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Abstract—Electrical measurements are used in various fields of geoscience and technology, e.g. gas/oil
exploration or landslide-barrier monitoring. Although clays are amongst the most conducting geo-
materials their electrical properties are not yet fully understood. For example, in a recent high-level-
radioactive-waste repository large-scale test, a bentonite barrier was monitored geoelectrically. To
facilitate interpretation of the results, the reasons for the observed differences in the electrical conductivity
must be understood (e.g. changes in water content, temperature, salinity of pore water, efc.). To improve
understanding of the electrical properties of clay minerals, in situ measurements must be combined with
laboratory measurements. /n situ measurements allow the characterization of the material in its natural
state and laboratory measurements, for small sample amounts, allow the user to vary relevant parameters
systematically such as water content, temperature, the salinity of the pore water, or even the cation
population if swelling clay minerals are present. /n situ measurements using different electrode distances,
from m to cm range, proved that small-scale investigations are essential because of small-scale material
heterogeneities. In the laboratory, all the relevant parameters mentioned above can be controlled more
easily for small sample amounts. In the present study three different small-scale devices (SSM1—-SSM3)
were compared. The geometry factor, K, was determined both by calculation and by a calibration against
solutions of different conductivity. Calculated and measured geometry factors were in good agreement.
SSM1 and SSM2 — both with four pin-shaped electrodes — were found to be particularly applicable for in
situ measurements. SSM2, with point contacts at the tips of the pins, was considered to be an improvement
over SSM1 because the effects of both water content and temperature gradients (which are particularly
relevant near the surface) were less pronounced using SSM2. SSM3, in which the contacts are placed at the
bottom of a 4.5 mL trough, proved to be useful when systematically varying all of the parameters
influencing the electrical properties in the laboratory.

Key Words—Electrical Conductivity of Clays, Electrical Resistivity of Clays, Smectite, Swelling

Clay Minerals, Bentonite.

INTRODUCTION

Measurement of the electrical properties of clays is
used in various fields of science and technology. As an
example, electrical measurements are made for gas/oil
exploration in drill holes. The electrical properties are
also used for exploration of clay raw materials and water
resources.

The electrical conductivity (EC = 1/electrical resis-
tivity, ER) of clays is known to depend on ‘volume
conductivity’ (& water content) and ‘surface conductiv-
ity’ (& diffuse double layer, DDL). The total electrical
conductivity depends, therefore, on the DDL and the
arrangement of clay-mineral particles in relation to each
other (Tabbagh and Cosenza, 2006; Mojid and Cho,
2006; Garcia and Bazan, 2009).
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Amongst all the clay minerals, swelling clay minerals
(smectites) are known to play a special role in the
electrical properties of clays and soils (Waxman and
Smits, 1968). Their contribution to electrical conductiv-
ity is attributed to the mobility of the exchangeable
cations in the interlayer. The tangential mobility (within
the interlayer) of the exchangeable cations has been
reported by many studies, e.g. Weiler and Chaussidon
(1968) and Ishida et al. (2000). The reasons for
differences in the electrical properties of clay minerals
and clayey materials, however, are not yet fully under-
stood (e.g. Kauthold and Penner, 2006). For example,
little is known about the effect of the variability of clay
minerals (particle size, charge distribution, chemical
composition, partly soluble admixtures, microstructure,
etc.) on the electrical properties. The layer-charge
density (Lagaly, 1994), the smectite content (Kaufhold
et al., 2002), the variable charge (Kaufhold and
Dohrmann, 2013), and the cation exchange capacity
(CEC) probably have an influence also.
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To fill this gap, the differences in the electrical
properties of clays need to be studied under well defined
conditions which can be provided by a small-scale
laboratory device allowing parameters to be varied,
including water content, temperature, salinity of the pore
water, texture, and type of clay mineral. For example,
Taioli et al. (2006) published a report on a small-scale
laboratory device but admitted that it may not be
applicable to clay minerals and/or clayey soils. On the
other hand, the electrical properties can be measured in
situ in a flow-through cell to investigate the effect of
permeation of solutions. Examples of such devices were
presented by Slater and Lesmes (2002) and Binley et al.
(1996).

Large- and medium-scale in situ or field measure-
ments of the electrical properties are conducted routinely
either by logging in a bore hole or at the surface. In both
cases either galvanic methods (direct contacts) or
inductive methods can be used, as described by
Schulmeister er al. (2003). An electrode device was
developed (Veris® 3100, Veris Technologies, Salina,
Kansas, USA) which can be towed by a car or by hand
for mapping soils. The inductive EM38 device (Geonics
Ltd, Mississauga, Ontario, Canada) can be used for
situations involving approximately the same scale. Both
devices provide comparable values (Suddeth er al.,
1999). The heterogeneity of clays in the open pit is
commonly on a smaller scale, however. A small-scale
investigation of the electrical properties of soils (Igel,
2007) addressed the analytical challenges resulting from
the small scale.

The aim of the present study was to assess the
applicability of three different small-scale devices with
respect to the systematic investigation of the electrical
properties, both in situ and in the laboratory.

GEOELECTRICAL BACKGROUND

All electrical measurements of geomaterials (rocks,
stones, efc.) require a minimum of four electrodes. Two of
them, usually labeled A and B (or Cl1 and C2),
respectively, are used to insert a current into the material
to be investigated. The other two, labeled M and N (or P1
and P2, respectively) probe the resulting potential
difference (voltage). For small-scale measurements, the
current needs to be small to avoid overstressing the
resistivity meter but also to prevent unwanted heating or
electrochemical reactions at the electrode—soil/clay
interfaces. The resistivity/conductivity of the material
results from the relations illustrated in equations 1 and 1a.

ER [Qm] = K [m] Unn [#V]/Iap[HA] (1

EC [S/m] = 1/ER = UK-I/U (1a)

The factor K depends only on the geometry of the
measurement device and is, therefore, referred to as a
‘geometry’ or ‘configuration’ factor; it has units of m.
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The K factor must be determined for each measurement
device, calculated based on either the geometry or
calibrated by materials of known resistivity, e.g. salt
solutions.

The K factor for four-point electrodes placed at the
surface of an infinite half space depends only on the
distances r; between the current electrodes and the
potential electrodes (equation 2; e.g. Telford et al.,
1976). An infinite half space is the earth below when
standing on the ground and a full space exists when
buried deep in the ground with earth above and beneath.

Khait-space = 20/(1/ram — Vran — Urgm + 1rpn) )

In the present study, the Wenner arrangement was
used which means that all electrodes were arranged
linearly with equal distances. In this case equation 2 is
reduced to equation 3

Khalf-space = 2na (3)

where a is the distance between electrodes (cm)

Equations 2 and 3 are valid for point electrodes,
which means that the insertion depths of the electrodes
are much smaller than the distance between them. This
condition is rarely fulfilled in the case of small-scale
arrangements.

If point-shaped electrodes are not placed at the
surface but at a certain depth, #, then the geometry
factor depends on both the separation a and the depth ¢
and the following equation (4) can be used:

k(a,t) = 4Tt/[1/a+2/\/a2 Y42 —1/Va 1 zz} 4)

MATERIALS AND METHODS

To measure the electric resistivity (ER)/electrical
conductivity (EC) the ‘4-Punkt-light’” measurement
device, developed and distributed by Dipl. Geol. E.
Lippmann (LGM company, D-94571 Schaufling,
Germany), was used. The electrical current is adjusted
to 0.1, 1, or 10 pA and the resulting voltage (in pV) of
both of the inner electrodes (M, N) is displayed. The
measurements are conducted at a constant frequency of
~10 Hz.

Small-scale in situ electrical measurements were
conducted in several German open pits with different
types of clay: Bentonite (Hallertau, Bavaria: Kaufhold e?
al., 2003), ceramic clay (Westerwald, Rhineland-
Palatinate: Kaufhold and Penner, 2006), and marine
(brick) clay (Sarstedt and Véhrum, Lower Saxony and
Friedland, Mecklenburg-Western Pomerania).

