =  —0.7275, ж2 =  —0.2237.
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In frared spectroscopic study of sodium aluminate solutions

S ince  th e  co rrec tn ess  o f  th e  ev a lu a tio n  o f  th e  w a te r-a c tiv ity  m e a su re ­
m e n ts  d ep en d s  on a know ledge o f th e  co m p o sitio n s o f th e  com plexes fo rm ed  
in  th e  sy s tem , in fra re d  spec tro scop ic  e x a m in a tio n s  w ere carried  o u t to  co n ­
f irm  t h a t  th e  species d e m o n s tra te d  b y  M o l e n a a r  et al. ac tu a lly  are  p re se n t 
in  th e  c o n c e n tra tio n  ran g e  s tu d ie d  in our w o rk .

E v a lu a tio n  o f  th e  in f ra re d  ex am in a tio n s is m ad e  d ifficu lt by  th e  fa c t 
t h a t  th e  so lven t possesses a b ro ad  ab so rp tio n  b a n d  in the  in te rv a l 400—  
1000 c m -1  (F ig . 1). T h e  a b so rp tio n  o f th e  so lv e n t w as com pensa ted  w ith  
a N a O H  so lu tio n . I n  th is  w ay , w ell-evaluable  s p e c tra  were o b ta in ed .

I n  th e  in fra re d  sp e c tra  o f aqueous sod iu m  a lu m in a te  solu tions a s tro n g  
b a n d  c a n  be o bserved  a t  745 +  5 c m -1 . A t h ig h e r  alum in ium  c o n cen tra tio n s  
a new  b a n d  also a p p e a rs , a t  900 +  5 c m -1  (F igs 2— 4). The resu lts  a re  lis ted  
in  T a b le  IY .

F ig. 1. In f ra re d  sp e c tru m  o f a n  aq u eo u s 12.95 M  so lu tio n  o f  N aO H  from  600 to  1000 c m -1 .

Table IV

In fra red  spectroscopic data on sod ium  a lu m in a te  solutions

Aluminium
concentration

M

Sodium
hydroxide

concentration
M

Absorption
bands
cm-1

l 8 745 ±  5
l 12.95 745 ±  5
3.5 8 745 ±  5 

900 ±  5
5 12.95 745 ±  5 

900 ±  5
6.0 13.0 745 ±  5 

900 ±  5

Acta Chim. ( Budapest) 86y 1975



SZABÓ et al.: INVESTIGATION OF COMPLEX EQUILIBRIA 155

T hese in frared  h a n d s  co rrespond  to  th e  b an d s found  a n d  assigned by 
M o l e n a a r  et al. [ 1 2 ] .

T he h ig h -in ten s ity  b a n d  a t  745 +  5 c m -1  is due to  th e  A l - 0  an tisy m ­
m etric  s tre tch in g  v ib ra tio n  o f th e  com plex ion  A l(O H )4 , w h ich  is o f te t r a ­
h ed ra l sy m m etry . T he new  b an d  app earin g  a t  h igher a lu m in iu m  co n cen tra ­
tio n s  (900 +  5 c m -1 ) can  be  assigned as th e  Al 0  s tre tc h in g  v ib ra tio n  of
А120(0Н)Г.

F igu re  2 reveals t h a t  increase  of th e  a lum in ium  c o n c e n tra tio n  favours 
fo rm a tio n  of A120 ( 0 H ) (̂ , b u t  even a t an  a lum in ium  c o n c e n tra tio n  of 3.5 M  
th e  in te n s ity  of th e  new  b a n d  a t  900 c m -1  is s till q u ite  sm all.

F igures 3 and 4 c o n firm  th e  above find ings.

