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INTERACTIONS OF POLYCATIONS OF ALUMINUM 
AND IRON WITH CLAYS 

J. M. OADES 
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Abstract--Polycations of limited molecular size were prepared from 0.1 M solutions of Fe(III)(NO3)3 and 
Al(NO3)3 by ultrafiltration. Various amounts of the polycations were added to Na-kaolinite, Na-mont- 
morillonite, and a Na-soil clay and the effect on the flocculation of the clay and electrophoretic mobility 
compared. Flocculation occurred just before zero net charge was obtained. Addition of further polycation 
resulted in the dispersion of clay with a net positive charge. The A1 polycations possessed a high positive 
charge (0.49 per gram atom of Al), and their interaction with the clays indicated a planar shape. Adsorption 
of AI polycations decreased markedly the cation-exchange capacities of the kaolinite and the soil clay but 
had little effect on surface areas determined by low-temperature N2 adsorption. The Fe polycations were 
spheres 10-100 A in diameter with a positive charge of 0.2 per gram atom. The surface areas of the 
kaolinite and the soil clay were substantially increased by the addition of the Fe polycations but their 
cation-exchange capacities were reduced by one fifth. A1 polycations increased the surface areas of the 
montmorillonite (to 300 m 2) presumably by propping open the interlamellar spaces and rendering the a- 
b planes accessible for nitrogen adsorption. The A1 polycations in intedamellar spaces prevented collapse 
to 14 A on heating to 150~ There was no evidence of regular interlayer Fe as might be anticipated from 
the size of the spheres. 
Key Words--Aluminum, Electrophoresis, Intercalation, Iron, Kaolinite, Montmorillonite, Polycations, 
Surface charge. 

INTRODUCTION 

Studies of the interaction of a luminum and iron hy- 
droxides and oxyhydroxides with clays have shown 
that when several percent of oxide is added to the clay, 
the surface properties of the clay are dominated by the 
oxides. The interactions, however, are always complex 
because of the tendency of A1 and Fe species to hy- 
drolyze, polymerize, and eventually precipitate in the 
presence of the clays unless low pH is maintained. The 
amount  of polycation required to produce charge re- 
versal is small. The purpose of the present paper is to 
describe the manipulation of positive charges On clays 
by polycations of limited molecular size in order to 
study the influence of net charge on the physical prop- 
erties of the colloids. 

POLYCATIONS OF Fe(III) AND AI 

The hydrolysis of Fe(III) is a complex process, and 
the sequence of events which leads to the precipitation 
of a recognizable mineral is sensitive to minor  changes 
in Fe(III) and ionic concentration, temperature, the 
nature of anions present, time, pH, and how the pH is 
changed (Sylva, 1972; Baes and Mesmer, 1976). In the 
absence of anions which complex Fe(III), polynuclear 
complexes are produced which possess positive charges 
countered by the anion present, e.g., nitrate (Dousma 
and de Bruyn, 1976; Murphy et al., 1976a; Rengasamy 
and Oades, 1977a). 

Earlier workers proposed formulae for the polycat- 
ions that suggested discrete molecular species. Dousma 

and de Bruyn (1976) classified the polymers as large 
or small and proposed that the larger polymers con- 
tained Fe-O-Fe  linkages which rendered them more 
acid-stable than smaller polymers which were pro- 
duced at lower pH at the same Fe(III) concentration. 
Gel filtration and ultrafiltration have shown that the 
products of hydrolysis of ferric nitrate solutions may 
be polydispersed (Murphy et aL, 1975; Rengasamy and 
Oades, 1977a). Electron microscopy has also indicated 
that the polycations are spherical and range from 10 
to 100/~ in diameter. Depending on conditions, the 
hydrolysis products may age to ferrihydrite, goethite, 
hematite, and even lepidocrocite or to mixtures of these 
minerals (Schwertmann and Taylor, 1977). 

There is convincing evidence that mononuclear A1 
species exist in dilute solution (Baes and Mesmer, 1976; 
Bottero et al., 1980). A range of polymeric A1 species 
has been proposed, but rather than a complete poly- 
dispersed system it appears that smaller polymers with 
less than about 15 A1 atoms may exist up to an OH/ 
A1 ratio of about 2, depending on electrolyte concen- 
tration. At higher OH/A1 ratios the polymers rapidly 
condense to produce a precipitate which ages quickly 
to gibbsite (Rengasamy and Oades, 1978; Stol et aL, 
1976). 

For the present study of the sorption of polycations 
on clay surfaces polycations with molecular weights, 
based on filtration techniques, from about 10,000 to 
100,000 were used (Rengasamy and Oades, 1977b, 
1978; Kavanagh and Quirk, 1978). 
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METHODS 

Preparation of Fe(III) polycations 
It was difficult to obtain polycations with the same 

molecular weight distributions from different volumes 
of Fe(NO3)3 because the volume used influenced the 
time taken for various procedures. Because the system 
does not reach equilibrium, it was necessary to sample 
at definite times after the addition of NaOH in a stan- 
dard manner. The reIaxation of pH as described by 
Dousma and de Bruyn (1976) was observed, but the 
pH became almost constant 2 days after addition of 
NaOH. 

