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A bstract The influence of the coverage of the
kaolin surface with humic acid on its structural properties
has been investigated. Humic acid (HA) was extracted
with water from Ah horizon of an acid forest soil. The
particle size of kaolin <2 um were separated by suspen-
sion centrifugation, and kaolin consisted of 70% kaolinite.
All samples were in powdered forms and, in addition,
some selected samples were used as pellets. Textural
analyses were performed by Carlo Erba Mercury
Porosimeter Series 2000. The cumulative pore size distri-
bution and the pore size distribution (PSD) curves for kao-
lin and kaolin with HA were analysed. Bulk density,
surface area, average pore radius and the total porosity
were calculated using cylindrical pore model. The study
confirmed that humic acids play an imprtant role in the
structure formation of kaolin. In powdered samples, the
cumulative pore size distributions curves split into three
groups having different pore volumes. This proved the ex-
istence of a dependence of pore volume on the added
amount of humic acid. The lack of proportionality be-
tween the total pore volume and the humic acid concentra-
tion observed in this study may also indicate inhibiting
influence of intermediate humic acid doses on floccula-
tion. In kaolin which was initially wetted with distilled
water, a fast decrease of total pore volume was observed.
This may be explained by existence of mineral floccula-
tion in distilled water.

K ey wor d s: clay mineral, kaolin, humic acid,
mercury porosimetry technique, structure

INTRODUCTION

The pore structure of clay minerals plays
an important role in catalysis, soil science, en-
gineering and other disciplines. Soils with

more than 30-35% of clay tend exhibit the
properties of the clay itself. Clay fractions of
many types of soils contain appreciable quan-
tities of montmorillonite, smectite, kaolinite
and illite which strongly effect overall proper-
ties of soils.

The adsorption of organic compounds by
clay minerals is directly related to numerous
chemical and physical properties of the mine-
rals and soil matrix. The complex formation
between clays and humic substances has been
approached from essentially two directions
[37]. The first one ivolves the isolation and
separation from soil of such complexes based
on size and density, followed by their charac-
terisation. Alternatively, the complex forma-
tion may be studied by allowing humic
substances or their fractions to react with
known clay minerals and examining the result-
ing complexes. The possible mechanisms of
interaction between humic substances and
clays have been discussed in reviews by
Greenland [7] and Orlov [24].

The adsorption of humic and fulvic acids
on montmorillonite, kaolinite and mordenite is
closely related to the adsorption on Si and Al
oxides [26]. The bounds of humic substances
with 1:1 type layer silicates, kaolinite and hal-
loysite, have been examined by several
workes [3,5,8,12,16,24,26,27,35]. The influ-
ence of humic substance on flocculation of

*Paper presented at 6 ICA



186

M. HAINOS

kaolinitic soil clays [20], water adsorption
characteristics and fractal dimension of kaolin
[33,34], and wettability of its surface [15]
have been also investigated.

Mercury intrusion porosimetry has been
applied by several workers in soil studies [2,4,
9,10,17-19,21,23,28,29-31,39]. This method is
regarded as the most convenient, rapid and in-
dispensable for obtaining a complete charac-
teristic of the soil structure [21].

In this work the influence of humic acid
on the porous system of powdered and com-
pacted kaolin is studied.

MATERIALS AND METHODS

Humic acid (HA) was extracted with
water from Ah horizon of an acid forest soil.
The extracts were filtered by G4 glass bed, co-
agulated with HCI, washed with destilled
water by centrifuging (until chloride ions were
absent) and peptized in water. The final con-
centration of humic acid was C, =8 g/dm3 .

The sample of kaolin was from Valencia,
Spain. The specific surface area (determined
from the BET equation by using water adsorp-
tion meaurements) of this clay mineral was
22.5 mz/g, whereas its cation exchange capa-
city was 2.9 cmol/kg (Mehlich method). The
particle size of clay <2 um was separated by
suspension centrifugation. This fraction of
kaolin consisted of 70% kaolinite, 18% mica
and of 12% quartz [39].

