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HYDROXY-INTERLAYERS IN EXPANSIBLE LAYER SILICATES 
AND THEIR RELATION TO POTASSIUM FIXATION 

UTTAM K. SAHAt AND KATSUHIRO INOUE~ 
Faculty of Agriculture, Iwate University, 3-18-8 Ueda, Morioka 020, Japan 

Abstract--Hydroxyaluminosilicate (HAS) and hydroxyaluminum (HyA) ionic solutions having final A1 
concentrations ranging from 3.74 to 4.00 mM; NaOH/AI molar ratios of 1.0, 2.0 and 2.5; and Si/A1 molar 
ratios of 0.00, 0.27-0.30, 0.51-0.56 and 0.95-1.01 were prepared through the interaction of AIC13, or- 
thosilicic acid and NaOH solutions. When these solutions reacted with <2 p~m sized vermiculite (Vt) and 
montmorillonite (Mt), varying amounts of A1 and Si were fixed on Vt and Mt clays. Potassium fixation 
and exchange capacities of HyA/HAS (OH/A1 = 1.0, 2.0 and 2.5)-Vt and HyA/HAS (OH/AI = 2.0)-Mt 
complexes were compared with those of untreated Vt and Mt at added K levels ranging from 21 to 319 
cmol c kg ~. The untreated Vt clay showed K fixation as high as 94 cmolc kg ~, in contrast to only 16 
cmol~ kg ~ exchangeable K. The untreated Mt fixed a maximum of 9 cmol c K kg -1 out of a total K 
adsorption capacity of 67 creole kg-L In the HyA/HAS-Vt complexes, K fixation reduced drastically in 
comparison to untreated Vt, and ranged from 9 to 24 cmolc kg ~ out of their total K adsorption capacities 
of 61 to 81 cmol~ kg 1. In the HyA/HAS-Mt complexes, too, the amount of K fixed reduced to a great 
extent in comparison to Mt and ranged from 1.48 to 1.84 cmol c kg ~. Potassium became more exchange- 
able due to the presence of hydroxy-interlayers in the clays. The reduction in CEC and the well-known 
propping effects of hydroxy-cations' islands in the interlayers might have hindered K fixation by the 
complexes. The relationships of maximum K fixing capacities of the HyA/HAS-Vt complexes with the 
amounts of A1, Si and AI + Si fixed on Vt were all exponential and negative. However, the amount of 
AI + Si or only A1 fixed on Vt appeared to be the best indicator of K fixation capacities of hydroxy- 
interlayered Vt clay. 
Key Words---Hydroxyaluminum, Hydroxyaluminosilicate, Montmorillonite, Potassium Fixation, Vermic- 
ulite. 

I N T R O D U C T I O N  

Fixa t ion  of  cer ta in  ca t ions  in the in ter layer  pos i t ion  
of  ve rmicu l i t e  (Vt)  and  mon tmor i l l on i t e  (Mt)  clays is 
wel l  es tab l i shed  (Mackenz i e  1963; G r i m  1968). Out  of  
these  cat ions,  K is o f  the  greates t  in teres t  to mos t  ge- 
ologis ts  and  clay minera log i s t s  ( Inoue  1983). Numer -  
ous workers  have  s tudied  K fixation in soils and  clays 
and  have  exp la ined  that  K fixation takes place  by  an 
i r revers ib le  adsorp t ion  o f  K at ca t ion  exchange  sites 
fo l lowed  by  layer  col lapse  (Page et al. 1967; Saw hney  
1972). Ki t t r ick  (1966)  indica ted  that  ion f ixation in 
clay in ter layers  could  occur  w h e n  the  e lectrostat ic  at- 
t rac t ion  forces be twe en  the  nega t ive ly  charged  si l icate 
layers  and  the  pos i t ive ly  charged  in ter layer  ions  ex- 
ceed  the  in ter layer  expand ing  forces  resul t ing  f rom ion 
hydra t ion .  Thus ,  f ixat ion o f  large amount s  of  K (with 
low hydra t ion  energy)  by  Vt  clays (wi th  h ighly  
cha rged  te t rahedra l  sheets)  and  also by  vermicul i t ic  
soils has  been  f requent ly  o b s e r v e d  (Rich  and  Black  
1964; Page  et al. 1967; Inoue  1983). 

Pa r t i a l ly  i n t e r l a y e r e d  e x p a n s i b l e  p h y l l o s i l i c a t e s  
have  been  found  in m a n y  soils and  sed imen t s  ( Jackson 
1963; R ich  1968). Recen t  s tudies have  repor ted  the 
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p r e d o m i n a n c e  of  2:1 to 2:1:1 layer  si l icate in tergrades  
in some nona l lophan ic  Andi so l s  (Shoj i  et al. 1985, 
1987; Baut is ta-Tul in  and  Inoue  1997) and  also in Red-  
Yellow soils (Hapludaul fs  and  Hapludul t s )  inf luenced 
by  eol ian  dust  (Baut is ta-Tul in  and  Inoue  1997). Based  
on h igher  soluble  Si concen t ra t ions  (such  as 0 .04-1 .0 ,  
mM, as repor ted  by  F a r m e r  et al. 1979) than AI (such 
as 0 .02 -0 .2  mM, as repor ted  by  M a n l e y  et al. 1987) 
in solut ions  of  acid soils, Lou and  H u a n g  (1994)  in- 
d icated that  a substant ia l  por t ion  of  H y A  is bound  to 
react  wi th  monos i l ic ic  acid to fo rm HAS ions before  
en te r ing  the  inter layer  spaces  of  expans ib le  layer  sili- 
cates. Exper imen ta l  ev idences  have  also s h o w n  that,  
in addi t ion to H y A  ions, the in ter layer  mater ia ls  o f  
natural  chlor i t ized Vt  and  2:1 to 2:1:1 layer  si l icate 
in tergrades  are part ial ly c o m p o s e d  of  HAS ions.  Ma-  
tsue and  Wada  (1988)  repor ted  that,  in Dys t rocrep ts  
der ived  f rom Tert iary sediments ,  the in ter layer  mate-  
rials d isso lved  by  citrate t r ea tment  had  Si/A1 rat ios 
r ang ing  f rom 0.24 to 0.72, sugges t ing  a hydroxy-A1 
sheet  con ta in ing  some Si te t rahedra  as a poss ib le  mod-  
el of  the in ter layer  mater ia l s  in part ial ly in te r layered  
Vt. Recent ly ,  Baut i s ta -Tul in  and  Inoue  (1997)  ob- 
se rved  p r e d o m i n a n c e  o f  hydroxy- in te r l ayered  Vt  and  
M t  in 28 samples  of  Japanese  loess-der ived  soils f rom 
7 pedons  classif ied as Hapludalfs ,  Hapludul t s  or Me-  
lanudands .  Based  on  select ive  d isso lu t ion  analyses  of  
these soil clays,  they conc luded  that  the in ter layer  ma-  
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Table 1. The chemical composition and structural formula of vermiculite used in this study.~ 