The procedure adopted for the production of poly- 
cations involved storage for 2 to 4 days at 20~ after 
the base had been added and before ultrafiltration. To 
100 cm 3 of 0.1 M Fe(NO3)3 (BDH Analar), 1.0 M NaOH 
was added using an automatic burette and stirrer as- 
sembly associated with a Titrigraph pH meter. The 
time taken to achieve the final pH desired ranged from 
15 min  (pH 1.7) to 2 hr (pH 2.2). Any precipitate 
formed was allowed to dissolve before further NaOH 
was added. Solutions were stirred for 1 hr and remained 
at 20~ for 2 to 4 days before ultrafiltration. 

Larger volumes (500 cm 3) of 0.1 M Fe(NO3)3 were 
treated similarly, using a 100-cm 3 beaker and vigorous 
mechanical stirring. Four days after the addition of the 
NaOH the sample (500 cm 3) was placed on an Amicon 
filter XM50 and washed through until  the eluant was 
free from iron. The filtrate and washings were filtered 
on a PM 10 filter to obtain the fraction 10,000 to 50,000 
nominal  molecular weight. 

Preparation of Al polycations 
One molar NaOH was added to 0.1 M AI(NO3)3 as 

described for the Fe system. The pH values obtained 
ranged from 3.4 to 5.8. The procedure adopted for the 
preparation of A1 polycations with nominal  molecular 
weights 10,000 to 100,000 was to add 134 cm 3 of 1 M 
NaOH to 500 cm 3 of 0.1 M Al(NO3)3 over a 4-hr 
period. The pH of the solutions after NaOH addition 
ranged from 5.15 to 5.31 and fell to 4.8 during 14 days 
at room temperature (~ 20~ Four days after the ad- 
dition of the NaOH, the sample (400 cm 3) was placed 
on an Amicon filter XM 100 and washed through until  
the eluent was free from A1. The filtrate and washings 
were refractionated on a PM 10 filter to obtain the frac- 
tion 10,000 to 100,000 nominal  molecular weight. 

Charge on polycations 
The residual nitrate associated with filtered'prepa - 

rations ofpolycations was assumed to counter positive 
charges on the polycations. The nitrate was reduced 
and determined as ammonium after steam distillation. 
Samples of the polycation preparations were dialyzed 
against distilled water and the nitrate determined again 

to check that the nitrate was associated with the poly- 
mers and not present as acid or salt. 

Clays 
Three clays were used; (1) montmorillonite, Wyo- 

ming bentonite from John Lane Tract, Upton, Wyo- 
ming; (2) kaolinite, Blackpool kaolinite from English 
Clays, Lovering, U.K.; and (3) a soil clay obtained from 
the 0-10 cm layer of a red-brown earth at the Waite 
Institute, Adelaide, South Australia. The clay fraction 
of the soil contained kaolinite, illite, and some ran- 
domly interstratified material. All samples were Na- 
saturated and the <2-#m fractions separated. The Na:'~ 
saturated clays were washed with distilled water until 
they began to disperse and were stored in suspension 
in the presence of NaC1. No attempt was made to 'clean' 
the surface of the clays. Samples of the suspension were 
dialyzed against distilled water until the conductivity 
of the suspension was similar to distilled water. The 
'salt free' clays were used for sorption of polycations. 

Cation-exchange capacity of clays 
A weighed amoun t of  clay was spread evenly on a 

ceramic disc under suction. The clay was washed 3 
times with 1 M BaCI2 and then washed with distilled 
water until free from chloride. The Ba remaining in 
the clay was determined by X-ray fluorescence spec- 
trometry. 

Flocculation of the clays 
Polycation solution was added to 10 cm 3 of dialyzed 

clay suspension (1 g/100 cm 3) in a graduated cylinder 
and the volume made up to 20 cm 3 using distilled water 
before shaking for 30 sec. According to Stokes' law all 
particles > 2 #m equivalent spherical diameter would 
settle out of the top 12 cm 3 of liquid in the cylinders 
in 24 hr. Optical densities at 615 nm were plotted 
against a range of concentrations of each of the three 
clays suspended in water and shaken. Using these stan- 
dard graphs the dispersed clay which remained in the 
top 12 cm 3 of liquid after 24 hr was estimated by spec- 
trophotometry. The critical coagulation concentration 
(CCC) expressed as the amount  of Fe(III) or A1 required 
to flocculate the suspension so that no clay remained 
in the top 12 cm 3 of suspension after 24 hr was deter- 
mined (Rengasamy and Oades, 1977b). Various quan- 
tities of polycation less than and more than the CCC 
were added to the clay suspensions and dispersed clay 
plotted against amount  of polycation added. 