The susspension of the humic acid was di-
luted with destilled water to different concen-
trations ranging from C = C, to C = 1/512 C,
with C, being the initial concentration of the
HA, what corresponds to the weight percent
concentrations in the interval from 1.8 to 1.6
10°3. The suspensions have been added to kao-
lin samples (ratio kaolin to suspension HA
was 1:1), dried in room temperature and
mildly grounded in a mortar. Samples were in-
tensively mixed at the end of drying process.
The sample with HA concentration of C= 2C,
was made by adding a double amount of initial
suspension of HA to kaolin sample.

Carlo Erba Mercury Porosimeter Series
2000 was used to determine the pore size and

pore volume distributions in the range from
3.7 to 7500 nm radius by mercury intrusion.
The samples were dried by owen-drying at
105°C and then outgassed before mercury in-
trusion.

All samples were in powdered forms and,
in addition, some selected samples were used
as pellets. The pellets were prepared at the
pressure equal to about 5- 10 Pa by the
method describrd by Janiczuk and Biato-
piotrowicz [13]. Cumulative pore size distri-
butions and the pore size distributions (PSD)
for kaolin and kaolin with HA samples were
analysed. Using the computer program Mile-
stone 100 and cylindrical pore model the bulk
density, surface area, average pore radius and
the total porosity were calculated.

RESULTS AND DISCUSSION

Figures 1 and 2 display the cumulative
pore volume curves of kaolin with humic acid
in powdered and compacted (pellet) samples,
respectively. The curves show the sum of
mercury volume intruded into the pores versus
their size. The shape of the curves changes
with the amount of humic acid added to kao-
lin. In powdered samples, all cumulative
curves split into three groups with different
pore volume. These groups indicate the exist-
ence of a dependence of the pore volume on
the added amount of the humic acid. Samples
with an intermediate amount of humic acid
(group 1 from 0.05 to 0.4 weight percent of
humic acid) have the largest pore volume.
Kaolin pre-wetted with distilled water and the
samples with a small amount of HA (group 3
from 25-1073 to 6.5-1073 weight percent of
humic acid) have the lowest pore volume. In-
deed, cumulative curves for kaolin rich in hu-
mic acid (group 2 from 0.8 to 1.6 weight
percent of humic acid) lie between the curves
for samples with intermediate and low amount
of humic acid. The highest cumulative pore
volume was found in a sample of kaolin which
has not been initially treated with water.

Flocculation and aggregation are the most
important factors responsible for the structure
formation. Thus, rapid decrease of the total
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Fig. 1. Cumulative curves for kaolin and for samples of kaolin-humic acid in powder form.
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Fig. 2. Cumulative curves for kaolin and for samples of kaolin-humic acid in compact form.

pore volume (from 780 to 380 mm>/g) kaolin
which was initially wetted with distilled water
may be explained by the existence of mineral
flocculation even in distilled water. Our obser-
vation are in agreement with the results of
Arora and Coleman [1] and Kretzschmar [20]
for kaolinites and soil clays containing kaolinit
as a major clay mineral.

The observed dependence of the total pore
volume on the amount of HA can be explained
by considering processes of the kaolin struc-
ture formation and the influence of organic
matter on these processes. As one can see
from Fig. 1, low concentation of humic acid
(1.6- 1073-25-1073 weight percent) causes sig-
nificant decrease in the total pore volume on
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average about 400 mm>/g. This can probably
be explained by the adsorption of HA on kao-
lin particles and by strong flocculation of this
mineral. Further increase of the HA dose
from 0.05 to 0.4 weigth percent leads an in-
crease of the total pore volume in the samples
to about 500 -570 mm3/g . Most probably, this
increase is the result of subsequent HA ad-
sorption on kaolin, formation of steric, bigger
floccules or aggregates and the creation of
new pores. The highest HA concentration, 0.8
- 1.6 weight percent in our case, leads again to
a decrease of the total pore volume to about
450 mm3/g. This may be caused by organic
molecules entering inside or floccules and ag-
gregates and filling the pores which have been
already formed. The lack of proportionality
between the total pore volume and the HA
concentration observed in this study may also
indicate an inhibiting influence of the interme-
diate HA doses on flocculation. Similar con-
clusions have been drawn by Miller et al. [22]
in their work on clays isolated from weathered
soils in which kaoilnite was the major clay
mineral.