F ig. 2. In fa red  spec tra  o f so d iu m  a lu m in a te  so lu tions from  600 to  1000 c m -1
(a) 8 M  N aO H , 1 M  Al ] co m p ensa ted
(b) 8 M  N aO H , 3.5 M  Al J w ith  12.95 M  N aO H

Fig. 3. In fra red  sp ec tra  o f  so d iu m  a lu m in a te  so lu tions from  600 to  1000 c m '
(a) 13.00 M  N aO H , 6 M  А Г
(b) 12.95 M  N aO H , 5 M  Al
(c) 12.95 M  N aO H , 1 M  Al

com p en sa ted
w ith  12.95 M  N aO H
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F ig . 4. In frared  sp ec tra  o f  so d iu m  a lu m in ate  so lu tions fro m  600 to  1000 c m -1 .
(a) 13 M  N a O H , 6.0 M  Al 1 co m p en sa ted  w ith
(b) 8 M  N a O H , 3.5 M  Al J 12.95 M  N aO H

E xperim ental

P rep ara tio n  a n d  co n tro l of the m ate ria ls  an d  so lu tions 
used in  th e  course  of the  m ea su re m e n ts

R e a g e n ts  used: N aO H  (R e a n a l)  o f  a n a ly tica l p u rity ; b a y e r ite  p re p a re d  in our lab o ra to ry .
P repara tion  and analysis o f  bayerite:  B ayerite  was p re p a re d  from  h ig h -p u rity  a lu m i­

n iu m  tu rn in g s  by  th e  am alg am  p ro c e d u re  [14]. I ts  th e rm a l b e h av io u r  was in v es tig a te d  on a 
M OM  d e riv a to g ra p h  [15].

P repara tion  o f carbonate-free so d iu m  hydroxide: 50%  so d iu m  h y d ro x id e  so lu tion  w as 
p re p a re d  fro m  N aO H  of a n a ly tic a l p u r i ty  w ith  boiled d is tilled  w a te r . Sodium  carb o n a te  im ­
p u r i ty  w as  sep ara ted  from  th e  p u re  so lu tio n  by  se d im en ta tio n  a n d  cen trifu g a tio n . T he con­
c e n tr a t io n  o f  N aO H  so lu tions w as d e te rm in e d  by t i t r a tio n  w ith  h y d ro ch lo ric  acid.

P repara tion  o f a lu m in iu m -co n ta in in g  sodium hydroxide:  T h e  ca lcu la ted  q u a n ti ty  of 
b a y e r i te  w as added  in sm all p o rtio n s  to  a  so lu tion  of sodium  h y d ro x id e  of know n  c o n cen tra tio n  
on  a w a te r -b a th ,  and was co m p le te ly  dissolved. The c o n ce n tra tio n  change occurring  during  
th e  e v a p o ra tio n  was co rrected  for on  th e  basis of w eight m ea su re m e n t, an d  th e  re ad y  so lu tion  
w as th e rm o s ta te d  for 30 m in  a t  th e  te m p e ra tu re  of a bo iling  w a te r -b a th . I f  necessary  (e.g. 
in  th e  p re p a ra tio n  of a sa tu ra te d  so lu tio n ) , th e  solution w as cen trifu g ed .