Electrophoretic mobilities 
Electrophoretic mobilities of the clays, with and 

without adsorbed polycations, in 0.01 M NaNO3 were 
determined using a Rank Brothers Particle Microelec- 
trophoresis Apparatus Mark II. 
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Table 1. Fe(III) in molecular weight fractions of Fe(III) po- 
lycations in 0.1 M Fe(NO3)3 as a function of pH. 

Fe(IIl)  contenP 
N o m i n a l  molecu la r  weight  range 

10,000- 100,000- 
< 10,000 100,000 300,000 > 300,000 

o H  (%) (%} (%) (%) 

1.7 92.2 (3.0) 4.7 (2.6) 0.9 (2.7) 2.3 (1.9) 
1.8 86.1 (3.0) 2.0 (2.4) 1.1 (1.7) 10.8 (1.6) 
1.9 82.4 (3.3) 12.8 (0.5) 2.8 (0.7) 2.0 (0.1) 
2.0 70.7 (3.5) 20.4 (0.3) 1.7 (0.2) 7.3 (0.2) 
2.1 43.7 (6.4) 26.0 (0.4) 4.9 (0.2) 25.4 (0.1) 
2.2 29.3 (9.1) 20.2 (0.3) 22.2 (0.1) 28.2 (0.1) 

' Values in brackets represent nitrate expressed per gram 
atom of Fe(III). 
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Specific surface areas o f  the Na-clays  before and after 
sorpt ion o f  polycat ions  were de te rmined  using low- 
tempera ture  adsorp t ion  o f  ni t rogen and applying the 
equa t ion  o f  Brunauer  et aL (1938). Samples  were evac-  
uated at 70~ before the adsorpt ion  o f  nitrogen. The  1 0 0  
montmor i l l on i t e  + AI polycat ions  had to be outgassed 
for one week at 70~ before all the water  vapo r  was 
r emoved ,  a0 

"o 

Water uptake L -  
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Abou t  200 mg o f  clay was pressed into a pellet 10 .~ "o 

m m  in d iamete r  using a pressure o f  about  500 MPa.  >" 4( 
The pellets used for the de te rmina t ion  o f  surface area -~ o 
were those used to de te rmine  water  uptake and swelling 
characteristics as influenced by the sorpt ion o f  the 20 
polycations.  The  water  contents  and the d iameters  o f  
the pellets were de te rmined  after equi l ibra t ion  at 96% 
and 98% RH,  i.e., - 8 0  and - 5 0  MPa,  and at - 0 . 1  0 
kPa on a sintered glass funnel. The  d iamete r  o f  the 
pellets was measured  to enable calculat ion o f  swelling; 
unfor tunate ly  the swelling o f  mon tmor i l l on i t e  was not  Figure 1. 
isotropic so the data  are not  presented.  

X-ray powder diffraction (XRD) 
Suspensions o f  clay were dr ied  on ceramic  tiles and 

diffractograms obta ined  using C o K a  radia t ion ana- 
lyzed with a gon iomete r  fitted with a graphi te  post- 
diffraction m o n o c h r o m a t o r .  Samples  were also ex- 
a m i n e d  at about  150~ on a small  electrically heated  
stage. 

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

Preparation of Fe(lll) polycations 
The choice o f  a molecu la r  weight  range o f  10,000-  

50,000 was based on electron microscopy,  X R D ,  and 
infrared (IR) studies o f  polycat ions  f ract ionated by ul- 
trafiltration. Polycat ion  fractions o f  molecu la r  weight 
< 10,000 gave no X R D  pat tern o f  ferr ihydri te  or  goe- 
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Influence of Fe and A1 polycations on the disper- 
sion and electrophoretic mobility (u) of kaolinite. �9 = nega- 
tive and �9 = positive electrophoretic mobilities./x = percent 
age of clay dispersed. 

thite when they were examined  immed ia t e ly  after sep- 
aration. Dur ing electron microscopy  of  such fractions, 
focusing was difficult. In mos t  samples,  ve ry  small  par-  
ticles (10 ~)  were ev iden t  but  the electron micrographs  
usually exhibi ted  e lect ron-dense ' c lumps '  and 'holes '  
associated with shrinkage o f  gel-like mater ia ls  in the 
v a c u u m  under  the electron beam. The  higher po lymers  
were more  obvious ly  spherical as seen in the electron 
microscope,  but  above  a nomina l  molecu la r  weight  o f  
50,000 the rods and rafts descr ibed in detail  by M u r p h y  
et al. (1976b) were evident .  W h e n  rods were dist in-  
guishable in electron micrographs,  an X R D  pat tern o f  
goethi te  was obta ined  with spacings at 4.98, 4.18, 2.69, 
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Figure 2. Influence of Fe and A1 polycations on the disper- 
sion and electrophoretic mobility 0z) of a soil clay. �9 = neg- 
ative and �9 = positive electrophoretic mobilities. /x = per- 
centage of clay dispersed. 