Our considerations are also in agreement
with common opinions on the role of organic
matter in soil structure formation. It is known
that the humic acid plays a major role in con-
trolling the flocculation behaviour of kaolinitic
soil fine clays [20]. Humic substances are or-
ganic polymers of high molecular weight and
they are adsorbed on surface of kaolinite [26].
It is thus likely that a combination of electro-
static stabilization and steric stabilization leads
to the effect of humic substances on the floc-
culation behaviour of clays, steric stabilization
possibly being more important factor [20].
Jekel [14] demonstrated that three different
humic extracts derived from surface water and
groundwater decreased the collision efficiency
in silica and kaolinite suspensions and ad-
sorbed neutral molecules of high molecular
weight were the most effective in stabilizing
these suspension. In the pseudo-layered sili-
cates, where entry of the organic matter into
pore structure of the minerals is less restricted,

the extent of adsorption is comparable to that
for montmorillonite [37].

The packets of clay minerals have the
charge on the in inner surface and on the
edges. Total charge of a mineral particle is the
resultant of the charge of the surface layer and
the edges of the packet [36,38]. The existence
of the negative surface charge and varying
positive charge at the edges of the clay parti-
cles makes possible different ways of particle
association. In general, there are three princi-
pal types of the associate ions: surface-sur-
face; edge-edge and surface-edge. They may
form various permanent structures [28,36,40].
In the case of kaolin suspensions, the type sur-
face-edge association prevails. Thus associa-
tion leads to the formation of steric floccules
with a honeycomb like structure [40]. The
sorption of humic acid depends on the sign of
the mineral surface charge. Positively charged
surfaces adsorb the humic acid to a greater
extend than negatively charged ones [35]. An
exposed surface of 1:1 kaolinite contains 50%
Si and 50% Al sites as estimated from the
chemical formula of kaolinite. Consequently,
the adsorption envelope of organic matter by
kaolinite is expected to resemble a combina-
tion of the adsorption envelopes observed for
the Si and Al - oxide minerals. Since Si -oxide
do not adsorb organic matter, the dominant ad-
sorption sites on kaolinite appear to be the Al
ones [26]. The analysis of the cumulative pore
distribution curves does not allow us to draw
any unequivocal conclusion conceming the
structure of the kaolin modified with HA.
However, one can postulate the hypothesis
that the HA enters, fills and blocks the inter-
layer space of the mineral particles. A similar
hypothesis has been developed in studies of
changes in the surface area (BET equation,
water vapour adsorption), contact angle and
fractal dimension of samples of kaolin modi-
fied with HA [15,33,34]. Our data confirm
that humic acids play an important role in the
structure formation of kaolin.

Figures 3 and 4 show the pore size distri-
bution curves (PSD) for kaolin and selected
kaolin-HA samples in powdered and compacted
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(Fig. 3). The pore size ranges from 6 to 9000
nm in kaolin samples containing from 0.05 to
0.4 weight percent of HA was found. The
maximum of the PSD curve is in the range of
pore size radii of 50-60 nm, and the tail of the
PSD represents pores of radii ranging from
400 to 9000 nm. For the group 2, i.e., for kao-
lin with maximum HA content, the pore radii
are equal to 8-10000 nm; the maximum of the
PSD is at 50-60 nm, and the tail is for the pore
sizes of 150 to 10000 nm. In pre-wetted of
kaolin, as well as in samples of group 3 poor
in HA, pore sizes range from 6 to 9000 nm
was observed. The PSD for the mineral with
HA exhibits its maximum at pore radii range
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Fig. 3. Pore size distribution function (PSD) for dry kaolin (a) and sample of kaolin-humic acid (b) in powder form.

(pellet) forms, respectively. The PSD func-
tions are similar for powdered samples (Fig. 3).
They have similar shapes with a single peak
which at its top divides into two maxima and
with well-distinguished tail from the side of
large pores. The pore size distribution for kao-
lin which was pre-wetted is broader and has
maxima lower than other curves. The highest
peak was found for the samples having the
large content of humic acid and for sample of
dry kaolin. The pore size distribution curves
for kaolin with humic acid are shifted towards
smaller pores radii as compared with kaolin

from 60 to 70 nm, and its tail covers pores
from the range 200-9000 nm. There were two
maxima on the PSD curve for kaolin wet with
water. The first maximum at the radius of 65
nm was well expresed, smaller one, replacing
the tail at the radius of 2000 nm. In dry kaolin,
the total range of pore radii and the range of
the tail of the PSD are the same as in the case
of the samples from the group 1. The most sig-
nificant difference is in the location of the
maximum of the PSD, which is now at 200
nm. Generally, addition of HA causes narrow-
ing the PSD curves, what indicates that from
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geometrical point of view these samples be-
come more homogeneous.