Samples of each of the different clays were collected
at the exact point of measurement and sealed carefully in
plastic bags to determine the water content by oven
drying at 105°C in the laboratory. In addition, the
smectite content was determined either based on CEC
data (Meier and Kahr, 1999) or by the methylene-blue
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electrode 1 electrode 2

probes

Figure 1. Schematic representation of the small-scale Wenner
arrangement SSM 1.

method. Both methods should be considered critically as
discussed by Kaufhold and Dohrmann (2003).

Three different devices were used and are described
below.

SSM1 (small-scale measurement device 1)

The first small-scale, in situ measurements were
conducted to compare the electrical properties of
bentonites with their mineralogical composition, i.e.
the smectite content (Kaufhold ef al., 1998, 2003; DE
19839531). The aim was to use the data for quality
control in bentonite mining. Measurements were per-
formed in the open pits (in situ) on fresh and on smooth
surfaces. The partially dried surfaces were removed with
a shovel and measurements were performed quickly
(within 1 min) to avoid drying effects. The temperature
was recorded simultaneously. The electrodes were
arranged according to Wenner, as described above
(Figure 1). The distance between electrodes (a) was
varied from 30 to 2 cm. The 2 cm device was termed
SSM1; data shown in the present study were measured
with ¢ = 2.2 cm.
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In a first approach, the distance between the
electrodes (a) was 30 cm. This device was not applicable
in the clay open pits because of: (1) the heterogeneity of
the clay in this scale (cm—dm); (2) the difficulty in
producing an even surface; and (3) the unavoidable
occurrence of cracks between the electrodes. Therefore,
a was decreased. In a second approach, a was varied
from 2 to 6 cm (Figure 2). In this case the point electrode
condition was obviously not fulfilled and the mutual
interference between the electrodes was taken into
account by calculating an appropriate K factor.
Appropriate K factors for small-scale measurements
were used, making use of a theorem of electrostatics
which allows the user to approximate the electric field of
a thin stick by the known electric field of an elongated
half-ellipsoid, as derived by Igel (2007). His solution
requires the numerical solution of an elliptical integral.
Riicker and Giinther (2011) developed an even more
versatile ‘Finite-Element’ approach, which enables the
model calculation of virtually any shape of the electro-
des. The application requires intensive computer
resources. According to Riicker and Giinther (2011)
however, the K factor of the complete electrode model of
cylindrical electrodes is met quite closely by the K factor
of point electrodes placed at a depth of ~60% of the
length of the actual electrodes. Equation 4 with = 0.6:L
was used to calculate the K factors of SSM1 (L = length
of the electrode).

The curves (Figure 2) show a slight increase in ER
depending on the distance between the electrodes, which
may be related to near-surface material heterogeneities
or vertically variable parameters such as temperature
and/or humidity. Interestingly, curves of different shapes
were observed. In some cases, perfect linears were
observed but some curves, particularly of open pit 2,
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Figure 2. Dependence of apparent electrical resistivity (ER) of Bavarian bentonites on the distance of electrodes before (a) and after

(b) K factor correction.
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Figure 3. Photograph of the alternative device (SSM2) with real
point electrodes (a = 2.9 cm).

indicated the lateral heterogeneity of the clay even on a
small scale. Therefore, the smallest reasonable scale was
selected. A distance (@) of 2 cm results in a length of the
measured area of 6—10 cm and collecting the material
which was penetrated by the electrodes results in a
sample mass of 10—20 g, which is a typical amount of
clay sample used in the laboratory for characterization
after homogenization by grinding. Technically, a, the
distance between the electrodes, may be decreased, but
this would involve distances smaller than that commonly
used in the laboratory. The distance between the
electrodes and probes (a) should, therefore, be ~2 cm
and for practical reasons was fixed at 2.2 cm.

SSM?2 (small-scale measurement device 2)

Because of the lack of real point electrodes of SSM1
(Figure 1 and discussion thereafter), a different device
was tested (Figure 3). The cylindrical part of the
electrodes was surrounded by insulating plastic and
only the tip of the electrode was in contact with the clay.

The conducting tips of the electrodes of SSM2 were
intended to be surrounded entirely by rock to simulate
point electrodes. The depth of the point electrodes of
SSM2 was ~3.75 cm (average depth of the conductive
pin). To calculate the K factor of SSM2, both the
variable @ and the depth # must be considered (according
to equation 4). For a given electrode a, the K factor

Clays and Clay Minerals

Figure 5. Schematic representation of the 4.5 mL small-scale
laboratory measurement device (SSM3). The clay is smeared
into the trough using a spatula.

increases with depth of submersion of the point
electrodes (Figure 4). For ¢ = 0, the factor starts with
the ‘half space’ value Ky = 2na and at depths r >> ¢ it
reaches the upper limit of the ‘full space’ value K, =
4ra.

For measurements using SSM2 with ¢ = 2.9 cm and ¢
= 3.75 cm, the calculated geometry factor was Kgsnp =
0.328 m.

SSM3 (small-scale measurement device 3)

To investigate systematically the correlation of clay
properties with electrical parameters, a further small-
scale measurement device was developed in the shape of
a small trough (Figure 5). To measure the electrical
properties, the sample must be ductile (plastic) because
it is smeared on the electrodes which are arranged at the
bottom of the small trough (4.5 mL). The trough was
made of insulating plastic, the electrodes were of steel
and arranged according to Wenner. Care must be taken
with respect to drying after smearing the clay gel in the
trough. The measurements were performed quickly
enough that no significant drying had occurred.
Smearing the gel into the trough took ~5 s and after a
few more seconds a stable value was obtained, noted,
and ~1 mL of the material was used to determine the
water content by oven drying (a dried and weighed cup
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Figure 4. Calculation of the K factor for different electrode separation distances, a, and depths, . The square represents the SSM2

parameters (a =2.9,¢t=3.75 cm).
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was waiting on the nearby balance). The temperature
was also a crucial factor influencing the electrical
conductivity. All materials and the measurement devices
were, therefore, carried out in a laboratory with constant
temperature (22°C).

The K factor of SSM3 could not be calculated
because of the complex geometry. It deviates in two
senses from the idealized point solution of equation 3:
(1) the electrode buttons are not small compared to the
electrode distance; and (2) the small volume of the
trough imparts notable boundary conditions instead of
the infinite half space.

Although the effect of this complex geometry could,
in principle, be treated by a ‘Finite-Element’ modeling
procedure, the best way to determine the applicable K
factor in this case is experimental calibration with
liquids of well known conductivities.

Calibration

The K factor can be calculated but ideally is
determined empirically by calibration. To calibrate, a
set of different solutions with different ionic strengths
was used. SSM3 was calibrated with 4.5 mL of each
solution but investigating the solutions with SSM1 and
SSM2 turned out to be a challenge. In a first approach, a
5 L cup containing the different solutions was used and
the electrodes were inserted as in a clay or soil.
However, the ratio of the results of parallel measure-
ments with all three SSMs obtained in the laboratory did
not match with the ratio obtained from parallel
measurements in the open pits (real half space).
Therefore, in a second attempt, a 70 L vessel with 50
L of the different solutions was used and was adequate.
The distance of the measurement location in the water
bath to the walls was 25 cm and the distance to the
bottom was ~35 cm. These distances were required to
mimic a real half space. The room temperature was 22°C
and the temperature of the solutions was 25°C. The
reference conductivity of the solutions was measured
with a calibrated laboratory conductivity meter (con-
ductometer HI 9033 HANNA) which is applicable for
solutions. The laboratory calibration started with tap
water (commonly 18 Qm as confirmed by the reference
conductivity meter). As explained above the M-N
voltage was measured with all devices and the reference
value (measured with the conductivity meter) was also
recorded. Different ionic strengths were adjusted by
adding a defined amount of NaCl. All data are
summarized in Table 1 and the calibrations are given
in Figure 6. The pure water value measured with SSM3
was expected to be affected by traces of clay and salt on
the surface of the plastic trough. These traces could not
be removed by washing and so this value was not
considered in the determination of the calibration factor.