and 2.2 A. The presence ofgoethi te  was confirmed by 
IR absorption due to (OH) and OH at 980 and 797 
cm -], respectively (Ryskin, 1974). In addition to goe- 
thite, ferrihydrite was present as evidenced by a broad 
X R D  peak at 40 ~ to 42~ and IR bands at 460--474, 
580-600, and 680-700 cm -t which resolved into a 
hematite spectrum when the sample was heated at 
150~ in KBr discs. 

Detailed studies of  polycations by Mrssbauer spec- 
troscopy have indicated that the structure of  goethite 
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was present even though laths were not evident under 
the electron microscope (D. G. Lewis, Waite Institute, 
Glen Osmond, South Australia, unpublished). It also 
became clear that during the time taken for ultrafiltra- 
tion the polycations continued to grow or aggregate. 
Thus, a large proportion of  the fraction supposedly 
10,000-50,000 molecular weight had a molecular 
weight >300,000 (equivalent to a cube with edge o f  
76 ~) when rerun on filters XM50 and XM100. The 
size of  the spherical particles seen in electron micro- 
graphs confirmed that larger particles up to about 100 

in diameter were present. The polycations seem to 
be the precursors of  ferrihydrite and when dried their 
properties were indistinguishable from ferrihydrite. The 
polycation preparation used to study interactions with 
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Table 2. Critical coagulation concentrations of polycations 
for clays. 

AI Fe 
Clay (mg/g) (mg/g) 

Kaolinite 2.8 5.5 
Soil clay 7 10 
Montmorillonite 20 ~ 60 

clays remained in solution for more than one year at 
room temperature and underwent no detectable change. 
I n  the presence of monomers, i.e., unfractionated prep- 
arations or preparations < 10,000 molecular weight, 
turbidity occurred, and a yellow precipitate containing 
goethite was obvious within a few days at pH 2.2 in 
0.01 M Fe(NOs)s. 

Size distribution of Fe(III) polycations 
The molecular weight distribution of polycations 

prepared by the addition of l M NaOH to 100 cm 3 
0.1 FeNOs are shown in Table 1. Whilst care was taken 
to add the NaOH slowly to avoid precipitation of ferric 
hydroxide, varous amounts of polymers >300,000 
molecular size were produced by this method of ad- 
dition of NaOH. As expected, the positive charge on 
the polymers decreased as the pH was increased and 
was lowest on the large polymers. 

Bulk preparations of polycations 10,000-50,000 
molecular size were prepared from hatches of 500 cm 3 
0.1 M Fe(NO3)3. The percentage of Fe obtained in 
polymers 10,000-50,000 according to ultrafiltration, 
was 5.53 + 0.83. The charge on the polymers was about 
0.2 per gram atom suggesting a mean molecular size 
about 100,000 based on the charges in Table 1. The 
Fe polycations were assumed to be spheres with a mean 
diameter of 50 ~, (range 30-100 ,~) and a positive 
charge of 0.2 per gram atom of Fe. 

Preparation of Al polycations 
Seven batches of 0.1 M A1NO3 were fractionated 4 

days after addition of 134 cm 3 of 1.0 M NaOH. The 
10,000 to 100,000 molecular weight fraction repre- 
sented only 7.0% of the original A1 present as the nitrate 
salt. The charge on this range of polymers was 0.49 
per gram atom. According to Stol el al. (1976), this 
charge corresponds to a polymer containing about 24 
AI atoms arranged as a planar sheet of hexagonal rings. 
The behavior of the polycations in the presence of clays 
supports this suggestion although it is not possible to 
differentiate between planar rings and planar chains. 

Flocculation of clays by polycations 
The influence of the addition of polycations on the 

flocculation and electrophoretic mobilities of the three 
clays is shown in Figures 1-3. The kaolinite and the 

8O 
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Figure 4. Cation exchange capacities (CEC) of clays after 
addition of A1 and Fe polycations. 

soil clay containing a mixture of kaolinite and illite 
behaved similarly, and maximum flocculation was ob- 
tained when the colloids exhibited a net charge of zero. 
The amounts of polycations required to just  flocculate 
the kaolinite and soil clay were less than 50 mg/g (Table 
2).  The bentonite did not exhibit any definite maxi- 
mum for flocculation although most of the clay was 
flocculated by the addition of 20 mg AI or 60 mg Fe(III) 
per gram of clay. For the kaolinite and the soil clay a 
better dispersion was obtained as positively charged 
colloids than as Na-saturated clays. The presence of 
an a luminum species on the surfaces of natural clays 
is known to be responsible for some positive sites and 
to prevent complete dispersion of clays as negatively 
charged colloids (Schofield and Samson, 1954). 

