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NOTES 

THE MICROSTRUCTURE OF DILUTE CLAY A N D  HUMIC ACID 
SUSPENSIONS REVEALED BY FREEZE-FRACTURE 

ELECTRON MICROSCOPY: DISCUSSION 
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Investigations of  the structural state of  colloidal in- 
organic and organic systems in conventional air- or 
freeze-dried samples face considerable problems as a 
result of  artifacts produced by sample-preparat ion pro- 
cedures. In an at tempt to overcome these problems, 
Gu  and Doner  (1992) recently applied freeze-fracture 
electron microscopy (FFEM) to clay and humic-acid 
suspensions. The most critical aspect of  this cryofix- 
ation technique is the cooling rate. I f  the cooling rate 
is too slow, the formation of  ice-crystals and phase 
separation still disturb the original structure of  the sus- 
pension. Gu and Doner  (1992) quote maximum cool- 
ing rates achievable for FFEM on the order of  l04 K 
s -~, which would probably be sufficient to minimize 
artifacts due to sample preparation, although rates an 
order of  magnitude higher ( 105) are preferred to exclude 
the possibility of  artifacts (see below). However,  we 
doubt  that Gu and Doner  (1992) have achieved suf- 
ficiently high rates in their experiments,  for two rea- 
sons. First, cooling rates reported in the literature for 
the conventional freeze-fracture technique used by Gu 
and Doner  (1992) are on the order of  102-103 K s ~, 
insufficient for avoiding cryo-artifacts (Moor, 1964; 
Costello and Codess, 1978; for review see Plattner and 
Bachmann, 1982; Robards and Sleytr, 1985; Menco, 
1986). Secondly, in our re-interpretation of  their trans- 
mission electron microscopic (TEM) images, we iden- 
tify the effects of  cryo-artifacts. In order to elaborate 
on this point, we shall discuss their Figures 1-3 by 
comparing them with results obtained by us ( l)  with 
h igh- ra te  c ryof ixa t ion- techniques  (Bachmann and 
Schmitt,  1971; Moor  et al., 1976; Miiller et al., 1980; 
Pscheid et al., 1981) and (2) with conventional freeze- 
etch techniques similar to the ones used by Gu and 
Doner  (1992). 

High pressure freezing (Riehle, 1968; Riehle and 
Hoechli,  1973) for cooling rates of  105 K s t are re- 
quired to l imit  segregation below the 10 nm level. 
Cooling rates of  this order can be achieved with spray- 
freezing (Bachmann and Schmitt,  1971) or sandwich- 
jet-freezing (Moor et al., 1976; Mfiller et al., 1980; 
Pscheid et al., 1981), which are based on the principle 
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of dividing the fluid to be frozen into small enough 
"parcels." These techniques have been applied suc- 
cessfully to clay-colloidal systems (Vali and Bach- 
mann, 1988; Vali et al., 1991). 

A freeze-etch replica o f  a 3% dispersion of  the <0.2 
~tm fraction of  Na-smecti te  Nevada  UCJ from northern 
Nevada  (supplier: Sfidchemie AG,  Munich) in deion- 
ized water showed individual  free particles dispersed 
in water after jet-freezing (Figure I a). The particle size 
varied between 0.05 to 0.5 ~tm. The individual  particles 
are isolated from each other and randomly oriented. 
Format ion  of  T-shaped or H-shaped aggregates as re- 
ported by Gu and Doner  (1992) from their 1% mont-  
moril lonite dispersion (their Figure lb) was not  ob- 
served in the jet-frozen, dispersed smectite-suspension. 
The quality of  cryofixation was checked by a 5% glyc- 
erol/water control solution which was jet-frozen under 
the same conditions as the smectite suspension (Figure 
l b). Micro-segregation in the glycerol solution pro- 
duced dimensions in the range of  <0.05 ~tm, much 
smaller than the size of  individual  smectite particles. 
In contrast, freezing the same smectite dispersion by 
the conventional technique used by Gu and Doner  
(1992) resulted in the aggregation of  free particles (Fig- 
ure lc). The structure shown in this replica is very 
similar to that in Figure lb  of  Gu and Doner  (1992). 
The low cooling rate permits  the growth of  relatively 
large ice crystals, which push the clay particles aside 
and lead to the formation of  a three-dimensional  clay 
network. In part, the clay particles may be rotated and 
their original distr ibution in dispersion destroyed. Ob- 
viously, such a structure represents a cryo-artifact and 
does not reflect the true microstructure of  the colloidal 
system as suggested by Gu and Doner  (1992) for their 
Figures lb,  2a and 2b. Freeze-etching of  the 5% glyc- 
erol/water control-solution under the same conditions 
clearly showed that, in contrast to je t  freezing, the cool- 
ing rate of  conventional  cryofixation is insufficient to 
prevent the formation of  larger ice crystals (Figure ld). 
The dimensions of  the crystals are much larger than 
those of  the free smectite particles shown in Figure la.  
It is therefore not possible to distinguish between ef- 
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Figure 1. TEM images of freeze-etch replicas; a) 3% smectite dispersion in deionized water jet-frozen, showing randomly 
oriented, dispersed free smectite-particles; b) jet-frozen 5% glycerol/water solution confirming the quality of freezing; c) the 
same dispersion as in (a) conventionally frozen, exhibiting particle aggregation resulting from ice crystallization; d) the same 
glycerol/water solution as in (b) showing network structure resulting from a freezing artifact. 