The K factors for SSM1 and SSM2 were calculated
based on equation 4. In the case of SSM1, with ¢ = 2.2 cm
and L = 1.6 cm, the equivalent depth of point electrodes

Table 1. Raw data and calculated calibrations for all three devices.

— SSM3 (10 nA) ——
[V/A] K [m]

Conductometer —— — SSMI (10* nA) —— — SSM2 (10* nA) ——
[wS/em]  [mS/m]  [Qm] [nV] [V/A] K [m] [nV] [V/A] K [m] [nV]
946 547 543
136

T (°C)
25

50 L lab. water
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0.0035
0.0026
0.0024
0.0026
0.0026
0.0024

5430

0.34
0.33
0.33
0.34
0.32
0.31

54.7

0.20
0.18
0.17
0.18
0.17
0.17

94.6

18.8

53.1
288
503

531

2880

25
25

0.02 mol/L (58 g NaCl/50 L)

1360
840
557

338

10.5

105

19.3

193
115

3.5

0.04 mol/L (+58 g NaCl/50 L)
0.06 mol/L (+58 g NaCl/50 L)
0.1 mol/L (+116 g NaCl/50 L)

0.2 mol/L (+290 g NaCl/50 L)

84

6.1

61

11.5

2.0

1.4

5030
7015
11240
22000

25

55.7

4.25
2.74
1.48

42.5

7.72
5.19
2.75

77.2

701.5
1124
2200

25

33.8

27.4

51.9

0.9

25

186

18.6

14.8

27.5

0.5

25
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Figure 6. Calibration curves of all three devices.

becomes ¢ = 0.96 cm and the calculated result is Kggyv =
0.174 m. This corrected value is ~26% greater than the
improper surface-point electrode approximation from equa-
tion 2. The experimental calibration of SSM1 (Table 1 and
Figure 6) correspondingly yields K = 0.18 m (average
value) and K = 0.20 m (derived from the slope in Figure 6),
thus confirming the approximation algorithm. For SSM2,
the calculated K value (0.33 m) was in particularly good
agreement with the 0.34 m value determined empirically,
probably because of the presence of point electrodes which
are easier to consider quantitatively. This does not apply to
the calibration point measured for tap water (the largest
ER), which in all cases fails to follow exactly the trend
evident from the other calibration points.

The K value of SSM3, however, due to the even more
complex geometry, would be much more difficult to
calculate and hence had to be determined empirically
(0.0025 m).

In addition to the different solutions, clays or soils
could also have been used for calibration. This could be
important because of the different interface of the
electrodes and the water compared to the electrodes
and a solid (clay or soil). Theoretically, the K factor
should depend only on the geometry. Strong evidence in
support of the validity of the K factors determined with
the solutions is the fact that the ratios of the values
determined with all small-scale devices do not depend
on whether a solid or a liquid is measured. In different
open pits all three SSMs were used to measure the
voltage necessary to maintain a specific current (e.g.
10 pA). The ratios of these values of the different SSMs
were in good agreement with the ratios of the voltages
determined in the solutions (which are listed in Table 1).
No other materials were, therefore, needed as references.

RESULTS AND DISCUSSION

In situ measurements with SSM1 and SSM?2

The plan was to use both devices for in situ
determination of the electrical properties in open pits.

SSM1 was used by Kauthold ez al. (1998) and Kauthold et
al. (2003) for the investigation of more than 200 different
Bavarian bentonites. Based on these measurements, an
empirical relation between ER, water content, and tem-
perature and in turn a complementary method for quality
control were established. Later, investigations of the
Westerwald ceramic clays also proved a strong correlation
between the ER/water content ratio and the CEC (smectite
and smectitic layers content in mixed-layer minerals:
Kaufhold and Penner, 2006). The clays in the present
study, however, are dominated by low-CEC clay minerals
(kaolinite, illite), which provide a more or less CEC-
independent contribution to conductivity which explains the
slightly lower ER values compared to the CEC and water
content of the Bavarian bentonites (Kauthold and Penner,
2006). The disadvantage of this method, however, is that a
fresh surface has to be produced because the water content
of the bentonite at the surface is smaller than within or even
decreases during the measurements. Moreover, the tem-
perature is known to affect the measurement and the
temperature gradient is significant near the surface. Note,
for quality-control purposes, no measurements of surfaces
exposed to the sun were taken. These problems can be
overcome to some degree by using device SSM2 because of
the distance of the clay volume determining the electrical
signal from both gradients (water content and temperature).
To test both methods and investigate the compatibility,
parallel measurements were conducted in different clay
open pits (Figure 7).

Both devices (SSM1 + SSM2) are applicable in clay
open pits with plastic/ductile clay. Note that neither can
be used in the case of clayey material containing a
network of small calcite or gypsum veins because these
veins isolate the conducting clay. Such circumstances
were found in some of the bentonite mines of Milos,
Greece, but generally are rare. In principle, both devices
could have been used as a reference measurement device
for the present study. A typical measurement scenario is
shown in Figure 8. Note that the temperature was also
recorded to enable further interpretation of the data.
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Figure 7. Comparison of SSM1 and SSM2 by means of seven
parallel measurements in four different clay deposits.

Laboratory measurements with SSM3

The electrical properties of clays are known to
depend on the water content, among other parameters
(including the CEC). The small-scale laboratory device
SSM3 permits investigation of this relation over a wide
range of water contents (Figure 9). The water content
(Figure 9) represents the so called ‘mineralogical water
content’ (mass of water desorbed by drying compared to
the initial total mass). Accordingly, a common clay with
90 wt.% water is a suspension (90 wt.% = 90 g water and
10 g clay). The ‘technical water content’ of this
suspension would be 900%. Comparing literature data,
the type of water content must be considered. To record
the curves, the clays were mixed with excess water first.
Values representing different water contents were then
recorded stepwise and by slow drying of the clay gels
and smearing them into the 4.5 mL plastic trough
(SSM3). Therefore, the curves are discussed starting
with large water contents and proceeding to smaller
values. The curves shown (Figure 9) can be subdivided
into three branches and these may be explained by the
schematic model shown in Figure 10. The first branch, at
large water contents (roughly >70 wt.%), reflects the
electrical properties of a clay suspension which differs

500 Obentonite, Bavaria
O marine clay, Friedland, natural
A marine clay, Sarstedt

450 o
\ o marine clay, Friediand Ca

400
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250

EC [mS/m]
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L ool

Figure 8. In situ measurement of electrical properties using the
SSM1 device. At the same location, samples were also taken to
determine water content and the temperature was measured.

from a gel in that water forms the matrix and the clay
particles are dispersed in the water matrix. At water
contents of <60 wt.% (in most cases a clay gel) the
properties start to depend on the clay particle interac-
tions (and contacts) because the clay particles are
expected to form the matrix (percolation theory; e.g.
Kesten, 2006). For water contents of 30 to 60 wt.% a
linear electrical conductivity range was observed (2™
branch). Because the conductivity—water relation is
apparently linear in this range, considering the con-
ductivity rather than the resistivity is reasonable. Note
that in this linear range the electrical conductivity only
increases if the conductivity of the pore water is
significantly less than the conductivity of the clay
minerals. In turn the electrical conductivity increases
because (1) the smaller amount of (electrolyte poor)
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Figure 9. Dependence of the electrical conductivity and electrical resistivity on the water content of three different clays. The
Friedland clay was investigated in its natural form (Na*) and after exchange of the Na* by Ca*".
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water and the larger amount of clay minerals and (2) the
increased number of clay-particle bridges. Each clay
reaches the plastic limit (at an individual water content)
and hence cannot be smeared further without the
formation of cracks and/or voids. These values were
not considered further but represent the 3™ branch. No
values are presented because of the macroscopically
evident occurrence of cracks. The electrical properties
would then depend more on the compaction caused by
smearing the clay than on material properties. The
maximum electrical conductivity is expected to corre-
spond to water saturation.