The results in Figure 4 show clearly that the AI poly- 
cations were much more efficient in blocking negative 
charges than were Fe polycations. It is proposed that 
this blockage is due not only to the higher charge of 
the A1 polycations but also to their shape. Whereas 
spherical Fe polycations may add considerable positive 
charge to the clay-polycation system, the blocking of 
negative sites is limited and the cation-exchange ca- 
pacity remained high. Planar polycations, however, not 
only cover a larger area and thus neutralize and block 
more negative sites, but for A1 they can also occupy 
interlamellar spaces as shown by XRD. 

With increasing amounts  of polycation present the 
properties of the clays became more like those of syn- 
thetic hydrous oxides of iron which have a point of 
zero charge (PZC) at pH 7 to 8 (Figure 5a, 5b, 5c). The 
PZC of the clays was raised by addition ofFe(III) poly- 
cations, and for the kaolinite and the soil clay, the 
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Table 3. Surface areas of clays treated with polycations of 
AI and Fe as determined by low temperature adsorption of 
nitrogen. 

AI added Surface area Fe added Surface area 
(mg/g clay) (mVg) (mg/g clay) (m2/g) 

Kaolinite 
0 7.7 0 7.9 
0.7 10.8 5.6 12.9 
1.4 7.9 27.8 26.0 
2.8 8.5 55.6 25.0 
7.0 5.9 83.4 36.0 

Soil clay 
0 46.5 0 45.5 

37.5 39.1 19.5 31.2 
52.3 41.0 27.8 64.9 
75.0 50.1 55.6 63.3 

112.5 49.2 83.4 82.9 
Montmorillonite 

0 37.0 0 35.8 
75 15.9 27.8 73.3 

225 242.7 83.4 99.6 
375 308.1 139.0 124.1 

a m o u n t s  o f  Fe r equ i r ed  to ra ise  the  PZC a b o v e  p H  6 
were less t h a n  2% by  weight  a n d  were s imi l a r  to  the  
a m o u n t s  r equ i r ed  for  m a x i m u m  flocculat ion.  

Surface area and water uptake at 
different potentials 

T h e  so rp t ion  o f p o l y c a t i o n s  o f  b o t h  A1 a n d  Fe  clearly 
in f luenced  the  forces a n d  in t e rac t ions  be t w een  par t i -  
cles. T h e  c rea t ion  o f  pos i t ive  charges  on  the  clay surface 
s h o u l d  decrease  the  po ten t i a l  be t w een  the  surface a n d  
so lu t ion  a n d  d i m i n i s h  or  p r e v e n t  the  f o r m a t i o n  o f  a 
d o u b l e  layer. T h e  po lyca t ions  o f  b o t h  A1 a n d  Fe  be-  
h a v e d  s imi lar ly  w i th  respect  to  f loccula t ion  o f  the  th ree  
clays, bu t  differences in  the  a r r a n g e m e n t s  o f  par t ic les  
is expec ted  i f  t he  Fe  po tyca t ions  were spheres  o f  ap-  
p rox ima te ly  50 /~  d i a m e t e r  a n d  the  AI po lyca t ions  were 
cha ins  or  p l ana r  sheets.  

The  differences in  surface areas  for  the  kao l in i t e  
t r ea ted  wi th  po lyca t ions  o f  A1 a n d  Fe s uppo r t  the  pro-  
posed  shapes  o f  the  po lyca t ions  (Tab le  3). S o r p t i o n  o f  
the  A1 po lyca t ions  d i d  no t  change  the  surface area  o f  
the  kaol ini te .  P r e s u m a b l y  cha ins  o r  sheets  were ad-  
s o r b e d  on to  the  surfaces o f  the  kao l in i t e  a n d  a l t h o u g h  
th is  a d s o r p t i o n  f locculated the  kao l in i t e  i t  d id  no t  in-  
f luence the  surface ava i l ab le  for  l o w - t e m p e r a t u r e  ni-  

Table 4. c-axis spacing of montmorillonite. 

Spacing (~) 
Treatment 20~ 150~ 

Na saturated 12.8 9.2 
27.5 mg Fe/g clay 12.8 10.0 
82.5 mg Fe/g clay 12.8 10.2 
187.5 mg Fe/g clay 15.3 10.3 
14 mg A1/g clay 13.7 11.2 
42 rng A1/g clay 16.0 14.5 
90 mg A1/g clay 17.1 14.7 

