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Abstract-Experimental data on structure formation in highly concentrated aqueous dispersions of kao
linite were analyzed using rheological models. The physicochemical properties of the clay mineral surface 
were studied during heating at a range of temperatures, and correlation of acid-base properties with 
physicomechanical characteristics of the spatial structures formed during heating was obtained. It was 
shown that interparticle interactions and plastic yield mechanisms under load are dependent upon inter
facial phenomena. A method for estimating optimal structural parameters was developed for semidry 
dispersions, enabling regulation of physicochemical and mechanical properties of ceramic mixtures during 
processing. 
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INTRODUCTION 

Ceramic processes use various clays and clay min
erals. Desirable physicomechanical properties of fired 
bodies such as high density and strength and, occa
sionaIly, high porosity, require control of the spatial 
arrangement of particles in the unfired clay and of ap
propriate types of interaction between these particles. 
The unfired clay must be "structured" and clay par
tic1es weIl arranged (Kruglitskij 1968). Ability to be 
structured, interparticle interactions in natural alumi
nosilicate dispersions and their activity in various pro
ces ses are significantly related to phenomena acting at 
the interface. These interparticle interactions cannot be 
quantified at present because of the complicated nature 
of the interfacial phenomena and their associated forc
es. 

The formation of coagulation structures in highly 
concentrated mineral dispersions was studied by Krug
litskij et al. (1989), Pavlova et al. (1991) and Tara
nukhina et al. (1996). They followed fundamental 
studies of the basic and acidic properties of silicate 
and oxide surfaces (Bibik et al. 1986). The latter 
showed that these surfaces were characterized by a 
definite number of acidic (Bronsted and Lewis) sites, 
and they further suggested recombination of these sites 
with similar basic ones. These sites could lead to the 
formation of interparticle bonds of different strengths. 

Our studies demonstrated that the mobility of clay 
particles is hindered because of coagulation structure 
formation in the bulk of the dispersion, but that rear
rangement of partic1es and increase of density is pos
sib1e provided that interparticle contacts in the system 
are destroyed to a maximum extent (Uriev et al. 1987). 

The present paper presents data showing how highly 
developed coagulation systems can be formed. It dis-
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cusses the role of clay surface acidic properties in the 
structure formation and the influence of different 
chemical substances. The physicochemical properties 
of concentrated kaolinite dispersions are considered as 
weIl as the question of how the structure parameters 
can be controlled by modifying the kaolinite surface 
using cations and silicoorganic liquids. The study 
makes extensive use of concepts and data arising from 
research in the former Soviet Union that may not be 
widely known by western clay scientists. 

EXPERIMENTAL 

Sampies of natural Ukrainian kaolinite in cation
substituted forms were prepared by the standard tech
nique (Fripiat and Toussaint 1963). Samp1es were 
dried at 373 K. Concentrated dispersions were pre
pared with distilied water or appropriate solutions by 
aerosol wetting and with continuous mixing in a lab
oratory mixer to bring the liquid phase to levels be
tween 0-20% mass. 

Infrared (IR) spectroscopy was used to study the 
nature of the active sites on the kaolinite surface (Zub
kov et al. 1994). Adsorbed layers of water on the clay 
surface were eliminated by preheating during the evac
uation procedure and the number of active sites stud
ied using adsorbed molecular probes (Paukshtis and 
Yurchenko 1983). The kaolinite sampies were pressed 
into tablets and placed in a glass tube that was evac
uated at 423, 523 and 673 K for 4 h, after which the 
tube was soldered and placed in a special vacuum 
camera. Protonic Bronsted acidity (B) was assessed on 
the basis of adsorbed pyridine spectra using the 1540-
cm- I band characteristic of the pyridinium ion (PyH+). 
The aprotic Lewis (L) acidic sites were assessed using 
benzonitrile and the -G=N high intensity oscillation 
band. The relative concentration of L-sites was deter-
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Figure 1. Scheme of device for measuring surface electroconductivity of the sampies during heating: I-electric furnace, 
2-Pt electrodes; 3-insulating ceramic layers, 4-sample under study; 5-thermocouple; 6-regulating device; 7-ceramic 
tubes; 8-electric signals transformer. 

mined on sampies exposed at 523 K, a temperature 
that would remove water moleeules eoordinated to the 
exchangeable eations of the kaolinite. 