Examination of the water content (WC)-EC curves
obtained by SSM3 actually allows for the comparison of
the £C values of different clays, e.g. the marine Friedland
clay with bentonite from Bavaria. Interestingly, the
natural Friedland marine clay had a larger EC value
than the bentonite even though it had a significantly
smaller CEC (Friedland = 30 meq/100 g, bentonite =
70 meq/100 g). According to Waxman and Smits (1968)
the CEC is expected to affect the £C significantly. If CEC
is to be the dominant factor then the bentonites should
have shown much larger £C values than the Friedland
clay. This unexpected result may be due at least partly to
the type of exchangeable cation. The smectites (free
smectite + smectitic layers of mixed-layer minerals) of the
Friedland clay were dominated by exchangeable sodium,
which contributes significantly to electrical conductivity
because of the larger mobility of the Na* compared to
Ca”" and likewise the fact that more cations are present in
the case of Na* in the interlayer (two permanent negative
clay charges are compensated either by one Ca*" or two
Na' cations). After Ca®>" exchange of the Friedland
smectites an electrical conductivity was observed as
expected (less than that of the bentonite which is
commonly dominated by Ca*" and Mg?").

The aim of most of the measurements of the electrical
properties is to rank different materials according to
their conductivity or resistivity. The data presented
(Figure 9) reinforces the idea that such a ranking cannot
be made without defining a reference water content. For
example, the Bavarian bentonite had a smaller con-
ductivity value at 60 wt.% water than the Sarstedt clay at
20 wt.% water. Note that in the field, i.e. in a drill core
or an open pit, the water content of the clays may vary
depending on the ambient conditions.

To improve the comparability of the conductivity of
different clays, defining a constant reference water
content (e.g. 50 wt.%) or stating the slope or the y
intercept of the linear part is suggested (Figure 10).

SSM3 could also be used in the open pit, although
this may not be necessary. Regardless, to further test the
applicability of this device, parallel measurements were
performed with SSM1 and SSM3 in three different clay
open pits (Figure 11).

First, SSM1 was used. Then, the plastic clay was
smeared into SSM3 and the resistivity was measured.
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partncle contacts
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Figure 10. Model explaining the typical WC—EC curve of clays.

Finally, a sample was collected and sealed carefully for
water-content determination in the laboratory.

A satisfying correlation was found (Figure 11) which
proves the applicability of SSM3 for both in situ and
laboratory investigations. However, the resistivities
obtained with SSM3 were systematically larger than
those measured with SSM1. This may be explained by
the fact that smearing the mostly relatively dry materials
leaves some voids which causes an increase in the
resistivity. Therefore, SSM1 and SSM2 are preferred for
in situ measurements.

Parameters influencing the electrical properties

The dependence of the electrical properties on the
water content has been explained above. The WC-EC
curves recorded with SSM3 were obtained by drying a
clay gel or a suspension. The pore-water composition

In situ resistivity with SSM3 [Qm]
o

O O bentonite, Bavaria
A marine clay, Sarstedt

O marine clay, Friedland

0 r T .
0 2 4 6 8 10
In situ resistivity with SSM1 [Qm]

Figure 11. Comparison of the results of SSM1 and SSM3 when
applied in situ.
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Figure 12. SSM3 measurements of the electrical properties of kaolinite to study the effect of soluble minerals.

and in turn the volume conductivity were, therefore,
variable. For soils or sediments, however, a constant
salinity of the pore water is commonly considered. This
should not reflect reality because in a clay or clayey
sediment a certain amount of soluble minerals is present
and the amount of water depends on external factors
(e.g. humidity, rainfall, groundwater level, etc.). Hence,
the water-soluble minor component ratio is variable and
determines the volume conductivity. To assume a certain
type and amount of soluble mineral in the sample is
more realistic (e.g. 0.1 wt.% NaCl, 1 wt.% calcite, etc.).
In the case where carbonates and/or gypsum, which are
partly soluble in water, are present, the pore-water
composition depending on the variable water content is
even more complex because the pore-water composition
depends on the solid/liquid ratio. In turn, this determines
the amount of soluble carbonate/gypsum. On the other
hand, using the small-scale laboratory device also allows
measurement of the WC-EC curve with constant

T

L o W

electrical conductivity of the pore water. In this case,
different suspensions, gels, or dry pastes must be
prepared using different amounts of one solution. This
was not investigated in the present study, however.
Instead, the WC-EC curves of kaolinite with different
amounts of soluble phases (model substance halite) were
measured (Figure 12).

A further example of the usefulness of different
small-scale devices is the investigation of the effect of
preferred orientation (texture) of clays on the anisotropy
of the electrical properties. In four open pits
(Westerwald, Bavaria, Friedland, Sarstedt), measure-
ments were performed both perpendicular and parallel to
the bedding (Figure 13). At Westerwald, Bavaria, and
Friedland no differences between perpendicular and
parallel measurement results were observed. The clay
minerals of these materials, therefore, were believed to
be arranged more or less randomly and fine bedding was
assumed to be absent.

Figure 13. Photographs of parallel and perpendicular £R measurements using SSM1.
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Figure 14. Investigation of the anisotropy of electrical properties at three sites in the Sarstedt clay deposit.

At the Sarstedt site, however, where macroscopically
visible fine bedding occurs, the electrical behavior was
different. A larger EC value was found when measuring
perpendicular to the bedding (Figure 14). No proven
explanation can be provided for this observation and
further detailed investigations using SSM1 and SSM3
are required. Various interpretations are offered in the
schematic Figure 15. On one hand, the insertion of
electrodes parallel to bedding may cause some cracks
because clays are known to break mainly parallel to the
bedding. On the other hand, vertical insertion of the
electrodes compresses the layers and might be expected
to cause fewer microcracks.

Based on the assumption of fine bedding, the results
observed may also be explained by the electrical short
cut of layers with different conductivity in the case of
perpendicular electrodes. This second model assumes
that the fine bedding consists of a mixed layering of
conducting (clay-rich) and more isolating layers (carbo-
nate or quartz-rich), which is common in sediments. In
the case of parallel insertion of the electrodes, the
carbonate/quartz-rich layers would, to a certain extent,
isolate the layer in which the electrodes are present. In

[ [ [ [
S —

AT
e s e

contrast, electrodes inserted perpendicularly would
shortcut the different conducting layers and, in a way,
bridge the isolating layers. Most of the differences
observed were not large (<1 Qm) and different mechan-
isms are assumed to play different roles. Identification of
the exact cause of these differences requires additional
systematic investigations, ideally using SSM1 and
SSM2, because the connecting effect would be small in
the case of the second explanation and SSM2.

SUMMARY AND CONCLUSIONS

Three different small-scale devices (SSM1, SSM2,
SSM3) were compared with respect to their applicability
for both in situ and laboratory measurements of the
electrical properties of clays. All devices were based on
the Wenner arrangement and measurements were con-
ducted with the ‘4-Punkt-light’ apparatus. Variation of
the electrodes and probes proved that a suitable distance,
a, was ~2 cm (for technical reasons 2.2 cm was used).
The volume determining the electrical properties in this
case corresponded to the typical amount of clay sample
investigated in the laboratory (after homogenization).