557 

Chemical composition 
SiO2 A1203 Fe203 TiO2 MnO CaO 

Oven-dry basis (%) 
41.50 14.50 10.30 0.82 0.06 0.30 

Structural formula 
Ko.~sNao.~3Cao.02(Alo 09Fe054Mg212)(Siz.9oTio.o4Allo6)Olo.oo(OH)2.oo 

MgO K20 Na20 P205 LOI* Total 

20.42 3.90 3.90 0.07 4.24 99.51 

t Cited from Inoue and Satoh (1992). 
$ Loss on Ignition. 

terials were composed not only of HyA ions but also 
HAS ions with Si/A1 ratios ranging from 0.12 to 0.86. 

Because of widespread occurrence of hydroxy-in- 
terlayers and their significant effects on many physi- 
cochemicai and mineralogical properties of soils and 
clays, considerable efforts have been devoted to in- 
vestigate the nature of hydroxy-interlayers and the 
processes of their formation. The HyA and HAS ions 
fixed on the clays are nonexchangeable, occupy cation 
exchange sites (Inoue et al. 1988; Lou and Huang 
1988) and, as a consequence, cause a drastic reduction 
in permanent negative charge with a great increase in 
pH-dependent charge of both Vt and Mt (Inoue and 
Satoh 1992, 1993). The HyA/HAS-Vt complexes 
showed manifold higher phosphate adsorption abilities 
than untreated Vt, since hydroxy-materials residing in 
the interlayer spaces were actively involved in the ad- 
sorption processes (Saha and Inoue 1997). It has been 
reported that hydroxy-cations' islands in the interlayer 
spaces of clays could prevent K fixation through re- 
duction of effective cation exchange capacity (CEC) 
and by their propping effects (Rich and Black 1964). 
Consequently, in the presence of hydroxy-interlayers, 
an increase in K/Ca cation exchange selectivity of Vt 
and K-depleted biotite was observed (Kozak and 
Huang 1971). However, information on the relation- 
ship between the degree of HyA and HAS interlayer- 
ing in Vt and Mt clays and K fixing capacities of the 
resultant HyA/HAS-Vt/Mt complexes is not clear. This 
paper reports the evaluation of K fixation and ex- 
change capacities of hydroxy-interlayered Vt and Mt 
clays in relation to degree of interlayer filling with A1 
and Si. 

MATERIALS AND METHODS 

Preparation of the Hydroxyaluminum- and Hydroxy- 
aluminosilicate-Clay Complexes 

Orthosilicic acid was prepared from tetraethyl or- 
thosilicate (Farmer et al. 1979). The HyA and HAS 
ionic solutions having final A1 concentrations ranging 
from 3.74 to 4.00 rnM; NaOH/A1 molar ratios of 1.0, 
2.0 and 2.5; and Si/A1 molar ratios of 0.00, 0.27-0.30, 
0.51-0.56 and 0.95-1.01 were prepared through inter- 
action of orthosilicic acid with A1C13 and NaOH so- 
lutions. The solutions were aged for 7 d at 20 ~ The 

pHs of the solutions were recorded and clear filtrates 
were obtained by passing through a Toyo Roshi cel- 
lulose NO3 membrane filter (Toyo-Roshi Co., Tokyo) 
of 0.2 txm pore size to remove the solid particles of 
AI(OH) 3 or aluminosilicates formed. 

The <2  Ixm fractions of Vt and Mt clays were col- 
lected from Zonolite (obtained from near Libby, Mon- 
tana) and Hojun bentonite (Gunma, Japan), respec- 
tively, by repeated dispersion, sedimentation and si- 
phoning techniques. The collected clay samples were 
then successively treated with dithionite-citrate (Mehra 
and Jackson 1960), 2% Na2CO 3 (Jackson 1979) and 1 
M CH 3 COONa + 1 M NaC1 (pH 5, 4 times), made 
C1--free by being washed with 80% methanol and ac- 
etone, air-dried and finally ground gently in an agate 
mortar. The Vt used in this study is a trioctahedral 
mineral containing a significant amount of interstrati- 
fled biotite-vermiculite. The Mt clay contained a sig- 
nificant amount of cristobalite. The X-ray diffracto- 
grams (XRD) of these clays have been published else- 
where (Inoue and Satoh 1992, 1993). The chemical 
composition and structural formula of this Vt clay re- 
ported by Inoue and Satoh (1992) are given in Table 
1. The CECs of the Mt and Vt clays determined by 
the method of Wada and Okamura (1980) were 57 and 
95 cmolc kg -I, respectively, and showed negligible pH 
dependence (Inoue and Satoh 1992, 1993). 

Four grams of Na-saturated clay specimens (Vt or 
Mt) were reacted with 200 mL of HyA or HAS ionic 
solution for 30 rain repeatedly for 8 times. After every 
30-min reaction period, the suspensions were centri- 
fuged at 7500 x g for 10 rain and the supernatants 
collected for A1 and Si determinations. The resultant 
HyA/FIAS-Vt/Mt complexes were made C1--free by 
being washed with 80% methanol and acetone and 
then air-dried, gently ground and passed through a 60- 
mesh sieve. The A1 and Si contents of the initial HyA 
and HAS ionic solutions and of the supernatants were 
determined according to the methods reported by Dav- 
enport (1949) and Weaver et al. (1968), respectively. 
The amounts of A1 and Si fixed on the Mt/Vt were 
estimated as the difference between that present in the 
solution initially and that remaining in the solution af- 
ter reaction with the clays (Lou and Huang 1994). The 
preparation methods of the complexes used in the 
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Table 2. 
clays. 