Speeifie wetting heat was determined by the adia
batie ealorimetry method with a Calvet ealorimeter af
ter preevaeuation at 378 K for 24 h. Adsorption of a 
monolayer on the preheated samples was ealculated to 
an error of about 5%. Surfaee area of natural, modified 
and treated sampies was determined by an argon de
sorption teehnique (Tarasevich et al. 1983) and by us
ing adsorption of 3.10-4 M solutions of methylene blue 
(MB) aeeording to the proeedure of Hang and Brin
dley (1970). Chemisorption treatment of the kaolinite 
surfaees was made aeeording to the method of Bon
darenko et al. (1986) using 0.1-0.2 mass% of Na
methylsilieonate and Na-ethylsilieonate aqueous solu
tion as weIl as polyethylhydridsiloxane (silieoorganic 
liquids). 

The rheological behavior of the wetted sampies in 
a powder-like state was studied using the method of 
stepwise volume compression under inereasing exter
nal load (Kruglitskij et al. 1989) and the model for 
elastic and plastic yield for solid-like systems includ
ing a rupture element, as advocated by Regel et al. 
(1974). Rupture elements reftect eontact breakup dur
ing plastic deformation. 

Curves of speeific surface eleetroconductivity of 
clay dispersions and caleined sampies were obtained 
as shown in Figure 1 (Pavlova 1988). Wet dispersions 
of clay were pressed into tablets 1 mm thick and 
placed into a laboratory electric furnace between 2 Pt 
eleetrodes. Electroconductivity registered between 
293-1273 K. The method is sensitive and gives results 
with < 1 % error. To characterize the parameters of the 
structures of the disperse system, a model of porous 

powder-like solids by Rebinder et al. (1964), as im
proved by Uriev et al. (1987), was used. Total com
pressive strength and apparent density were used as 
base values to calculate F, the strength of individual 
contacts, and X, the number of contaets per square unit 
(Pavlova 1997). 

RESULTS AND DISCUSSION 

Optimal Coagulation Strueture Formation; Inftuence 
of Water Content 

Ceramic pastes and semidry compressed green-bod
ies maintain their strength through a high number of 
interparticle contaets forming a continuous network 
(Yaminskij et al. 1982). Experimental values of F are 
to a first approximation eonsidered to be proportional 
to the depth of the first potential minimum of the clay
water interaction curve (Derjaguin and Churaev 1982; 
Uriev et al. 1987). 

Figure 2 demonstrates the relationship between spe
eifie external load and the strength and number of in
dividual eontacts during compression of kaolinite dis
persions with different concentrations of water. The 
theory of Regel et al. (1974) coneerning thermal ftue
tuations in solids during deformation under load en
ables a better understanding of interparticle phenom
ena in the dispersions, particularly with respect to de
formation processes oceuring during compression, and 
of the deve10pment of possible means of control. Thus, 
aseending branches of the curves mean plastic defor
mation of the dispersions, similar to viscous-plastic 
yield, with increase in contact strength and numbers. 
Contact strength inereases beeause of arearrangement 
of the particles, and numbers of individual contacts 
increase because of the breakup of old contacts and 
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Figure 2. Strength F 106 (N) (A, B) and number X 10- 12 

(m- Z) (C , D) of individual contacts, depending on specific 
external load f (N), for the dispersions with different water 
content: A = C = 5 mass%; B = D = 10 mass%. 

the formation of new stronger ones with greater num
bers of neighboring particles; the partic1es become 
more perfectly stacked. Where the curves show a hor
izontal plateau, this indieates that the level of specific 
compression at contact sites is insufficient for further 
plastic deformation to occur, or that there is equilib
rium between the numbers of breaking and forming 
comacts . Using this techniq~~, it is possible to obtain 
so-called "optimal structures" in wet dispersions of 
clays. Curves Band D (Figure 2), where the disper
sions have a water content of 10 mass%, show the 
variation of structural parameters Fand X of the dis
persions with the highest total strength. These disper
sions would have a sufficiently high density to provide 
lower levels of strain and minimum concentrations of 
fractures during heating (Pavlova 1988). 