t rogen adso rp t ion .  O n  the  o t h e r  h a n d ,  the  surface  area  
o f  the  kao l in i t e  i nc reased  s ignif icant ly  by  the  a d d i t i o n  
o f  Fe  polyca t ions .  T h e  increase  in surface area  m u s t  
be  due  ent i re ly  to the  a d d i t i o n  o f  spher ica l  po lyca t ions .  
The  increase  in surface area  due  to a d d i t i o n  o f  Fe 
po lyca t ion  to kao l in i te  ind ica tes  t ha t  the  Fe  po lyca t ions  
h a d  a surface area  f rom 300 to 900  m2/g Fe  ( this  va lve  
neglects  the  area  o f  con tac t  be tween  the  po lyca t ion  a n d  
the  kaol ini te) .  T h e  surface a rea  in  m2/g Fe for  poly- 
ca t ion  spheres  a b o u t  100 /k in  d i a m e t e r  wou ld  fall 
w i th in  th is  range.  S imi la r  resul t s  were o b t a i n e d  wi th  
the  soil clay which  is a mixture o f  kao l in i t e  a n d  illite. 

T h e  effect o f  a d d i n g  A1 po lyca t ions  to  the  m o n t -  
mor i l l on i t e  was  different  f rom t h a t  o f  the  o t h e r  clays. 
A smal l  a m o u n t  o f  A1 po lyca t ion  decreased  the  surface 
area  f r o m  37 to  16 mE/g, b u t  larger  quan t i t i e s  resu l ted  
in surface areas in  excess o f  300  mVg. P r e s u m a b l y  the 
A1 po lyca t ions  p r e v e n t e d  col lapse o f l a m e l l a r  space a n d  
r e n d e r e d  in te rna l  surfaces access ible  to N2. T h e  in ter -  
layer  pos i t i on ing  o f  A1 po lyca t ions  was c o n f i r m e d  by  
X R D  o f  the  clays before  a n d  af ter  a d d i t i o n  o f  poly-  
ca t ions  (Tab le  4). W h e n  > 40  m g  A1/g clay was present ,  
t he  A1 po lyca t ions  m u s t  h a v e  occupied  the  in ter la -  
me t l a r  space o f  the  m o n t m o r i l l o n i t e  to  give a regular  
c-axis  spac ing  wh ich  d id  n o t  col lapse  be low I 4 / ~  o n  
hea t ing  to 150~ T h i s  c-axis  spac ing  is s imi l a r  to  t h a t  
o f  a n  Al - in t e r l aye red  smec t i t e  (Barnhisel ,  1977). L a h a v  
a n d  Shan i  (1978)  a n d  L a h a v  et al. (1978) desc r ibed  the  
process  o f  par t ly  filling m o n t m o r i l l o n i t e  wi th  A1 species 
as a cross  l ink ing  process  a n d  cons ide red  t h a t  the  p rod-  
ucts  w i th  zeol i t ic  p roper t i e s  m i g h t  be  useful  cata lys ts  
or  mo lecu l a r  sieves.  

W a t e r  up take  a n d  swell ing o f  the  m o n t m o r i l l o n i t e  
were decreased  m a r k e d l y  by  a d d i t i o n  o f  A1 po lyca t ions  
especial ly a t  100-cm suc t ion  (Figure  6). A1 was also 
s ignif icant ly m o r e  efficient t h a n  Fe  at  R H s  o f  96 a n d  

6..-- 

Figure 5. (a) Points of zero charge determined from electrophoretic mobilities of kaolinite after addition of AI and Fe 
polycations. Fe: �9 = 0; �9 = 6.95; �9 = 13.9; �9 = 27.8; [] = 55.6;/x = 83.4 mg Fe/g clay. AI: �9 = 0; �9 = 0.7; �9 = 1.4; C) = 2.8; 
[] = 7.0 mg A1/g clay. (b) Points of zero charge determined from electrophoretic mobilities of soil clay after addition of A1 
and Fe polycations. Fe: �9 = 27.8; �9 = 41.7; �9 = 55.6; O = 69.5; [] = 83.4 mg Fe/g clay. Al: �9 = 0; �9 = 3.5; �9 = 7.0; �9 = 
10.5; [] = 14.0; A = 21.0 mg A1/g clay. (c) Points of zero charge determined from electrophoretic mobitities ofmontmoril lonite 
after addition of A1 and Fe polycations. Fe: �9 = 0; �9 = 27.8; �9 = 55.6; O = 83.4; [] = 111.2; A = 139.0 mg Fe/g clay. AI: 
�9 = 0; �9 = 14.0; �9 = 28.0; O = 42.0; [] = 56.0; A = 70.0 mg A1/g clay. 
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Figure 6. Water uptake by clays after addition of Al and Fe 
polycations. Fe-montmorillonite: �9 = - 10 kPa, �9 = - 10 MPa; 
Al-montmorillonite: [] = - 10 kPa, O = - 10 MPa; Fe-soil clay: 
�9 = - 10 kPa, A = -- 10 MPa; Al-soil clay: 0 = - 10 kPa, �9 = 
-10  MPa. 