Saha and Inoue Clays and Clay Minerals 

Chemical characteristics of the parent HyA and HAS ionic solutions and the hydroxy materials fixed on Vt and Mt 

Characteristics o f  H y A  and H A S  parent solutions Characteristics o f  the resultant complexes  

Si AI 
NaOH/AI  concentration concentration Si fixed AI fixed AI + Si fixed Si/AI 

ratio pH r am m M  Si/AI ratio mmol  g ~ mmol  g- J mmol  g J ratio 

HyA/HAS-Vt complexes 
1.0 4.25 0.00 3.93 0.00 0.000 0.900 0.900 0.00 

4.01 1.06 4.00 0.27 0.085 0.716 0.801 0.12 
3.94 2.00 3.94 0.51 0.135 0.689 0.824 0.20 
3.91 3.98 3.96 1.01 0.180 0.761 0.941 0.24 

2.0 4.64 0.00 3.89 0.00 0.000 0.932 0.932 0.00 
4.19 1.10 3.93 0.28 0.117 0.846 0.963 0.14 
4.02 2.17 3.94 0.55 0.220 0.927 1.147 0.24 
4.12 3.78 4.00 0.95 0.265 0.882 1.147 0.30 

2.5 5.01 0.00 3.94 0.00 0.000 0.999 0.999 0.00 
4.48 1.03 3.74 0.28 0.113 0.774 0.887 0.15 
4.32 2.13 3.81 0.56 0.207 0.716 0.923 0.29 
4.09 3.97 3.93 1.01 0.531 1.100 1.631 0.48 

HyA/HAS-Mt complexes 
2.0 4.48 0.00 3.85 0.00 0.000 1.130 1.130 0.00 

4.30 1.16 3.83 0.30 0.460 1.370 1.830 0.34 
4.03 1.99 3.82 0.52 0.530 1.350 1.880 0.39 
3.97 3.80 3.82 1.00 0.660 1.370 2.030 0.48 

Key: HyA = hydroxyaluminum, HAS = hydroxyaluminosilicate, Vt = vermiculite, Mt = montmorillonite. 

p resen t  s tudy have  been  pub l i shed  e l sewhere  in greater  
detai l  ( Inoue  and  Sa toh  1992, 1993). 

Po ta s s ium Fixa t ion  Studies  

Po tass ium fixat ion behav io r  o f  some selected H y A /  
H A S - V t  complexes  fo rmed  at N aO H / A I  rat ios of  1.0, 
2.0 and  2.5 and  o f  H y A / H A S - M t  complexes  fo rmed  
at a NaOH/A1 rat io of  2.0 were  eva lua ted  in compar-  
ison to un t rea ted  Vt  and  Mt,  respect ively.  The  me thod  
adopted  for  this  s tudy was  essent ia l ly  that  of  R ich  and  
O b e n s h a i n  (1955)  wi th  some  modif icat ions .  Po tass ium 
as KCI solut ion was added to 50 -mg  clay samples  at 
7 d i f ferent  targeted amoun t s  of  20, 40, 60, 100, 150, 
200 and  300  cmol  c kg-L For  this  purpose ,  1 m L  of  10, 
20, 30, 50, 75, 100 or 150 m M  KC1 solut ion was added 
and  mixed  wel l  wi th  a fine mixe r  and  kept  ove rn igh t  
for  equi l ibra t ion  wi th  occas ional  mixing.  A b l ank  sam- 
ple was  also p repared  by  add ing  300 creole kg ~ Na 
as NaCl  so lu t ion  and  equi l ibra ted  in the same way. 
The  spec imens  were  then dr ied for  24 h 3 t imes  in an 
oven  at 110 ~ wi th  i n t e rven ing  wett ings.  Wet t ing  was 
pe r fo rmed  by add ing  1 m L  de ionized  wate r  to the 
dr ied spec imens  fo l lowed by  mix ing  wel l  and  keep ing  
t hem unde r  wet  cond i t ion  for  6 h wi th  occas ional  mix-  
ing before  s tar t ing the next  d ry ing  cycle. Af te r  com-  
p le t ion  of  3 a l ternate  wet t ing  and  d ry ing  cycles  which  
ended  wi th  the  th i rd  drying,  the spec imens  were  
w a s h e d  once  wi th  6 m L  de ion ized  water  and  thr ice  
wi th  6 m L  80% (v/v)  me thano l  by  adopt ing  the cen-  
t r i fuge-decanta t ion  technique ,  and  the superna tants  
were  co l lec ted  (Extracts  A)  for  de te rmina t ion  of  K. 
La te r  on, 6 m L  of  1 M CH3COONH4 (pH 7) was added 

to the specimens ,  m ixed  well,  kep t  ove rn igh t  for  equil-  
ibra t ion wi th  occas ional  mix ing ,  cent r i fuged and  the 
superna tan ts  collected.  Wash ing  wi th  6 m L  of  1 M 
CH3COONH4 was repea ted  5 more  t imes,  omi t t ing  
only  overn igh t  equi l ibrat ion.  All  the CH3COONH4 ex- 
tracts were  also col lec ted  (Extracts  B) for  K determi-  
nation.  The  K contents  of  the extracts  A and  B were  
de t e rmined  by  a Pe rk in -E lmer  A tomic  Abso rp t ion  
Spec t ropho tomete r  3300. The  K conten ts  o f  the added 
KCI solut ions  were  also s tandard ized  by  a tomic  ab- 
sorpt ion spec t ropho tomet ry  ( A A S )  and  used for  cal- 
cula t ing the exact  amoun t  of  K added at the beg inn ing  
of  the f ixat ion exper iments .  

The  a m o u n t  o f  K recovered  in extract  A (KExt A) of  
the samples ,  inc luding  blank,  and  the amoun t s  o f  add-  
ed K (KAddeO) were  used to calcula te  the amoun t  o f  total  
K adsorbed  (KTota~ Ads) as  fol lows:  

KTotal  Ads ~ K n d d e d  + K ~ x t  A (blank) - -  KExt A (sample) [ 1 ]  
Later  on, us ing  the amoun t  of  K recovered  in extract  
B (KExt B), it was  poss ib le  to calcula te  exchangeab le  K 
(KE~) and  fixed K (KFi ~) as fol lows:  

KE:~ ---- K E x t  B (sample) - -  K E x t  B (blank) [2] 

K F i x  = K v o t a l A d s  - -  KEx [3] 
All ca tegor ies  of  K in the above  3 equat ions  were  con-  
s idered as cmolc kg-L 

R E S U L T S  A N D  D I S C U S S I O N  

H y d r o x y a l u m i n u m -  and  Hydroxya luminos i l i ca t e -Clay  
Complexes  

Table 2 shows the per t inen t  chemica l  character is t ics  
of  the H y A / H A S  parent  solut ions  and also of  the re- 
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sultant HyA/HAS-Vt/Mt complexes. The pHs of  the 
parent solutions were mostly within the range of 3.9 
to 5.0. The concentration of  A1 ranged from 3.74 to 
4.00 mM. The Si/A1 ratios varied from 0.00 to 1.01. 