It is of interest to consider the nature of the optimal 
coagulation structure formation . The idea that water 
associated with the surfaces of laminated silicates 
forms a network of layers with particular properties 
was developed by Derjaguin and Churaev (1977), Der
jaguin et al. (1987), Tarasevich (1988) and Tarasevich 
and Gribina (1985). The works of Low and coworkers 
(Oliphant and Low 1983; Sun et al. 1986) showed that 
water is modified to a depth at least 5 nm from the 
surface of the clay, leading to a corresponding distance 
between adjacent surfaces of 10 nm. Taranukhina et 
al. (1996) estimated the distance between interacting 
partic1es in optimal structures having the highest total 
strength to be 10 nm with values of structural param
eters Fand X being intensively increased on ac count 
of plastic deformations under load. These studies are 
consistent with the concept that the clay partic1es are 

surrounded by hydration shells that increase in integ
rity with proximity to the particle surfaces, so that they 
become increasingly difficult to displace as the parti
cles approach each other. These interactions appear to 
be associated with specific surface or ion hydration 
effects. Hydration forces were found to be the main 
cause of the deviations from the classical Derjaguin
Landau-Verwey-Overbeek (DLVO) theory in the 
short-range particle interactions in liquid water (Israe
lachvili et al. 1978). The significant role of hydration 
forces in clay-water interactions was demonstrated by 
the experimental works of Low (1980, 1987) and Vi
ani et al. (1983, 1985) and by Pashley (1980) and Der
jaguin et al. (1987) for other silicates. The interaction 
between water molecu1es and hydrophilic clay surfac
es gives rise to a monotonie repulsion and its strength 
depends on the magnitude of the hydration energy of 
the surface. Hydration forces could determine inter
particle contaet formation through a thin aqueous film 
(Israelaehvili 1985; Israelachvili and Wennerstrom 
1992) and, therefore, promote effective particle rear
rangement under load. 

Acidie Properties and Coagulation Structure 
Formation 

It had been realized for some time (v an Oss 1993) 
that hydration forces can be both attraetive and repul
sive in aqueous media due to acid-base interactions, 
and that the attractive acid-base energy of cohesion of 
water molecules does not disappear when a net hydro
philie repulsion oceurs. Table 1 shows data on hydro
philicity and acidic properties of kaolinite samples 
treated with different cations and silicoorganic liquids 
as weil as a comparison of the structural parameters F 
and X for hydrophilie (ion-exchanged) and hydrophob
ized preparations. It is clearly seen that the values of 
contact strength for hydrophobized sampies are ini
tially significantly lower but increase during the course 
of heating. With regard to contacts number X it is high
er for practically all the sampies of hydrophobized ka
olinite. 

According to Tarasevich (1988), mineral-water in
teractions result in the occurrence of mobile protons. 
This is explained by the strong polruization of O-H 
bonds of adsorbed water molecules in the oppositely 
charged fields of oxygen and exchangeable cations. 
Figure 3 shows that coagulation structure formation as 
assessed by the parameters Fand X is related to inter
actions at the Bronsted acid sites. These interactions 
may take place between polarized water molecules co
ordinated to B sites on the clay surface, 1eading to 
formation of hydrogen bonds (H-bonds) of the donor
acceptor type (Harnilton 1968). It was confirmed by 
computer simulations (Skipper et al. 1991 a, 1991 b) 
that water molecules establish H-bonds to the clay sur
faces and to other water molecules in the interlayer 
space. The strength of the contacts is higher because 
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Table 1. Physicochemical and structural properties of ion-exchanged and hydrophobized kaolinite showing specific wetting 
heat q (Jm- Z), strength of contacts F (10- 6 N), individual contacts number X (10 '2 m-2), concentration of Bronsted Band 
Lewis L (10" molecules cm- Z) surface active sites. 

Kaolinite 

Temper- Ion-exchanged Hydrophobized 
ature Natural 
T(K) Parameter kaolin AI Mg Ca Na NaES NaMS PHES 

293 q 1.10 1.02 1.13 1.22 1.16 0.03 0.03 0.03 
F 2.15 0.95 3.75 1.35 0.48 0.23 0.35 0.32 
X 1.30 1.90 0.95 2.06 3.40 2.90 2.98 2.94 

423 q 1.13 0.02 0.02 0.02 
F 3.46 1.44 5.13 2.08 0.83 1.61 2.14 1.92 
X 1.21 2.64 0.88 1.85 3.20 2.71 2.70 2.70 
B 1.75 2.20 3.47 

523 q 0.80 0.09 0.12 0.07 
F 2.98 1.28 4.01 2.38 1.23 1.38 2.02 1.76 
X 1.12 2.57 0.85 1.73 3.05 2.13 2.17 2.15 
B 1.32 1.49 2.30 2.05 
L 5.45 19.23 32.40 29.41 

673 q 0.33 0.17 0.19 0.14 
F 6.01 3.74 5.77 2.88 1.96 2.78 3.65 3.04 
X 1.01 2.63 0.80 1.61 3.25 2.56 2.62 2.55 
B 1.42 1.11 1.69 
L 11.34 27.96 39.64 

Key: NaES = Na-ethylsiliconate; NaMS = Na-methylsiliconate; PHES = polyethylhydridsiloxane. 

their energy is 2 to 3 orders of magnitude higher than 
that originating from van der Waals bonds. At the 
same time, the hydrogen bonds represent the energetic 
barriers for effective particle repacking and the higher 
density reached under the action of external pressure. 