For the compacted samples the pore vol-
ume is significantly lower (about 6 times) and
close to about 90-100 mm3/g (Table 1, Figs 2

and 4). All cumulative curves are between the
curve for kaolin and for the sample with the
maximum contents of HA. These results are
dissimilar to the results obtained for powdered
samples. Probably the effect of humic acid on
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Fig. 4. Pore size distribution function (PSD) for kaolin and for sample of kaolin-humic acid in compact form.

Table 1. Structural parameters from mercury porosimetry data obtained with used of the cylindrical pore model

Total cumulative Specific Bulk density Average Total

Sample volume surface area (g/ch) pore radius porosity
(mm’/g) (m’/g) (um) (%)
Powder
Ka 730.59 15.74 0.80 0.199 58.81
Ka water 383.76 12.23 1.15 0.063 44.02
Ka+1/512 Co 399.09 14.21 1.05 0.063 48.07
Kat+1/256 C 389.57 14.99 1.04 0.063 4743
Kat+1/128 C_ 382.59 13.48 1.02 0.063 46.56
Ka+1/64 C0 378.83 12.26 1.20 0.063 45.61
Ka+1/32C 364.50 12.12 1.21 0.063 44.00
Ka+1/16 C® 530.68 13.91 0.99 0.063 52.30
Ka+1/8 CO 497.85 14.66 1.06 0.063 52.77
Ka+1/4 C, 508.50 13.05 0.94 0.063 53.83
Ka+1/2 C0 573.81 14.60 0.96 0.063 55.22
Ka+1C, 455.36 13.33 1.04 0.063 47.55
Ka+2C_ 440.98 12.18 1.05 0.063 46.44
Compact

Ka water 86.74 11.49 2.07 0.0125 17.93
Ka+1/512 CO 68.95 13.16 2.07 0.0079 14.30
Ka+1/16 C0 63.97 15.70 2.12 0.0078 15.53
Ka+2 Co 62.69 15.64 2.12 0.0079 13.27
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mechanical properties of kaolin decreases with
an increase of the amount of humic acid in
mineral. A decrease of distances between mi-
neral packets takes place during compaction
remaining space is occupied by the molecules
of HA. The adsorption of organic molecules
on mineral surface and a decrease of distances
between minerals particles are probably their
flocculation occurs. Consequently, number of
pores and their size decreases. It has been
found that compaction causes an increase of
orientational ordering of clay mineral parti-
cles, leading to the reduction of the free space
between associates and, consequently, to
changes in mineral structure [4,11,32,39]. Ge-
nerally, we have founded pores from 3 nm to
50-60 nm in compacted samples, except for
the sample containing the highest amount of
HA where the range of pore radii was from 3
to 15 nm. These pores correspond to mesopore
range, according to the IUPAC classification
[5]. The PSD curves point also at the uniform
structure of the compacted samples. Maxima
on PSD curves correspond to pore radii of 15
nm for kaolin and at of about 9-10 nm for kao-
lin containg humic acid. The comparison of
the dominating pore sizes with the average
pore radii, with the total pore volume and with
the total porosity (see Tabele 1) comfirms at
the uniform structure of the compacted samples.

CONCLUSIONS

The influence of the coverage of the kao-
lin surface with humic acid on its structural
properties was investigated. The study per-
formed confirms that humic acids play an im-
portant role in the structure formation of
kaolin. In powdered samples, all cumulative
curves split into three groups with different
pore volumes. This grouping proves the exist-
ence of a dependence of the pore volume on
the added amount of humic acid. The lack of
proportionality between the total pore volume
and the humic acid concentration observed in
this study may indicate inhibiting influence of
intermediate humic acid doses on flocculation.
In pre-wetted kaolin rapid decrease of total
pore volume may be explained by the exist-

ence of mineral flocculation, even in distilled
water.

Lower values of structural parameters
were found in compacted samples. The influ-
ence of humic acid on compact of kaolin, de-
creasing with an increase of the amount of
humic acid in mineral have been observed.
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