The interactions of both Vt and Mt clays with HyA 
and HAS ionic solutions showed removal of A1 and 
Si from the solutions, suggesting fixation of HyA and 
HAS ionic species on the clays. The amount of A1 
fixed on Vt ranged from 0.76 to 0.90, 0.85 to 0.93 and 
from 0.72 to 1.10 mmol g-~ for the HyA and HAS 
ionic solutions with OH/AI ratios of 1.0, 2.0 and 2.5, 
respectively. The amount of A1 fixed on Mt was sub- 
stantially higher for the HAS ions than for the HyA 
ions. However, for the HAS-Mt complexes with dif- 
ferent Si/A1 ratios, the amounts of A1 fixation were 
almost identical. The amount of Si fixed on Vt and Mt 
increased with Si/A1 ratios of the interacting HyA and 
HAS ionic solutions. A higher OH/A1 ratio of the par- 
ent solutions also resulted in a higher amount of  Si 
fixed on Vt. The amount of Si fixed on Vt ranged from 
0.09 to 0.18, 0.12 to 0.27 and 0.11 to 0.53 mmol g-~ 
for the HAS ions with varying degrees of  silication 
formed at OH/A1 ratios of 1.0, 2.0 and 2.5, respec- 
tively. On Mt, the amount of Si fixed ranged from 0.46 
to 0.66 mmol g-~ for the parent solutions with Si/A1 
ratios ranging from 0.30 to 1.0. 

The Si/A1 ratios of the HAS ions fixed on Vt and 
Mt increased with Si/A1 ratios of the parent HAS ionic 
solutions. Increased OH/A1 ratios of the parent HAS 
solutions also increased Si/A1 ratios of  the HAS ions 
fixed on Vt. After reaction of HAS ionic solutions 
(OH/AI = 2.0) having Si/A1 ratios of 0.30, 0.52 and 
1.00, the Si/A1 ratios of the HAS ions fixed on Mt 
were 0.34, 0.39 and 0.48, respectively. 

Hydrolysis and polymerization reactions of  aqueous 
A1 in partially neutralized solutions and the resultant 
reaction products have been extensively studied 
(Bertsch and Parker 1996). Hsu (1989) proposed a po- 
lymerization scheme consisting of single [AI6(OH)126+] 
or double [Alj0(OH)228§ gibbsite-like rings at OH/AI 
ratio lower than 2. I. A further increase in OH/A1 ratio 
(2.2 to 2.7) transforms these cyclic derivatives in larg- 
er polymers through [AIt3(OH)309+-18H2 O] and 
[A124(OH)6o12+-24H20 ] to [A154(OH)In49+-36H20 ] with 
a reduced net positive charge per AI atom but with 
ionic charge remaining positive until OH/A1 = 3. A 
more recently proposed model of A1 polynucleation 
includes tridecameric Al~3 polynuclear species 
[A104A112(OH)24(H20 )127+] and larger condensed unit 
of  this basic structure, usually in combination with a 
minimum of other species, such as dimer [A12(OH)24§ 
and/or trimer [A13(OH)45§ (Bottero et al. 1980; Akitt 
and Farthing 1981; Bertsch et al. 1986). Parker and 
Bertsch (1992) proposed a conceptual model wherein 
the sum of polynuclear forms of  A1 are a simple linear 
function of OH/A1 ratio up to a maximum of 2.46 with 
a consequent decrease in monomeric A1 fraction. 

Wada and Wada (1980) also reported that, during the 
formation of HyA and HAS ions, incorporation of A1 
into polymer ions is a simple linear function of OH/ 
A1 ratio of the solution and the proportions of poly- 
meric A1 were around 40, 75 and 90% for the OH/A1 
ratios of 1.0, 2.0 and 2.5, respectively. 

Thus, it might be assumed that, for the HyA-Vt/Mt 
complexes formed at a higher OH/A1 ratio, larger sized 
HyA polymers were adsorbed on Vt. Aluminum poly- 
mers formed from hexameric ring structure 
[A16(OH)126+] might dominate over Al13 in the Vt and 
Mt interlayers, because the former has been reported 
to be preferentially adsorbed over the latter in the clay 
interlayers (Hsu 1992). Hsu (1992) suggested that 
some of the Al~3 polymers might be depolymerized to 
monomeric A1 in presence of clay. The monomeric A1, 
in turn, entered the clay interlayer and polymerized in 
situ. Evidence from 27A1 nuclear magnetic resonance 
(NMR) spectroscopic examination of HAS solutions 
suggests that concentration of All3 decreased rapidly 
with increasing Si/A1 molar ratio and became nonde- 
tectable with Si/A1 --> 0.28. There was also a signifi- 
cant increase in the proportion of  A1NoN (nonsymmetric 
Al) that includes both HyA and HAS polymers which 
are electrically asymmetric (S. Hiradate, personal 
communication, 1997). Table 2 indicates that substan- 
tial amounts of A1 and Si were removed from the HAS 
solutions during interaction with Vt and Mt. Lou and 
Huang (1988) observed that adsorption of orthosilicic 
acid on the 2:1 expansible clays did not occur at pH 
< 7. The present results therefore show that fixation 
of Si on Vt and Mt occurred in the form of HAS ions. 
Lou and Huang (1994) reported that HAS ions ad- 
sorbed in the interlayer spaces of Mt from HAS parent 
solutions of varying A1 and Si concentrations had a 
similar Si/A1 ratio of 0.485 + 0.009, which is consis- 
tent with the theoretical Si/A1 molar ratio of proto- 
imogolite (0.5) that possesses a positive charge under 
acidic conditions (Farmer 1981). The soluble proto- 
imogolite was also termed as HAS ions by Wada and 
Wada (1980). In our case, the hydroxy-materials ad- 
sorbed on Vt and Mt in some of the HAS-Vt and HAS- 
Mt complexes show Si/Al ratios (calculated from the 
amounts of A1 and Si fixed) substantially less than 0.5. 
In such cases, the interlayer materials may comprise 
both HyA and HAS ions, the latter having a proto- 
imogolite structure with Si/A1 molar ratio around 0.5. 
A higher Si/A1 molar ratio (but <0.5) of  the fixed hy- 
droxy-materials indicates the occurrence of HAS ions 
in a greater proportion. The Si/A1 ratios of the hy- 
droxy-materials fixed on Vt and Mt were close to 0.5 
in some cases where almost all of  the interlayer ma- 
terials might be HAS ions having a protoimogolite- 
like structure. 