fects of coagulation caused by dispersing the suspen- 
sion in an electrolyte solution, and those caused by 
cryo-artifacts, if cooling rates are too low. The fabric 
seen in Gu and Doner's (1992) Figure 2b is not a re- 
liable indicator of coagulation. 

The occurrence of coagulation, which is not a freez- 
ing artifact, can be demonstrated in high cooling-rate 
experiments. The microstructure of the 3% smectite 
suspension dispersed in a 0.006 M NaCl solution (pH 
= 7.5) and viewed in a non-sheared sandwich-jet-fro- 
zen specimen (Figure 2a) exhibits a section through 
the three-dimensional honeycomb-like network com- 
posed of extended sheet-like, face-to-face (FF) aggre- 
gates. The high-resolution image of the freeze-etch rep- 

lica (Figure 2b) revealed predominant  FF associations 
of individual smectite particles. The surface of these 
extended large aggregates is covered with steps indi- 
cating that they are composed of units (free smectite 
particles?) which are stacked upon each other. Triple 
points representing EF contacts are small in number  
compared to the many hidden EE and FF contacts 
between individual smectite particles. Aggregates must 
be present because they are required to form the net- 
work of Figure 2a from the small free particles shown 
in Figure 1 a. One of the triple points (arrow in Figure 
2b) suggests splitting of an FF aggregate at the end and 
bending of one of the two branches at termination. 

By relating their results to van Olphen's (1977, 1989) 
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Figure 2. TEM images of freeze-etched replicas of the 3% smectite suspension dispersed in 0.006 M NaC1 and jet-frozen, 
showing gel structure, a) Honeycomb-like network composed of predominant face-to-face (FF) aggregates that may include 
numerous hidden EE contacts originating from the small free particles in Figure la. b) Higher magnification of (a) reveals 
numerous steps on the surface of elongated aggregate as well as bending of feathered termination of one particle (arrow). 

hypothesis concerning particle associations, Gu and 
Doner (1992) state an excellent agreement between their 
TEM observations and the proposed edge-to-edge (EE) 
and face-to-edge (FE) particle-fabrics in Na-mont-  
morilionite suspensions. It is important to note, how- 
ever, that van Olphen's model of particle associations 
is based on the interaction between the individual par- 
ticles, which occur as free particles in a colloidal dis- 
persion (Figure la). Employing the same terms used 
to describe these interaction models for the FFEM im- 
ages (Figure 2b) by Gu and Doner (1992) is misleading. 
If there were indeed EF or EE interactions between 
individual smectite particles, the dimensions of cells in 
the network of Figure 2a or Figure 2b of Gu and Doner 
(1992) should be in the same size range as those of the 
free particles in the dispersion of Figure 1 a. 

Gu and Doner (1992) also used FFEM to study struc- 
tural features of humic acid (HA) suspensions. Based 
on their freeze-etch replicas (their Figure 3a), the HA 
macromolecules are described as elongated sheets or 
fibres. Again, the quality of the replicas does not war- 
rant such an interpretation. Since the morphological 
features of isolated molecules are not visible, it is most 
likely that the observed structure is a cryo-artifact, as 
already suspected by the authors. The fact that this 
structure is very similar to the feature seen in the 5% 
glycerol/water solution after conventional freezing 
(Figure 1 d) supports this suggestion. The true structure 
of isolated macromolecules can be examined in TEM 
using spray- or jet-freezing (for review see Bachmann, 
1987). 

The objective of this discussion has been to dem- 

onstrate the capability of fast cryofixation techniques 
in preserving the original structure of colloidal disper- 
sions. It is important to emphasize that inadequate 
techniques of cryofixation do not permit the original 
distribution of the particles in dilute dispersions to be 
observed. The quality of freeze-etch replicas should be 
checked by using dilute solutions of glycerol or other 
compounds of low molecular weight as a test for the 
actual experiment. The cryotechniques discussed have 
important applications in colloid chemistry, soil me- 
chanics, soil chemistry, clay mineralogy, and other fields 
dealing with the interaction between colloidal particles 
and organic matter. 
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