Figure 15. Model to explain the differences in parallel and perpendicular measurements.
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The comparability of EC values measured in situ with
parameters derived in the laboratory, such as the
smectite content or CEC, is guaranteed. All three
devices were calibrated against the same set of aqueous
solutions. Interestingly, a volume of 50 L was required
for the calibration tank in order to impede boundary
effects from the walls. Using a 5 L tank only resulted in
a different ratio of the electrical signals derived from the
different devices compared to the ratio measured in situ
with an infinite half space. Parallel to the experimental
calibration, the K factors of SSM1 and SSM2 could be
calculated analytically based on their geometry. Devices
1 and 2 were particularly applicable for in situ
measurements whereas SSM3 was advantageous in the
laboratory for the systematic investigation of some
parameters affecting the EC of clays. SSM1 was used
for complementary quality control throughout bentonite
mining. One concern using this device was the direction
of electrode insertion (parallel or perpendicular to
bedding). Accordingly, in all open pits investigated in
the present study, measurements were performed both
parallel and perpendicular to the bedding. Only in one
brick clay deposit (Lower Cretaceous clay in N.
Germany, Sarstedt) was a significant difference
observed. This requires further investigation. SSM2,
with actual point electrodes, was considered to be an
improvement over SSM1 because water content and
temperature gradients which are particularly relevant
near the surface were less pronounced using this device.
SSM3, on the other hand, proved to be useful at
recording the water content—electrical conductivity
relation (WC-EC curves). All the clays investigated
showed increasing EC (decreasing resistivity) with
decreasing water content. Below water saturation of
the clay, the EC values dropped because of the formation
of cracks and voids. The curves measured suggested that
comparisons of the £C values for different clays requires
consideration of either a reference water content or, even
better, the slope of the linear branch of the WC-EC
curves. The effect of soluble phases (as minor constitu-
ents of the clays), which depend on the degree of drying
and which determine the pore-water conductivity, was
measured. Most of the clays were expected to contain
<0.1 wt.% halite. Assuming a variable pore-water
composition which can be described by the content of
soluble phases (e.g. halite) in the dry state was more
realistic than assuming a constant pore-water composi-
tion because the amount of water in soils and in
sediments depends on the ambient conditions and,
hence, is variable. Future work will be devoted to
understanding the reasons for differences in the elec-
trical properties of clays. The results of the present study
(e.g. Friedland clay vs. bentonite) proved that the
Waxman and Smits equation (Waxman and Smits,
1968) may be useful to explain the difference between
sand, silt, and clay, but not to explain the differences
between different clays.
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INFLUENCE OF MOLECULAR STRUCTURE OF QUATERNARY PHOSPHONIUM
SALTS ON THAI BENTONITE INTERCALATION
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Abstract—A comprehensive study of the intercalation of organo-phosphonium salts into Thai bentonite
(Mt) was conducted to investigate the influence of the molecular structures of organic moieties, including
chain types (alkyl vs. aryl), chain length, and structural symmetry, on their intercalation. A series of
quaternary phosphonium salts with systematically varied molecular structures (tetraphenyl phosphonium,
TPP-Br; tetrabutyl phosphonium, TBP-Br; tetraoctyl phosphonium, TOP-Br; methyl triphenyl
phosphonium, MTPP-Br; and butyl triphenyl phosphonium, BTPP-Br) was intercalated into Mt via an
ion-exchange reaction. From thermogravimetric analysis results, tetrabutyl phosphonium-modified Mt
(TBP) with shorter alkyl chain length began to decompose at a slightly lower temperature (263 vs. 351°C),
yet showed comparable thermal stability (i.e. maximum decomposition temperature) at 470°C, compared
to tetraoctyl phosphonium-modified Mt (TOP). Aryl phosphonium-modified Mt (TPP) showed a higher
thermal decomposition temperature (576 vs. 470°C) than those of alkyl phosphonium-modified Mts (TBP
and TOP). Introducing short alkyl chains into the aryl phosphonium moiety (MTPP, BTPP) caused a slight
decrease in thermal decomposition temperature, but an increase in cation loadings of their modified Mts
(71 and 73%, respectively). X-ray diffraction analysis showed that the flexibility of alkyl chains in TBP
yielded smaller increases in basal spacing, i.e. lower degree of intercalation, compared to the rigid aryl
structure in TPP. Increasing chain length resulted in greater basal spacing in alkyl phosphonium-modified
Mts (1.67 nm. in TBP vs. 2.46 nm. in TOP). Such an effect, however, was less significant in aryl
phosphonium-modified Mt.

Key Words—Intercalation, Molecular Structure, Montmorillonite, Organo-clay, Phosphonium Salts.

INTRODUCTION

Organo-clays have been studied extensively in terms
of their roles in enhancing thermal and mechanical
properties of clay-polymer nanocomposites
(Leszczynska et al., 2007a, 2007b; Paiva et al., 2008;
Avalos et al., 2009; Feng et al., 2012; Garcia-Lopez et
al., 2013; Suin et al., 2014). Many studies have been
conducted on the modification of montmorillonite-rich
clay to obtain organo-clay with high thermal stability,
i.e. high decomposition temperature, using different
types of organic modifiers such as ammonium salts,
phosphonium salts, and imidazolium salts (Xie et al.,
2002; Hedley et al., 2007; Leszczynska et al., 2007a,
2007b; Patel et al., 2007; Calderon et al., 2008; Paiva et
al., 2008; Avalos et al., 2009; Feng et al., 2012; Garcia-
Lopez et al., 2013; Suin et al., 2014). Organic modifiers
helped to reduce the hydrophilic nature of the clay,
resulting in better compatibility with organic polymers
(Paiva et al., 2008). Properties of clay-polymer nano-
composites are mainly dependent on the dispersion of

* E-mail address of corresponding author:
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DOI: 10.1346/CCMN.2014.0620102

organo-clay in polymer matrix as well as interaction
between organo-clay and polymer (Feng et al., 2012;
Garcia-Lopez et al., 2013; Suin et al., 2014). Garcia-
Lopez et al. (2012) reported different improvements in
the thermomechanical properties of polyamide6/organo-
sepiolite nanocomposites, which depended on modifier
structures and contents. From their results, strong
interaction between PA6 and the Diamin T modifier
led to homogeneous dispersion of sepiolite-Diamin T in
the nanocomposite, thus increasing the elastic modulus
and heat deflection temperature.

For organo-clays modified with ammonium salts,
which have low thermal stability, thermal degradation
begins to occur when the polymer processing tempera-
ture exceeds 200°C (Patel et al., 2007; Calderon et al.,
2008). Other complex salts such as phosphonium,
pyridinium, imminium, and imidazolium salts were
later employed to achieve greater thermal stability of
modified clays (Xie et al., 2002; Hedley et al., 2007,
Leszczynska et al., 2007a; Patel et al., 2007; Calderon et
al., 2008; Paiva et al., 2008; Avalos et al., 2009; Suin et
al., 2014). Several factors including chemical structure,
packing density, and type of cation in the organic
modifier, as well as silicate layer thickness in the clay,
were found to influence the space between the silicate
layers and thermal stability of the organo-clays.
Calderon et al. (2008) employed four alkylphosphonium
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salts with different molecular structures to investigate
the effects of chemical composition and molecular
weight of phosphonium salts on the thermal stability
and basal spacing of modified clays. An organo-clay
with tetra n-octyl phosphonium salt, which had the
shortest chain length and smallest molecular weight of
those examined, showed the smallest basal spacing
compared to those with additions of higher molecular
weight salts. The thermal stability and degradation
mechanisms of modified montmorillonites of alkyl and
aryl quaternary phosphonium salts (dodecyltriphenyl
phosphonium, tetradecyltributyl phosphonium, hexade-
cyl tributyl phosphonium, octadecyltributyl phospho-
nium, tetraphenyl phosphonium, and tetraoctyl
phosphonium) were investigated by Xie et al. (2002)
and compared to clay modified with ammonium salt
(tetraoctyl ammonium bromide). Unlike the ammonium
salt system, the thermal stability of phosphonium-
modified clay depended on the molecular structures of
the organic salts. The symmetric tetraoctyl phospho-
nium-modified clay showed an increase in decomposi-
tion temperature of 30°C, compared to that of
asymmetric tributyl alkyl phosphonium-modified clay.
The increased decomposition temperature was explained
to result from an increase in steric resistance around the
P center of the tetraoctyl phosphonium ion, thus
reducing the susceptibility of the alkyl chains to
B-elimination. For triphenyl alkyl phosphonium-modi-
fied clay, steric hindrance from phenyl groups con-
tributed to the increased thermal stability. In addition,
pn—dmn interactions between the P center and phenyl
groups led to delocalization of the positive charge, thus
inhibiting the alkyl chain from B-elimination. Patel et al.
(2007) prepared modified montmorillonites (Mt) with
different quaternary phosphonium cations (hexadecyl
tributyl phosphonium, tetradecyl tributyl phosphonium,
tetraphenyl phosphonium, methyl triphenyl phospho-
nium, ethyl triphenyl phosphonium, and propyl triphenyl
phosphonium). Tetraphenyl phosphonium-modified Mt
exhibited the highest decomposition temperature
(350—400°C). Substitution of the phenyl group with
alkyl chains (methyl, ethyl, or propyl group) resulted in
lower decomposition temperatures (300—350°C). The
thermal stability or decomposition temperature was
found to increase with alkyl chain length. Tetrabutyl
phosphonium-modified Mt, despite having relatively
short chain length, showed an unexpectedly high
decomposition temperature (up to 350°C) due to the
high thermal stability of the tetrabutyl phosphonium
cation.