The charge characteristics of these HyA/HAS-Vt/Mt 
complexes have been extensively studied by Inoue and 
Satoh (1992, 1993). Their findings reveal that hy- 
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Figure 1. Potassium fixation patterns of different HyA/ 
HAS-Vt complexes and untreated Vt in relation to added K. 

droxy-interlayering in both Vt and Mt caused a great 
reduction in effective CEC with a significant increase 
in pH-dependent negative charge. 

Fixation of K as Related to Added K 

Potassium fixation behavior of HyA/HAS-Vt/Mt 
complexes was evaluated in relation to added K at 
different amounts ranging from 21.2 to 318.7 cmolc 
kg -I. The plots of K fixation versus added K for the 
HyA/HAS-Vt  and HyA/HAS-Mt complexes and also 
that for Vt and Mt (control) are shown in Figures 1 
and 2, respectively. 

Vermiculite (control) clay showed quite a high K 
fixation capacity (Figure 1). Fixation of  K by Vt in- 
creased progressively with added K until 150 cmol~ 
kg 1, when its fixation capacity was more or less sat- 
isfied. Abrupt changes in K fixation patterns were ex- 
perienced with the HyA/HAS-Vt complexes. In the 
complexes, a drastic reduction in K fixation in com- 
parison to Vt was clearly delineated. Fixation of K 
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Figure 2. Potassium fixation patterns of different HyA/ 
HAS-Mt complexes and untreated Mt in relation to added K. 

reached the saturation point just after addition of about 
60 cmolc K kg -1 in most cases, although in some of 
the complexes, when more than 60 cmolc K kg -~ was 
added, only a slight further increase in K fixation was 
noticed. Vermiculite sample showed a maximum K 
fixation of 94.4 cmolc kg -1. On the contrary, the max- 
imum K fixation capacities of  different HyA/HAS-Vt 
complexes ranged from 9.2 to 23.9 cmol c kg -~ only. 
Thus, the findings clearly indicated that the presence 
of HyA or HAS islands in the interlayer spaces of Vt 
had a strong inhibitory effect on fixation of K. 

The Mt fixed a much lower amount of K in com- 
parison to Vt. The maximum K fixation capacity as 
shown by Mt was only 8.6 cmolc kg -~. In the HyA/ 
HAS-Mt complexes, the amounts of K fixed were very 
low and ranged from 1.48 to 1.84 cmol c kg -I. 

It has been established that at least 3 factors are 
important for fixation of  cations within the ditrigonal 
cavities of  highly charged 2:1 clay minerals (Barnhisel 
and Bertsch 1989). These factors are 1) low hydration 
energy of the cation, 2) appropriate size of the cation 
and 3) sufficient tetrahedral charge on the layer sili- 
cates. The orientation of OH, substitution of OH by F 
and stacking nature of adjacent silicate layers may also 
affect cation fixing properties of  the clays. The K ion, 
due to its appropriate size, fits well in the ditrigonal 
cavities of basal oxygen planes of the adjacent silicate 
layers (Page and Baver 1940; Barshad 1948, 1950; 
Stanford 1948; Wear and White 1951) and, due to its 
low hydration energy, prevents interlayer expansion 
(Kittrick 1966; Shainberg and Kemper 1966) and thus 
could be fixed easily by highly charged 2:1 clays. The 
Vt had a higher density of  negative charge per unit 
cell than the Mt. The predominant source of  negative 
charge in the Vt is in the tetrahedral position, while 
that in the Mt is in the octahedral position. Wear and 
White (1951) reported that the distance from the center 
of the K ion to the source of the deep-seated octahe- 
dral charge is twice as great as that implied for the K 
ion and the source of the deep-seated tetrahedral 
charge. Since the electrostatic valence rule is satisfied 
over a shorter distance in case of a K ion in the inter- 
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Table 3. Distribution of K at exchangeable and fixation sites of HyA/HAS-Vt complexes at low and high rates of K addition. 

K adsorbed (cmol, kg-~)* 

K added Nonexchangeable Exchangeable 
Sampler Si/A] ratio (cmol c kg l) K K Total 

Vt (Control) - -  42.7 39.6 (93) 3.0 (7) 42.6 (100) 
218.7 93.9 (84) 17.4 (16) 111.3 (100) 

OH/A1 = 1.0 
HyA-Vt 0.00 42.5 13.7 (44) 17.1 (56) 30.8 (100) 

218.2 20.7 (34) 40.6 (66) 61.3 (100) 
HAS-Vt 0.12 42.5 18.9 (54) 16.1 (46) 35.0 (100) 

217.3 23.8 (36) 41.5 (64) 65.3 (100) 
HAS-Vt 0.20 42.0 14.7 (45) 17.8 (55) 32.5 (100) 

215.6 21.7 (34) 42.1 (66) 63.8 (100) 
HAS-Vt 0.24 42.2 12.4 (39) 19.1 (61) 31.5 (100) 

216.2 19.5 (29) 47.6 (71) 67.1 (100) 
OH/A1 = 2.0 

HyA-Vt 0.00 42.0 12.6 (43) 16.8 (57) 29.4 (100) 
216.9 19.3 (28) 50.8 (72) 70.1 (100) 

HAS-Vt 0.14 42.1 12.5 (41) 18.3 (59) 30.8 (100) 
215.3 16.3 (23) 54.7 (77) 71.0 (100) 

HAS-Vt 0.24 42.4 9.8 (31) 21.3 (69) 31.1 (100) 
216.3 12.3 (17) 60.5 (83) 72.8 (100) 