W a te r-a c t iv ity  m easu rem en t m ethod

Iso p ie s tic  w a te r-ac tiv ity  m e a su re m e n t [16] can p rim arily  be  u sed  to  d e te rm in e  th e  w ater- 
a c t iv i ty  o f  m ore  co n cen tra ted  so lu tio n s . T he principle of th e  d e te rm in a tio n : tw o so lu tions of 
k n o w n  w e ig h t and known c o n c e n tra tio n , p repared  w ith  th e  sam e so lv en t, an d  a t  th e  sam e 
te m p e ra tu r e ,  are placed in n ickel o r p la t in u m  crucibles on an  a lu m in iu m  disc co n ta in in g  su itab ly  
p re p a re d  depressions, in  a v a cu u m  d e s icc a to r  in  a closed space. (T he m e ta l disc ensures good 
th e rm a l  co n d u ctio n .) The d e s icc a to r  is e v acu a ted  b y  v a c u u m -p u m p  to  a va lue  close to  th e  
v a p o u r  p re ssu re  of the  so lu tions, a n d  is th e n  th e rm o sta te d  a t  25 °C. T he so lv en t from  th e  so lu tion  
w ith  h ig h e r  v a p o u r pressure d is tils  o v e r  b y  iso therm al d is tilla tio n  in to  th e  so lu tion  w ith  lower 
v a p o u r  p re ssu re  u n til th e ir  v a p o u r  p re ssu re s  become u n ifo rm . 24 h o u rs  la te r  th e  d esiccato r is 
re filled  w ith  d ry  air, and th e  c ru c ib les  a re  rem oved and w eighed. T h e  c o n cen tra tio n  change is 
c a lc u la te d  fro m  the  w eight c hange . F o r  th e  d irec t d e te rm in a tio n  of th e  w a te r  a c tiv ity , i t  is neces­
sa ry  to  k n o w  th e  concen tra tion  d e p en d e n ce  of the  w ater a c t iv ity  o f  a s ta n d a rd  so lu tion  w ith  v a ­
p o u r  p re ssu re  sim ilar to th a t  o f th e  so lu tio n  to  be m easured . As s ta n d a rd  so lu tion , N aO H  or 
H 2S 0 4 so lu tio n s  were used, th e  w a te r  a c tiv itie s  of w hich h av e  b een  re p o rte d  in th e  lite ra tu re  
[ 1 7 - 2 1 ] .
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In frared  spectroscopic study of sod ium  a lu m in a te  solutions

S p ec tra  were reco rded  on a Zeiss U R  10 in fra re d  sp ec tro p h o to m eter in  th e  ran g e  
400 — 1000 c m -1 . K R S  5 cells were em ployed  in  th e  m ea su re m e n t, and th e  a b so rp tio n  o f th e  
so lv en t w as com pensa ted  ag a in st a N aO H  so lu tion  [22].

E q u ilib rium  m easurem en ts in  a lu m in a te  solutions 
w ith  the  isopiestic  m eth o d

F o u r nickel or p la tin u m  crucib les each co n ta in in g  3 m l o f a lu m in ate  so lu tio n  an d  p u re  
sod ium  h y d ro x id e  so lu tion  of know n w eigh t an d  co m p o sitio n  were placed in a v a cu u m  desicca­
to r , and  th e  w ater a c tiv itie s  were de te rm in ed  in 2 p a ra lle l m easu rem en ts as desc rib ed  above. 
W hen a p u re  sodium  hy d ro x id e  so lu tion  w ith  th e  sam e  co n cen tra tio n  as th e  in it ia l  sod ium  
h y d ro x id e  co n cen tra tio n  of th e  a lu m in a te  so lu tion  w as used  as s ta n d a rd , e q u ilib riu m  was 
e stab lish ed  w ith in  a re la tiv e ly  sh o rt tim e (24 hours).

C om puter ev a luation  of th e  da ta

On th e  basis o f th e  least squ ares p rincip le, th e  p ro g ram m e  determ ines th e  c o effic ien ts , л;, 
o f  th e  h y p o th e tica l co rre la tio n  of th e  fo rm

a w  ~  *oY0 H- x \ Yj. +  *,Y2 -(- x 3Y  3 -}- x4Y 4 (5)

T he Y va lues are the  eq u ilib riu m  co n cen tra tio n s , c a lcu la te d  b y  th e  p rogram m e from  th e  tw o 
eq u ilib riu m  co n stan ts  (K ,, K 2) an d  th ree  in itia l c o n ce n tra tio n s  (A, B, D). N eg a tiv e  v a lu es 
a re  ex p ec ted  for x 2, x 3 and  x4. T he coefficients x  a re  o b ta in e d  as th e  so lu tio n  o f a  lin ea r 
e q u a tio n  system . F or n u m erica l reasons, th e  d e te rm in a n t  o f  th is  for th e  Y v a lu e s  occurring  
is f req u e n tly  zero. E x p ression  (5) is therefore  tra n s fo rm e d  from  the inso lvab le  reg ion  to  th e  
so lv ab le  one. The p ro g ram m e is also capable o f leav in g  th e  in d iv idua l eq u ilib riu m  c o n stan ts  
u n c h an g e d , and of calcu la tin g  v ia th e  v a ria tio n  of th e  o th e r  constan ts.
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