Though these earlier studies provided informative
experimental data, they had been reported individually
and their results had not been correlated. To develop a
comprehensive understanding of the influence of organic
modifiers on organo-clay, the present study employed a
series of quaternary phosphonium salts with system-
atically varied molecular structures to intercalate into
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the Thai bentonite via a cation exchange reaction. The
influence of molecular structures of organic modifiers on
basal spacings and decomposition temperatures of
phosphonium-modified Mts was investigated and dis-
cussed in relation to those reported by other research
groups.

MATERIALS AND METHODS

Materials

Thai bentonite was provided by the Thai Nippon Co.
Ltd (Thailand). The bentonite was further purified, using
a method modified from Thuc et al. (2010): 10 g of
bentonite was dispersed in 2 L of deionized water and
stirred for 24 h, followed by sonication for 20 min. The
resultant bentonite slurry was then left to settle for 50 h.
The upper fraction of slurry with dispersed clay particles
(~1500 mL) was collected and oven dried slowly at
90°C. The cation exchange capacity (CEC) of the
purified bentonite, determined by the standard ammo-
nium acetate method, was 80 meq/100 g. Phosphonium
bromide salts purchased from Aldrich were used as
received. Their molecular structures as well as the
molecular mass of the cations are shown in Table 1.

Preparation of phosphonium-modified montmorillonite

A 5 g portion of purified bentonite (Mt) was
dispersed in 1 L of deionized water and stirred
continuously for 30 min at room temperature, using a
disperser (Ultra-Turrax® T50, IKA, Stauffen,
Germany). Excess phosphonium salt (5 g) was added
slowly to the bentonite slurry and stirred at high speed
(~6000 rpm) for 30 min to allow intercalation of
phosphonium cations into Mt via ion exchange before
further stirring at medium speed (~3000 rpm) for another
3 h. The phosphonium-modified Mt was filtered and
washed with deionized water until no residual bromide
remained and then dried at 110°C for 24 h. The modified
Mts obtained (identified as in Table 1) were prepared as
powder samples for analysis by X-ray diffraction (XRD)
and thermal analysis.

Characterization

The thermal properties of purified Mt, organic
phosphonium salts, and phosphonium-modified Mts
were characterized by thermogravimetric analysis
(TGA) using a Mettler Toledo (Leicester, UK) instru-
ment (SDTA 851°). Samples were heated to 1200°C
(except for the phosphonium salts which were heated to
900°C) at a heating rate of 10.0 °C/min under a N, flow
of 20 mL/min. The structures of Mt and phosphonium-
modified Mts were characterized, using a wide-angle
X-ray diffraction apparatus (JEOL, JDX3530) with
CuKa source. Intensity distributions for diffraction
angles (20) ranging from 3 to 80°20 at a scanning rate
of 0.02°20/min were recorded. The corresponding d
values were then derived from the first-order reflections.
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Table 1. List of phosphonium salts and their structures.

Phosphonium salts Molecular structure Cation MW Organo-modified clay
(g/mol) labeling
Br
- +
Tetrabutyl pht_)sphonlum H3C/\/\ P/\/\CH3 259 TBP
bromide
HsC CHs
Tetraoctyl phosphonium H3C /\ﬁﬁ/CH:S 491 TOP
bromide \\+
H3C
Tetraphenyl phosphonium © 339 TPP
bromide
Methylitriphenyl phosphonium © 277 MTPP
; ch
bromide
: ; H3C
Butyltriphenyl phosphonium 3 © & 319 BTPP
bromide 4\—\:p+ Br:

RESULTS AND DISCUSSION
Thermogravimetric analysis

Derivative TGA mass-loss curves (Figure 1a) showed
that the parent Mt maintained thermal stability, i.e. was
not thermally decomposed, through the range of
temperatures studied. The derivative mass-loss peaks
which occurred below 200°C were due to loss of
interlayer water and the adsorbed gases such as N,
(Xie et al., 2002). Phosphonium-modified Mts exhibited
greater thermal stabilities than their corresponding
phosphonium salts (Figure la,b) such that decomposi-
tion temperatures occurred over the ranges 470—576°C
and 285—419°C, respectively. Overall, the modified Mts
showed gradual mass loss before a significant loss of
mass occurred at a single particular temperature, except
for tetraphenyl phosphonium-modified Mt (TPP) and
tetraoctyl phosphonium-modified Mt (TOP) each of
which showed two decomposition steps.

To investigate the influence of the alkyl chain length
of organic moieties in phosphonium salts on the thermal
stability of modified Mt, tetrabutyl phosphonium-mod-
ified Mt (TBP) and tetraoctyl phosphonium-modified Mt
(TOP) were compared. In order to compare the resulting

data with previous studies, the decomposition tempera-
ture was reported as the temperature range between two
temperature points; the temperature at 5% mass loss (7s)
and the temperature at maximum rate of mass loss
(Tmax)- The TBP underwent thermal decomposition over
a temperature range of 263—471°C whereas that of TOP
occurred at a temperature range of 351—470°C
(Table 2). Although TBP began to decompose at a
lower temperature than did TOP (75 = 263 vs. 351°C),
both showed comparable decomposition temperatures
for maximum rate of mass 10ss (7 nax) up to 470°C. The
lower initial temperature of decomposition was thought
to be due to the shorter alkyl chain length in TBP, but
the molecular symmetry of tetrabutyl- and tetraoctyl-
phosphonium moieties ensured that for the thermal
stabilities observed in their modified Mts that the Ti,ax
temperatures were still at 470°C.

When alkyl groups (tetrabutyl; TBP) were replaced
by aryl groups (tetraphenyl; TPP) for organic moieties in
phosphonium salt, an increase in decomposition tem-
perature was observed (263—471°C vs. 418—-576°C,
respectively). A similar observation was reported by
Xie et al. (2002), who found that tetraphenyl phospho-
nium-Mt showed a greater decomposition temperature
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Figure 1. Derivative mass-loss curves of parent Mt (a), modified Mts (a), and phosphonium salts (b).

than tetraoctyl phosphonium-Mt (309—407°C wvs.
262—-362°C, respectively), despite the longer chain of
the octyl group. According to Xie et al. (2002), this was
due to steric hindrance from the phenyl substituents as
well as the absence of ao-hydrogen in phenyl groups,

which inhibited o- and p-eliminations and led to
different decomposition pathways, resulting in greater
thermal stability. Kawasaki et al. (2010) prepared
transparent clay film by cation exchange reaction of
synthetic saponite (SA) with tetraphenyl phosphonium

Table 2. Basal spacing and thermal properties of modified Mts and phosphonium salts.