HAS-Vt 0.30 42.4 11.2 (36) 19.9 (64) 31.1 (100) 
216.2 15.1 (20) 60.4 (80) 75.5 (100) 

OH/AI = 2.5 
HyA-Vt 0.00 42.4 9.8 (32) 20.9 (68) 30.7 (100) 

218.8 17.0 (22) 61.6 (78) 78.6 (100) 
HAS-Vt 0.15 42.4 13.7 (47) 15.7 (53) 29.4 (100) 

218.2 22.2 (29) 53.6 (71) 75.8 (100) 
HAS-Vt 0.29 42.3 11.1 (32) 23.4 (68) 34.5 (100) 

219.0 18.4 (23) 62.9 (77) 81.3 (100) 
HAS-Vt 0.48 42.2 7.2 (20) 28.5 (80) 35.7 (100) 

218.3 9.2 (12) 68.0 (88) 77.2 (100) 

t HyA = hydroxyaluminum, HAS = hydroxyaluminosilicate, Vt = vermiculite. 
:~ Figures in the parentheses indicate percentage of total K adsorbed. 

layer  pos i t ion  of  Vt,  so the  a t t ract ive  force be tween  
the in ter layer  K ion and  the ad jacent  sil icate layers  
migh t  be  m u c h  s t ronger  in the  case  o f  Vt  than  M t  
(Wear  and  Whi t e  1951). Hence ,  a subs tant ia l ly  h igher  
K f ixing capaci ty  o f  Vt  in  compar i son  to that  o f  M t  
m i g h t  have  been  observed .  The  prev ious  studies con-  
ce rned  wi th  charge  charac ter is t ics  of  these  H y A / H A S -  
V t / M t  complexes  revea led  that  the p resence  of  inter- 
l ayered  hydroxy-mate r i a l s  caused  a s ignif icant  reduc-  
t ion  o f  ef fec t ive  C E C  ( Inoue  and  Sa toh  1992, 1993). 
In the  p resen t  study, s ignif icant  inh ib i t ion  of  K fixation 
by  the  complexes  migh t  be  a t t r ibuted to reduct ion  of  
e f fec t ive  CEC,  p resence  o f  exchangeab l e  AI (Rich  and  
Lutz  1965; Somas i r i  and  H u a n g  1974; N a g a s a w a  et al. 
1974) and  p ropped -o pen  effects  o f  the  hydroxy-ca t ion  
is lands  in inter layers ,  w h i c h  inhibi t  layer  col lapse  
about  K ions (Rich  1960; R ich  and  Black  1964; Rich  
1968). 

Dis t r ibu t ion  of  E x c h a n g e a b l e  K and  F ixed  K 

Dis t r ibu t ion  of  K at exchangeab le  and  f ixation sites 
wi th  added K levels  a round  40  ( low) and  200 (high)  
cmolc kg  1 for  V t  and  M t  cont ro l  samples  and  for  dif- 

ferent  H y A / H A S - V t  and  H y A / H A S - M t  complexes  are 
s h o w n  in Tables  3 and  4, respect ively.  

In the case  of  Vt, the amoun t s  of  total  K adsorbed  
were  43 and  111 cmolc kg -~ for  low and  h igh  amoun t s  
o f  K addi t ion,  respect ively,  and  a vas t  major i ty  o f  the 
total  adsorp t ion  took  place  at the f ixat ion si tes at  bo th  
levels  of  added  K (93 and  84%, respect ively) .  The  
total  amoun t s  of  K adsorbed  by  di f ferent  H y A / H A S -  
V t  complexes  were  no t i ceab ly  lower  than  Vt  at bo th  
low (29 to 36 cmolc kg  -~) and  h igh  (61 to 81 creole 
kg  -1) amoun t s  of  K addit ion.  This  was  due to the i r  
lower  CEC than  that  of  Vt  ( Inoue  and  Sa toh  1992). 
However ,  it is r emarkab le  that  a substant ia l  por t ion  o f  
total  K adsorbed  by  the  complexes  occur red  at  the ex- 
changeab le  sites at bo th  low (46 to 80%)  and  h igh  (64 
to 88%)  levels  of  added K (Table 3). The  data  a lso 
show that  as the amoun t s  o f  K addi t ion increased,  the  
p ropor t ion  of  total  K adsorbed  at the  f ixat ion si tes 
gradual ly  decreased  and  that  of  total  K adsorbed  at the  
exchangeab le  sites increased  (data for  all the amoun t s  
o f  K addi t ion  are not  shown) .  This  t rend was true for  
Vt  and  for  d i f ferent  H y A / H A S - V t  complexes ,  as well.  
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Table 4. Distribution of K at exchangeable and fixation sites of HyA/HAS-Mt complexes at low and high rates of K addition. 

K adsorbed (cmol c kg ~)~: 

K added Nonexchangeable Exchangeable 
Sampler  Si/AI ratio (cmot~ kg t) K K Total 

Mt (Control) 42.5 6.0 (24) 19.0 (76) 25.0 (100) 
220.1 8.2 (13) 57.4 (87) 65.6 (100) 

HyA-Mt 0.00 42.8 0.1 (1) 20.6 (99) 20.7 (100) 
218.5 0.9 (2) 51.2 (98) 52.1 (100) 

HAS-Mt 0.34 42.1 1.1 (5) 23.6 (95) 24.7 (100) 
216.2 1.7 (3) 54.6 (97) 56.3 (100) 

HAS-Mt 0.39 42.2 1.1 (4) 26.2 (96) 27.3 (100) 
216.2 1.7 (3) 48.4 (97) 50.1 (100) 

HAS-Mt 0.48 42.7 1.1 (4) 26.5 (96) 27.6 (100) 
219.6 1.7 (3) 49.2 (97) 50.9 (100) 

t HyA = hydroxyaluminum, HAS = hydroxyaluminosilicate, Mt = montmorillonite. 
$ Figures in the parentheses indicate percentage of total K adsorbed. 

The amounts of total K adsorbed by Mt were 25 
cmolc kg t at low and 66 cmolc kg -1 at high amounts 
of  added K. At low and high amounts of K addition, 
the proportions of total K adsorbed at the fixation sites 
were 24 and 76%, and, at the exchangeable sites, 13 
and 87%. Like the HyA/HAS-Vt complexes, the total 
amounts of K adsorbed by the HyA/HAS-Mt com- 
plexes were also lower than Mt for the same reason 
(Inoue and Satoh 1993). The amount of K adsorbed at 
the exchangeable sites was always more than 95% for 
different HyA/HAS-Mt complexes at both low and 
high amounts of K addition. Consequently, K fixation 
never exceeded 5% of total K adsorption (Table 4). 