G,mS 

293 313 333 

T,K 

353 373 

Figure 3. Electroconductivity G (S) curves of Ca-kaolinite 
(A-C) and Na-kaolinite (D-F) structures in range of temper
atures for dispersions having different water content: A = D 
= 5 mass%; B = E = 10 mass%; C = F = 15 mass%. 

Further thickening of the water film and the formation 
of mobile water may serve as a screen for interacting 
particles and contacts strength decreases. 

Coarse-grained particles of natural well-crystallized 
kaolinite are not able to form highly developed net
works of contacts, whereas highly dispersed particles 
of Na-kaolinite are able to form numerous contacts 
(Table 1). Sufficient numbers of these contacts may be 
maintained during heating when the concentration of 
B sites decreases and a significant part of the H-bonds 
between the particles is destroyed. As has been sug
gested, individual contact values F are integrating var
ious forces between clay particles. Assuming that hy
drophobized sampies interact only due to van der 
Waals forces, it may be concluded that the hydrophilic 
surfaces generate attractive forces capable of keeping 
the silicate layers together to a greater extent than van 
der Waals forces. 

Effect of Temperature and Different Cations on 
Conducti vi ty 

More detailed characterization of the physicochem
ical and deformation processes of kaolinite dispersions 
was achieved by observation of the dependence of sur
face electroconductivity over a whole range of tem
peratures (Figures 3 and 4). Curves A and D, Band 
E, and C and F reflect different states of Na- and Ca
kaolinite structures during heating under the same con
ditions (Figure 3). The highest values of surface con
ductivity in the 313-353 K interval correspond to op
timal kaolinite structures, and are consistent with a 
highly developed network of bonds within the struc
ture that provides the best way of carrying the charge 
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Figure 4. Electroconductivity In G (S) dependence in the 
whole range of temperatures of A = Li-, B = Na- and C = 
K- forms of kaolinite. 

bearers. The maximum of the curves in the inter val 
may be due to the destruction of the special structure 
of boundary layers of water (Derjaguin and Churaev 
1977). The 2 to 9 times increase in conductivity values 
reflects an increase in the mobility of the charge bear
ers. This could be due to the clay surface water mol
ecules becoming more mobile, or it could be a con
sequence of the higher solvating ability of water layers 
having been destructurized during heating. The sharp 
decrease in conductivity in the 343-373 K range does 
not mean that the water molecules leave the surface 
of the clay but that the special water network is de
stroyed. 

The elimination of thermally activated water mole
cules from the surface of the kaolinite during the de
hydration process is reflected by the long descending 
branches of the electroconductivity curves, G (Figure 
4). The values of G decrease more than 4 orders of 
magnitude. The minimum values for conductivity of 
kaolinite saturated with different monovalent cations 
follow the order Li > Na > K. With regard to the 
monovalent cations, Schramm and Kwak (1982) pre
sented evidence to show that particle thickness of the 
different cation forms of montmorillonite followed the 
reverse order, namely K > Na > Li. Results on the 
relative intensity of light transmission and absolute 
viscosity showed that the particles of Li-montmoril
Ionite are thinner than those of Na-montmorillonite, 

which in turn are thinner than those of the K-form of 
the clay. If these results could be extrapolated to ka
olinite--and it is not certain that they can be, as the 
layer charge of kaolinite is very much lower than that 
of montmorillonite--it would mean that Li-kaolinite 
would be highly dispersed, forming a well-developed 
network of contacts, which would promote conductiv
ity. 

Physicochemical Properties of Kaolinite Dispersions 

The general course of the conductivity curves co
incides with a stepwise change of physicochemical 
properties of kaolinite dispersions (Figure 5). Thus, the 
sharp decrease of specific wetting heat q is propor
tional to the decrease in conductivity, and loss of hy
drophilic properties, which is caused by heating above 
700 K, is reflected in the curve of monomolecular ad
sorption capacity, a. The relationship between conduc
tivity and these physicochemical properties may be 
useful in the determination of the temperature of fully 
dehydrated structures of kaolinite in aqueous disper
sions or other modified forms. 