Sample Basal spacing (nm) Temperature (°C) Temperature (°C) Cation loading
(@ 5% wt. loss) (@ max. wt. loss rate) (%)
Mt 1.53 1317 n/a n/a
TBP 1.67 263 471 65.5
TOP 2.46 351 470 32.5
TPP 1.79 418 576 30.5
MTPP 1.75 431 543 73.74
BTPP 1.83 405 499 71.2
Organic phosphonium salts
TBP-Br — — 340 —
TOP-Br - — 332 —
TPP-Br - — 419 —
MTPP-Br — — 355 —
BTPP-Br — — 285 -

* Mainly water loss
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bromide (TPP-Br). From TG-differential thermal analy-
sis (DTA) measurement, the resultant tetraphenyl
phosphonium saponite (TPP-SA) film showed good
thermal stability such that decomposition occurred at
380—600°C and its DTA peak occurred at 550°C, which
is in good agreement with the observation made on TPP
in the current study.

When one aryl chain in tetraphenyl phosphonium-
modified Mt (TPP) was substituted by alkyl chains
(methyl triphenyl phosphonium- and butyl triphenyl
phosphonium-), the decomposition temperature was
altered. Methyl triphenyl phosphonium-modified Mt
(MTPP) showed a slight decrease in decomposition
temperature compared to TPP (431-543°C vs.
418—-576°C, respectively). With increasing alkyl chain
length, butyl triphenyl phosphonium-modified Mt
(BTPP) showed a further decrease in decomposition
temperature (405—499°C). Increasing the chain length of
the substituted alkyl chain in the aryl phosphonium
moiety caused the molecular structure to be more
asymmetric, which tended to decrease decomposition
temperature of the modified montmorillonite. A similar
trend was observed in their corresponding phosphonium
salts in that BTPP-Br showed a lower decomposition
temperature than MTPP-Br and TPP-Br (285°C, 355°C,
and 419°C, respectively). Despite their asymmetric
structures, alkyl-substituted aryl phosphonium-modified
Mts (MTPP and BTPP) still showed greater decomposi-
tion temperatures than those of alkyl phosphonium-
modified Mts (TBP and TOP). Similar observations have
been reported by other studies. The influence of
molecular symmetry on decomposition temperature of
phosphonium-modified Mt was examined by Patel ef al.
(2007), who reported that the symmetric tetraphenyl
phosphonium-modified Mt showed the highest decom-
position temperature at 350—400°C (at Ts), while
substitution of the phenyl group by a methyl, ethyl, or
propyl group resulted in lower decomposition tempera-
ture (75 = 300—350°C). Xie et al. (2002) reported that
the short chains having symmetrical structures showed
higher decomposition temperature than non-symmetrical
longer-chain structures. Tetraoctyl phosphonium Mt
(P-4C8), which has a symmetrical structure, exhibited
degradation temperatures which were ~30°C higher than
those of asymmetric tributyl alkyl phosphonium Mts
(where alkyl = tetradecyl (C14), hexadecyl (C16), and
octadecyl (C18)).

To investigate incorporation of organic phosphonium
cations in Mt interlayers, organic cation loading of
modified Mts was evaluated by comparing measured
mass loss (from TGA) with the theoretically completely
exchanged Mt (based on CEC of 80 meq/100 g). As
mentioned previously, tetraphenyl phosphonium-modi-
fied Mt (TPP) and tetraoctyl phosphonium-modified Mt
(TOP) showed two decomposition steps. In comparison
with their respective phosphonium salts, the first
decomposition step occurred in a temperature range
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comparable to that of the phosphonium salt. The
decomposition at the second step should relate to the
organic phosphonium moiety contained in the Mt
interlayer. Organic mass losses which occurred during
this second step were, thus, employed to determine the
organic cation loadings for TPP and TOP, and these were
found to be 30.5 and 32.5%, respectively (Table 2). For
the others, tetrabutyl phosphonium-modified Mt (TBP),
methyl triphenyl phosphonium-modified Mt (MTPP),
and butyl triphenyl phosphonium-modified Mt (BTPP),
decomposition of which occurred in a single step, had
calculated cation loadings of 65.5, 73.7, and 71.2%,
respectively. Increases in cation loading of MTPP and
BTPP, compared to that of TPP, implied that introducing
flexible alkyl chains assisted in the incorporation of the
rigid aryl phosphonium moiety into the montmorillonite
interlayer. Good mixing of the clay-polymer nanocom-
posite while maintaining heat stability could, thus, be
achieved.

X-ray diffraction

Investigation of the XRD patterns (3—10°20) of
purified and phosphonium-modified Mts (Figure 2)
revealed that the bentonite (Mt) characteristic reflection
occurred at 5.8°, and the corresponding basal spacing
was 1.53 nm (Table 2). As organic phosphonium cations
were exchanged in the Mt interlayers, the basal spacings
of the modified Mts increased and were in the range
1.67—2.46 nm. To investigate the influence of alkyl
chain length of organic moieties on intercalation of
phosphonium salt into Mt, tetrabutyl phosphonium-
modified Mt (TBP) and tetraoctyl phosphonium-mod-
ified Mt (TOP) were compared. The basal spacing of
TOP, having longer alkyl chain-length moieties, was
greater than that of TBP (2.46 vs. 1.67 nm, respectively).
This corresponds well with observations reported by
Patel er al. (2007) that basal spacing increases with alkyl
chain length. A similar trend was reported by Xie et al.
(2002), who found that basal spacing increased from
1.93 nm to 2.04 nm and 2.18 nm for tetradecyl tributyl
(C14), hexadecyl tributyl (C16), and octadecyl tributyl
(C18) phosphonium-modified Mt, respectively. When
aryl groups (tetraphenyl; TPP) were substituted in place
of alkyl chains (tetrabutyl; TBP) for organic moieties in
phosphonium salt, slight increases in basal spacing were
observed (1.79 and 1.67, respectively). The molecular
shapes of different phosphonium cations were deter-
mined by Patel er al. (2007) using molecular modeling
software and those authors also calculated their corre-
sponding molecular chain lengths. From their work,
using the relationship between basal spacing and chain
length, tetraphenyl phosphonium-Mt (P4) showed
greater basal spacing than tetrabutyl phosphonium-Mt
(P1) (1.76 vs. 1.4 nm) despite having comparable chain
length (~0.55 and 0.57 nm, respectively). This supports
observations made on TPP and TBP in the present work,
and indicates that the rigid structure of the aryl group in



18 Prahsarn et al.

Clays and Clay Minerals

60
—s—Tetraphenyl PhBr (TPP)
50 4 —=—Tetraoctyl PhBr (TOP)
——Tetrabutyl PhBr (TBP)
Methy! triphenyl PhBr (MTPP)
40

Intensity (counts)

——Butyl triphenyl PhBr (BTPP)

——--Mt

°20

Figure 2. XRD patterns of parent Mt and modified Mts.

the tetraphenyl phosphonium moiety causes a larger
increase in basal spacing.

When one aryl group in tetraphenyl phosphonium-
modified Mt (TPP) was substituted by alkyl chains
(methyl triphenyl, MTPP; butyl triphenyl, BTPP), the
basal spacings were slightly different (d = 1.79, 1.75,
and 1.83 nm, respectively). Patel et al. (2007) reported
that basal spacing of tetraphenyl phosphonium-modified
Mt and its derivatives of one substituted alkyl chain of
different chain lengths (methyl, ethyl, and propyl) were
comparable. For longer alkyl chain lengths, Xie et al.
(2002) also reported slightly smaller basal spacings in
dodecyl triphenyl phosphonium-modified Mt, compared
to that of tetraphenyl phosphonium counterpart (d = 1.82
and 1.88 nm, respectively). These observations on
comparable basal spacings in mono-alkyl triphenyl
phosphonium-modified Mts, despite their different
alkyl chain lengths, imply that the alkyl chains are
possibly folded among phenyl groups instead of extend-
ing outward. The influence of alkyl chain length in aryl-
type moieties is, thus, small compared to that of the alkyl

group.