The exchangeable nature of a larger proportion (64 
to 88%) of total K adsorbed by the HyA/HAS-Vt com- 
plexes as observed in the present study might be ex- 
plained by the fact that complexation of Vt with HyA/ 
HAS ions caused a significant reduction of permanent 
negative charge and a substantial increase in pH-de- 
pendent negative charge (Inoue and Satoh 1992) and 
made the interlayer spaces propped open. The K ad- 
sorbed at the pH dependent charge sites might be fairly 
exchangeable. In addition, the hydroxy-cations' is- 
lands in the interlayers, through their propping effects, 
favor K exchange involving permanent charge sites 
(Kozak and Huang 1971), which could otherwise be 
involved in K fixation. Rich and Black (1964) ob- 
served that only 2.8 cmolc kg -1 of K could be dis- 
placed from Ca-K-saturated Libby vermiculite by 
CH3COONH4 extraction, the remainder being fixed be- 
tween the collapsed interlayers. In contrast, after syn- 
thesis of  AI interlayers in that vermiculite, 23.2 cmol c 
kg ~ of K were exchanged by CH3COONH4, suggest- 
ing that K fixation was nearly eliminated by the A1 
interlayer formation (Rich and Black 1964). 

Relationship of  K Fixation with Si/AI Ratio of the 
Interlayered Hydroxy-Materials 

Potassium fixing capacities of the HyA/HAS-Vt 
complexes did not follow any definite trend with the 

Si/A1 ratio of their interlayer hydroxy-materials. At 
OH/A1 ratio of 1.0, K fixing capacities of the com- 
plexes were in the order of HAS (Si/A1 = 0.12)-Vt > 
HAS (Si/A1 = 0.20)-Vt -> HyA (Si/A1 = 0.00)-Vt -> 
HAS (Si/AI = 0.24)-Vt. Potassium fixing capacities 
followed the trend of HyA (Si/A1 = 0.00)-Vt > HAS 
(Si/A1 = 0.14)-Vt > HAS (Si/AI = 0.30)-Vt ->HAS 
(Si/A1 = 0.24)-Vt for the complexes carrying interlay- 
er hydroxy-materials with OH/A1 = 2.0. At OH/A1 ra- 
tio of 2.5, the HAS (Si/A1 = 0.15)-Vt complex showed 
the highest K fixing ability, which was followed by 
HAS (Si/Al = 0.29)-Vt, HyA (Si/A1 -- 0.00)-Vt and 
HAS (Si/A1 = 0.48)-Vt complexes, respectively. 

Like HyA/HAS-Vt complexes, K fixing capacities 
of the HyA/HAS-Mt complexes also did not follow 
any definite trend with the Si/A1 ratio of  their inter- 
layer hydroxy-materials. In addition, K fixing capaci- 
ties of the HyA/H S-Mt complexes were low and var- 
ied within a narrow range of  1.48 to 1.84 cmolc kg -1. 

Altered K fixation patterns of the HyA/HAS-Vt/Mt 
complexes relative to untreated Vt and Mt have been 
observed, probably due to irreversible occupancy of 
the cation exchange sites by the HyA and HAS ions 
and their propping effects in the Vt and Mt interlayers. 
A higher positive charge of  the interlayer hydroxy- 
materials inactivates CEC of Vt and Mt in a greater 
magnitude which could, otherwise, be involved in K 
fixation and/or exchange reactions. In case of  larger 
amounts of A1 and Si fixation, the size of  the individ- 
ual unit of interlayer hydroxy-material increases with 
a concomitant decrease in the average positive charge 
per Al atom. Still, the total positive charge of  the in- 
terlayer hydroxy-materials and, hence, the magnitude 
of CEC inactivation is higher when larger amounts of 
A1 and Si are fixed in the interlayers. Again, when 
larger amounts of A1 and Si are fixed in the clay in- 
terlayers, the propping action which also hinders K 
fixation by inhibiting layer collapse could be increased 
due to increased number and/or enlarged size of the 
props. Thus, the major factor controlling the K fixing 
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Figure 3. Relationships of maximum K fixing capacities of HyA/HAS-Vt complexes with the amounts of A1 and/or Si 
residing as HyA/HAS islands in the interlayer spaces of Vt. 

capacities of the HyA/HAS-Vt/Mt complexes might be 
the total amounts of A1 and Si rather than Si/A1 ratio 
of the interlayer hydroxy-materials, since the former 
one determines both propping action and CEC inacti- 
vation ability of the interlayered hydroxy-materials. As 
a result, it was hardly possible to establish any definite 
relationship between K fixation and Si/A1 ratios of the 
hydroxy-materials fixed on Vt and Mt, even though 
the HyA/HAS-Vt/Mt complexes had very wide Si/A1 
ratios ranging from 0.00 to 0.48. 

Relationship of K Fixation with Degree of 
Interlayering in Vermiculite 

The observation of a distinct reduction in K fixation 
capacities of the HyA/HAS-Vt complexes caused by 
reduction in effective CEC and propping effect of 
HyA and HAS cations residing in the interlayer posi- 
tions gave the cause to investigate the relationships (if 
any) between the K fixing capacities of clays (includ- 
ing Vt and HyA/HAS-Vt complexes) and the amounts 

of A1 and Si fixed on Vt clay during interaction with 
HyA/HAS ions. The plots of maximum observed K 
fixation versus the amounts of A1, Si and A1 + Si fixed 
on Vt are shown in Figure 3. All the plots show that 
as the amounts of A1 and Si fixation increased, the K 
fixing capacities of the complexes decreased. Hence, 
very clear negative relationships exist between K fix- 
ing capacities of the complexes and the amounts of 
A1, Si or A1 + Si taken up by Vt clay during complex 
formation. A higher adsorption of HyA or HAS poly- 
mers could logically cause a greater reduction in K 
fixing capacity of Vt clay. When the HyA or HAS 
polymers are more abundant in the interlayer spaces, 
the propping effects retarding layer collapse and fa- 
voring K exchange could be increased (Kozak and 
Huang 1971). 