A vital stage in the transformation of the clay dis
persions occurs in the temperature range of dehydra
tion. This is the stage where some part of the Bronsted 
active sites is destroyed and the number of individual 
interparticle contacts decreases. It can be seen from 
Figure 5 that the highest values of the strength of con
tacts as weIl as the number of contacts and specific 
conductivity are associated with dehydrated structures 
based upon optimal coagulation structures. In this con
text, it should be noted that the main condition for 
production of high quality ceramics is to prevent the 
green-body from fracturing during drying. Recom
mendations are being developed for users as to ac
ceptable periods of time for maintaining dehydrated 
structures with the minimum level of microstresses. 

The 700-1200 K range is characterized by an in
crease of almost all parameters of the clay structure as 
shown in Figure 4. Some decrease in the concentration 
of the Bronsted active sites is caused by the elimina
tion of OH-groups from the surface of the clay and by 
the general process of dehydroxylation. At the same 
time, the best conditions arise for the Lewis acidic and 
basic active sites to interact, so forming stronger do
nor-acceptor bonds between the particles (Bibik et al. 
1986). At the contacts of particles, electron donor cen
ters may recombine with electron acceptor centers, 
strengthening the bonds between them. Here, the de
hydroxylation process initiates a great number of 
structural defects which play the role of high strength 
active sites. This prornotes a further increase in 
strength and number of the individual contacts during 
the next temperature interval. 

The enrichment of the clay surface with exchange
able cations such as Li and Na initiates a sufficient 
number of structural defects, which behave as active 
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Figure 5. Physicochemical properties of natural kaolinite dispersions: specific surface area, specific wetting heat; mono
molecular adsorption capacity in dependence on temperature of preheating. 
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Figure 6. Physicomechanical properties of natural and mod
ified kaolinite: A = total strength (J' (MPa), E = apparent 
density p (g.cm-') of natural kaolinite structures; B, C, D = 
values of total strength (J' (MPa) and F, G, H = apparent 
densities p (g.cm- 3) ofkaolinite structures premodified by Na
methylsiliconate, Na-ethylsiliconate and polyethylhydridsi
loxane, correspondingly. 

centers at the surface to promote the process of dif
fusion sintering at lower temperatures. This involves 
the creation of amorphous-like, "quasi-liquid" inter
layers on particle surfaces, which is a condition for the 
rheological process of sintering at higher temperature 
(Skorokhod 1981). 

Physicochemical Properties of Modified Kaolinites 

The chemisorption of moleeules of silicoorganic liq
uids onto the surface of kaolinite blocks the greater 
portion of active sites and specific wetting heat de
creases up to 0.03 Jm-2 • The strength of contacts of 
unheated clay is significantly reduced. Interparticle in
teractions occur according to hydrophobie mecha
nisms because the silicoorganic film formation at the 
kaolinite surface leads to the loss of hydrophilie prop
erties (Pavlova and Taranukhina 1995). As a result, the 
ceramic body has higher strength and density than a 
ceramic body made from natural kaolinite even in the 
initial, optimal state. The density of the sampIes under 
the same conditions increases significantly, as seen in 
Figure 6. Due to the highly developed network of in
terparticle contacts, the total strength of the modified 
structures, a, after heating is between 1.1 and 2.5 times 
higher. Thermal treatment of the dispersions in the 
473-673 K range results in the thermodestruction of 
alkylsiliconate groups, which prornotes the unblocking 
of the active sites and leads to intensive donor-accep
tor interaction at the contact sites. 
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CONCLUSIONS 

Experimental data on rheological behavior and 
physicochemical properties of highly concentrated ka
olinite dispersions show that, under load, these dis
persions deform plastically, leading to the rearrange
ment of the particles in a more perfectly stacked way. 
Optimal conditions provide formation of highly de
veloped coagulation structures. These structures in
volve effective action of hydration forces and hydro
gen bond formation. Sufficient number of individual 
contacts form to promote a lower level of microstress
es during heating. Possible means of controlling co
agulation structures, both in their formation and refor
mation, are 1) modification of the kaolinite surfaces 
by deflocculating cations and 2) chemisorption using 
silicoorganic liquids. 
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