98%. Thus,  whereas  polycat ions o f  i ron were efficient 
wi th  respect to f locculat ion o f  the clays, they d id  not  
restrict water  uptake and swelling as effectively as AI. 

C O N C L U S I O N S  

The react ions o f  the A1 and Fe polycat ions  with three 
clays support  the current  consensus regarding the size 
and shape o f  the polycations.  Polycat ions  o f  Fe are 
spheres 30-100  A d iamete r  with a pos i t ive  charge in- 
versely related to the size o f  the polycations.  Add i t ion  
o f  such Fe polycat ions to kaol ini te  and a kaolini te-i l l i te  
soil clay increased surface area and decreased the cat- 
ion-exchange capacity by a small  amount .  In teract ion 
o f  the polycat ions and clay caused flocculation at the 
zero poin t  o f  charge. Little ev idence  o f  an Fe inter layer  
was noted which is consistent with the polycations being 
spheres 30-100  A in diameter .  

A1 polycat ions  appeared to be p lanar  molecules  con-  
taining 15-30 A1 a toms  and carrying a charge o f  0.49 
per  gram atom.  The  thickness o f  the sheets was about  
5 ~ ,  s imilar  to the thickness o f  a single gibbsite sheet. 
The  polycat ions b locked efficiently the cat ion-ex-  
change sites on clays, even  those in the in ter lamel lar  
spaces in montmor i l lon i t e .  Adsorp t ion  o f  A1 polycat-  
ions produced  large increases in surface area o f  mon t -  
mor i l loni te  as measured  by Nz adsorpt ion  by propping 
the ind iv idual  mon tmor i l l on i t e  sheets apart  even  un- 
der  vacuum.  The  A1 polycat ions  were also m u c h  more  
efficient than Fe in reducing the water  uptake and there-  
fore the swelling o f  clays, part icularly the mon tmor i l -  
lonite.  
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PeHIOMe-----HOjillKaTHOHbI oFpaHHqeHHOFO MOJIeKy.rl~lpHOFO pa3Mepa 6bIjiI4 flpHFOTOBjieHbI llyTeM yjibTpa- 
qbrlji~,Tpat~nrl n3 pacTaopos 0,1 M Fe(III)(NOH)3. Pa3uhle tcOjiH'tecTsa noam<aTnottoa ~o6aBnaarlc~, K 
Na-KaojirlnnTy, Na-MOHTMOpnnjiOriI4Ty, rl Na-noqaeHHOfi ra~ne. CpaBHnBanOCi~ 8jiI4ant4e 3TI4X ~IO6aBOI~ 
Ha qbjiOKKyJlfllll~lO r.rlI4HbI H 9.rleKxpOdpOpeTl4qeCKylO HO,/~B/dbKHOTb. ffi).rlOKKy.rl~lLlH~l npo~B~flJqacb KaK pa3 
aepe~ no~yqenneM Hyaeaoro 3ap/t)Ia rleTTO, lJOjil4KaTflOHhI AI ~Mejiri BhlCOKI4H nOjiO~HTejihahtfi aapsgt 
(0,49 ua rpaMM~aTOM AI) rI nx 83~nMo~eficTarte c rjirlnaMri yr~a3bmano aa naocgyto qbopMy. A~cop6Rua 
HOJII4KaTI4OHOB AI yMenbma~a 3HaqHTejibHO KaTHOnO-O6MeHHble cnoco6nocxtl KaO3114Hl4Ta 14 llOqBettHOfi 
rJIHHbl, HO riMeJ~a rle6ojihiJJO~ 3qbqbeKT Ha njiotuaL~I4 noBepxIJOCTH, onpe]le~IeHHb~e nyTeM HHHKO- 
TeMnepaTypuo~ a~cop6tmn Nz. FIojingaTrionb~ Fe aajiajincb cqbepaMn ~naMeTpoM 10-100 A c nojio- 
)KHTeJIbHblM 3ap~iROM 0,2 8a rpaMM-aTOM. I'[3~OILlat~I4 noBepxHocTrl KaO~HHnTa 14 rloqBettttofi r31HHbl 6bIjiH 
cytI{ecTBenHO yBejiPlqeHbI Flpl4 ~lo6anjienrtn 11OHIHKaTHOI-IOB Fe, uo ax KaTnor~o-06Meririb~e CFIOCO6HOCTM 
yMeHbml&rll4Ch Ha O]IHy tlflTylO. 1-[oJn4KaTHOHbl AI yBejiHqliBaJn4 IIJIOLLIa]II4 HoBepXHOCTH MOHTMOpl4.rl- 
JionrITa (]I0 300 M e) BO3MO)KHO B pe3yJIbTaTe flO~lep>KHBaeMoro OTKpblTI4,r Me>KCJ/O/~IHblX npOCTpaHcTB 
14 ~lejiajia njiOCKOCTH a-b ~OCTyHHbIMH ]lJI~l ajIcop6I~nn a3oTa. 1-Iojil4KaTI4OHbI ml a MeYKcjiOI~HblX 
npocTpancTaax npe~oxpannnn pa3pymenne cjioea )Io 14 /~ npn narpese ~1o 150~ Peryjinpnaa npo- 
CjiOfiKa Fe Re na6mo~a~acb, Ka~ 9TO Mor.rlo npeano~mraTbcn aa ocnoae pa3~epa cqbep. [E.G.] 