These relationships could be best described by the 
exponential equations shown in Figure 3. The values 
of the coefficient of determination (R 2) for all the 
equations are significant at the 99% confidence inter- 
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val. However ,  cons ider ing  the R 2 values,  the  equa t ions  
der ived  for  the plots  o f  K fixed versus  the amount s  of  
A1 + Si, A1 and  Si fixed on  V t  cou ld  represen t  96, 90 
and  62%,  respec t ive ly  of  the var ia t ion  in the K fixing 
capaci t ies  ex is t ing  therein.  It  m a y  be  no ted  that  all the 
3 equa t ions  have  the genera l  form:  

y = a e bx [4] 

where  y is the m a x i m u m  K fixing capaci ty  (cmolc 
kg-~), x is the a m o u n t  o f  Al, Si or Al  + Si fixed on  
Vt  (cmol  kg  i) and  a and  b are the constants .  

Taking loga r i thm on bo th  sides of  Equa t ion  [4], the 
fo l lowing  re la t ionsh ip  can  be  obta ined:  

log y = log a - (b log e) x [5] 

Equa t ion  [5] indica tes  that  a plot  of  log y versus  x is 
a s t ra ight  l ine  w h o s e  in tercept  is g iven  by log a and  
s lope by  - b  log e. This  re la t ionship  could  be  more  
useful  for  eas ier  e s t imat ion  of  the pa ramete r s  a and  b 
for  predict ion purposes.  Such plots us ing the amount  of  
Al, Si, or  A1 + Si fixed on  Vt  are s h o w n  in F igure  4. 

Aga in  for  the control  Vt  sample  (when  x = 0), 
Equa t ion  [4] becomes  Yo = a, hence  the ex tent  o f  re- 
duct ion  in K fixation (Y0 - Y) as a consequence  o f  
hydroxy- in te r l ayer ing  can  be  wr i t ten  as: 

Y0 - Y = a - a e  -b~ [6] 

A different ia l  of  (Y0 - Y) wi th  respect  to x can  be  used  
for  the es t imat ion  of  the rate of  reduc t ion  in K fixing 
capaci t ies  of  the complexes  per  uni t  amoun t  o f  AI, Si 
or  A1 + Si fixed on  Vt. This  can  be  g iven  by: 

d(y0 - y) /dx  = a b e  bx [7] 

The  plots  o f  the  rates  of  reduc t ion  in K f ixat ion 
capaci t ies  es t imated  f rom the  3 equa t ions  g iven  in Fig- 
ure  3 versus  the  co r re spond ing  o b s e r v e d  rates  are pre-  
sen ted  in F igure  5. The  es t imated  and  o b s e r v e d  rates  
of  reduc t ion  in K fixation show very  h igh  corre la t ion  
(r = 0 .998 and  0.992)  w h e n  the  es t imat ion  was per- 
fo rmed  us ing  the amount s  of  A1 or A1 + Si fixed on  
Vt  as i ndependen t  variable.  This  corre la t ion  was  re- 
markab ly  weaker  (r = 0 .687)  w h e n  the rates  of  reduc-  
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P R A C T I C A L  I M P L I C A T I O N S  

Hydroxy- in te r l aye red  vermicul i tes  and  mon tmor i l -  
loni tes  are impor tan t  c o m p o n e n t s  o f  soil col lo idal  
complexes  in some  nona l lophan ic  Andi so l s  (Shoj i  et  
al. 1985, 1987; Baut i s ta -Tul in  and  Inoue  1997) and  in 
Red-Yel low soils (Hapludul t s  and  Hapludal fs )  influ- 
enced  by  eol ian  dust  (Baut is ta-Tul in  and  Inoue  1997) 
where  these  clays could  play a s ignif icant  role in reg- 
u la t ing  dynamics  and  hence  avai labi l i t ies  o f  cat ionic  
and  anionic  plant  nutr ients .  Resul ts  of  K fixation and  
exchange  behav io r  of  these  clays accompl i shed  in the 
present  s tudy migh t  be  o f  cons iderab le  s ignif icance in 
bet ter  unde r s t and ing  the K dynamics  in  soils wi th  a 
p r edominance  of  2:1 to 2:1:1 layer  si l icate intergrades.  
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O b s e r v e d  d(Yo- y)/dx (cmolJcmol) 

Figure 5. Relationships of the rates of reduction in maxi- 
mum K fixation estimated using the amounts of AI and/or Si 
residing as HyA/HAS islands in the interlayer spaces of Vt 
as independent variables with the observed rates. 

t ion in K fixing capaci t ies  were  es t imated  based  on  the 
amoun t s  of  Si fixed Vt. Thus ,  the results  indicate  that  
depos i t ion  o f  bo th  AI and  Si as H y A  and  H A S  cat ions  
in  the in ter layer  o f  Vt  led to the  reduc t ion  in m a x i m u m  
K fixing capaci t ies  in H y A / H A S - V t  complexes .  How-  
ever, the a m o u n t  of  A1 res id ing  in the Vt  inter layers  
a lone  also appears  to b e  a useful  i ndependen t  var iable  
for  p red ic t ing  K fixing capaci t ies  o f  the  hydroxy- in -  
te r layered  Vt. Th i s  is p robab ly  due to the fact  that  A1 
represents  the  ma jo r  in ter layer  c o m p o n e n t  in mos t  of  
the H y A / H A S - V t  complexes .  

C O N C L U S I O N S  

This  s tudy demons t r a t e s  that  hydroxy- in te r layers  in 
2"1 expans ib le  clays exer t  a dis t inct  inh ib i to ry  effect  
on K f ixat ion but  a f avorab le  effect  on K exchange ,  
resu l t ing  in a drast ic  reduc t ion  of  K fixing capaci t ies  
of  bo th  Vt  and  Mt  clays.  The  re la t ionships  o f  maxi-  
m u m  K fixing capaci t ies  o f  the  H y A / H A S - V t  com-  
p lexes  wi th  the amoun t s  o f  AI, Si and  AI + Si res id ing  
as H y A / H A S  ions in the Vt  inter layers  were  all ex-  
ponen t ia l  and  negat ive .  However ,  the amoun t s  of  A1 
or  A1 + Si res id ing  in the Vt  in ter layers  show great  
p romise  in predic t ing  the K fixing abil i t ies  of  hydroxy-  
in te r layered  Vt  clays. 
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