Resiimee--Polykationen mit begrenzter Molek~ilgr6f3e wurden au~0,1 M Fe(III)(NO3)3- und AI(NO3)3- 
L6sungen durch Ultrafiltration hergestellt. Es wurden unterschiedliche Mengen der Polykationen zu Na- 
Kaolinit, Na-Montmorillonit und einem Na-reichen Bodenton hinzugegeben, und die Auswirkung auf 
die Ausflockung des Tons mit dcr elektrophoretischen Mobilit~it vergleichen. Flockung tritt ein, kurz 
bevor die Gesamtladung null wird. Die Zugabe weiterer Polykationen Ftihrt zu einer Dispergierung des 
Tons mit einer positiven Nettoladung. Die AI-Polykationen besal3en eine hohe positive Ladung (0,49 pro 
Grammatom Al), und die Art ihrer Wechselwirkung mit den Tonen deutet auf eine planare Form bin. 
Die Adsorption von A1-Polykationen verringerte die Kationenaustauschkapazit~t von Kaolinit und vom 
Bodenton betr~ichtlich aber hatte kaum Auswirkung auf die Oherfl~ichen, die mit Niedrigtemperatur-N2- 
Adsorption bestimmt wurden. Die Fe-Polykationen hatten kugelige Gestalt mit einem Durchmesser von 
10-100 A und eine positive Ladung von 0,2 pro Grammatom. Die Oberfl~chen yon Kaolinit und dem 
Bodenton wurden durch die Zugabe von Fe-Polykationen betr~ichtlich vergr6f3ert, ihre Kationenaustausch- 
kapazit~iten wurden jedoch um ~/5 verkleinert. AI-Polykationen vergr~Sf3erten die Oherfl~iche yon Mont- 
morillonit (auf 300 m2), wahrscheinlich, indem sie die interlamellaren Zwischenr~ume aufsprengten und 
die a-b Ebenen i'tir die Stickstoffadsorption zug~inglich machten. Die A1-Polykationen in den interlamel- 
laren Zwischenr~iumen verhinderten ein Zusammenbrachen auf 14 ~ bei Erw~irmen auf 150~ Es gab 
keinen Hinweis flit ein regul~ires Zwischenschicht-Eisen, wie man aufgrund der Kugelgr6f3e butte anneh- 
men k6nnen. [U.W.] 

R6sum6--Des polycations de taille mol6culaire limit6e ont 6t6 pr6par6s h partir de solutions 0,1 M de 
Fe(III)(NOH)3 et d'Al(NO3)3 par ultrafiltration. Des quantit6s de polycations vari6es ont 6t6 ajout6es A la 
kaolinite-Na, h la montmorillonite-Na et ~ un argile de sol Na, et on a compar6 l'effet de la flocculation 
de l'argile et la mobilit6 61ectrophor6tique. La flocculation s'est produite juste avant qu'on ait obtenu la 
charge net z6ro. L'addition d'avantage de polycations a result6 en la dispersion de l'argile avec une charge 
net positive. Les polycations Al poss6daient une charge positive 61ev6e (0,49 par atome gramme d'A1), 
et leur interaction avec les argiles indiquaient une forme plfine. L'adsorption de polycations Al a diminu6 
de mani6re significative les capacit6s d'6change de cations de la kaolinite et de l'argile du sol, mais elle 
a eu peu d'effet sur les aires de surface d6termin6es par adsorption de N2 ~ basse temp6rature. Les 
polycations Fe 6taient des sph6res de 10-100 A de diam6tre avee une charge positive de 0,2 par atome 
gramme. Les aires de surface de la kaolinite et de l'argile du sol ont 6t6 augment6es substantivement par 
l'addition de polycations Fe, mais leurs capacit6s d'6change de cations ont 6t6 r6duites d'un cinqui6me. 
Les polycations A1 ont augment6 les aires de surface de la montmorillonite (h 300 m2), sans doute en 
ouvrant les espaces interlamellaires et en rendant les plans a-b accessibles ~t l'adsorption de nitrog6ne. 
Les polycations A1 dans les espaces interlamellaires ont empech6 l'effrondrement h 14 A lors de l'6chauf- 
fement/l 150~ I1 n'y avait aucune 6vidence de Fe intercouche r6gulier, comme pourrait l'6tre anticip6 
par la taille des spheres. [D.J.]. 
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