CONCLUSIONS

Thai bentonite (Mt) was modified with phosphonium
salts of varied structures, and characterized by TGA and
XRD. Aryl phosphonium-modified Mts (TPP) showed
higher decomposition temperatures, i.e. greater thermal
stabilities, than those of alkyl phosphonium-modified
Mts. The asymmetric structure in methyl triphenyl- and
butyl triphenyl phosphonium-modified Mts (MTPP and
BTPP), in which one alkyl chain was introduced into
TPP, caused slight decreases in their decomposition
temperatures. Their cation loadings, however, increased
(from 30% for TPP to 71% and 73% for BTPP and

MTPP, respectively), which could favor the use of clay
as a filler in polymer composites with improved thermal
stability. In alkyl phosphonium-modified Mt, a larger
basal spacing was observed with increasing alkyl chain
length. In aryl phosphonium-modified Mt, however, the
effect of alkyl chain length was less significant such that
the basal spacings of alkyl triphenyl phosphonium-
modified clays were comparable to those of their TPP
counterparts. A fundamental understanding of the
influences of organic modifiers on the intercalation of
clays as well as on the thermal stabilities of the modified
clays obtained can be used as a guide for selection of
organo-clays as fillers in polymer-clay composites to
achieve effective mixing and high thermal stability.
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XAFS STUDY OF Fe-SUBSTITUTED ALLOPHANE AND IMOGOLITE
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Abstract—The nano-aluminosilicate mineral allophane is common in soils formed from parent materials
containing volcanic ash and often contains Fe. Due to its lack of long-range order, the structure of
allophane is still not completely understood. In the present study, Fe K-edge X-ray absorption fine
structure (XAFS) was used to examine Fe-containing natural and synthetic allophane and imogolite
samples. Results indicated that Fe substitutes for octahedrally coordinated Al in allophane, and that Fe
exhibits a clustered distribution within the octahedral sheet. Iron adsorbed on allophane surfaces is
characterized by spectral features distinct from those of isomorphically substituted Fe and of ferrihydrite.
Fe adsorbed on the allophane surfaces probably exists as small polynuclear complexes exhibiting Fe—Fe
edge sharing, similar to poorly crystalline Fe oxyhydroxides. The XAFS spectra of natural allophane and
imogolite indicate that the Fe in the minerals is a combination of isomorphically substituted and surface-
adsorbed Fe. In the synthetic Fe-substituted allophanes, the Fe XAFS spectra did not vary with the Al:Si
ratio. Theoretical fits of the extended XAFS (EXAFS) spectra suggest that local atomic structure around
octahedral Fe in allophanes is more similar to Fe in a smectite-like structure than to a published theoretical

nanoball structure.

Key Words—Allophane, Fe K-edge XAFS, Imogolite.

INTRODUCTION

Poorly crystalline nano-sized aluminosilicates such
as allophane, imogolite, and halloysite are common
weathering products of volcanic materials on Earth.
They often form by weathering of glassy volcanic ejecta
in volcanic tuffs and ash-containing soils, sometimes via
microbially facilitated processes (Kawano and Tomita,
2001; Tazaki et al., 2006). High-silica allophane can
also form by direct precipitation from water enriched in
Al and Si, such as near hydrothermal vents. These
aluminosilicates impart unique properties to soils in
which they occur, including sorption of nutrients,
particularly phosphate, stabilization of organic matter,
and increased water-holding capacities (Parfitt, 2009).
Allophanes are also proposed as possible weathering
phases on the surface of Mars (Ming et al., 2006; Rampe
et al., 2012).

The compositional range of allophanes is wide, and
encompasses both Al-rich and Si-rich types, sometimes
referred to as proto-imogolite and hydrous feldspathoid
types, respectively (Farmer et al., 1979) (Table 1).
Different compositional types are characteristic of
specific environments, and form under different pH
and solution compositions (Farmer et al., 1991).
Allophane minerals are typically metastable, yet are
common in surficial weathering environments. With
time, allophane transforms to more ordered clay miner-
als, but the end products of this transformation are
dependent upon temperature, oxidation state, and the
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Ibaker@uidaho.edu
DOI: 10.1346/CCMN.2014.0620103

chemical composition of the solution (Farmer et al.,
1991; Farmer, 1997). At present, systematic under-
standing of the effects of these variables upon allophane
stability or upon its eventual transformation to more
crystalline forms is lacking.

Iron commonly substitutes into the structure of
minerals, isomorphically replacing octahedral cations,
especially Al. Iron-substituted natural and synthetic
allophane, imogolite, and halloysite samples have been
described (Kitagawa, 1973). Natural allophane from
Ecuador contains oxalate-soluble Fe that may be present
in isomorphic substitution in the allophane, as well as
dithionite-extractable Fe present in a finely dispersed
goethite phase (Kauthold ez al., 2009, 2010). The X-ray
absorption spectrum (XAS) of Fe-substituted imogolite
is distinct from that of Fe-adsorbed imogolite (Ookawa
et al., 2006), but the structures have not been fully
modeled. According to McBride et al. (1984), allophane
can accommodate more Fe in its structure than well
formed imogolite. Iron in allophane samples may
sometimes be present as ferrihydrite nanoparticles rather
than isomorphically substituting for Al (Ossaka et al.,
1971; MacKenzie and Cardile, 1988). Several natural
allophane samples were analyzed by Horikawa and
Soezima (1977) using X-ray emission spectroscopy and
those authors observed that Fe in these samples was
distinct from Fe in Fe oxides, as well as from Fe in
hisingerite and nontronite. Substitution of Fe into the
structures of nano-aluminosilicates such as allophane
has been reported to affect their morphology (Joussein et
al., 2005), as well as the kinetics and end products of
their ripening to more crystalline clay minerals
(McBride et al., 1984; Farmer et al., 1991; Farmer,
1997). Iron-substituted allophanes may ripen to an
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Table 1. Sample names, nominal and analyzed compositions, and locations of characteristic IR peaks (Figure 2).

Material SiO, Al O3 Fe,05 IR peaks

(nominal Al:Si) (mol.%) (mol.%) (mol.%) OH stretch Si—O stretch  Al—O stretch
Synthetic samples

Allophane (1:3) 86 13 0.09 3320 1180, 1075, 920 710
(hydrous feldspathoid)

Allophane (1:1) 66 33 0.32 3540, 3290 1170, 1050, 950

Allophane (2:1) 57 42 0.61 3540, 3290 950

(proto-imogolite)

Imogolite (2:1) 50 49 0.85 3600, 3300 990, 920 700
Fe-adsorbed allophane 66 34 0.35

Natural samples

KiP allophane (Japan) 56 40 4.46 3520, 3335 967 683
KiG imogolite (Japan) 51 48 0.52 3525, 3300 990, 950 695

Fe-depleted phase plus ferrihydrite (McBride et al.,
1984), or they may recrystallize to Fe-bearing clays such
as nontronite (Farmer et al., 1991) or ferruginous
beidellite (Farmer, 1997). The specific conditions that
lead Fe-bearing allophane to ripen into various end
products are not well known.

Due to their lack of long-range crystal ordering,
allophanes are difficult to study and their structure is
still not completely understood, particularly with respect
to the effect of widely varying Al:Si ratios in the same
fundamental structural unit. The structure of imogolite,
which has a more clearly defined Al:Si ratio, is better
understood. The fundamental structural unit for both of
these nano-aluminosilicates is thought to be an Al
octahedral sheet (gibbsite sheet) rolled into a spheroidal,
polyhedral, or tubular shape (Cradwick et al., 1972;
Parfitt ez al., 1980). In imogolite, Si is present as isolated
tetrahedra bonded to the interior of the rolled gibbsite
sheet by three Al-O-Si linkages, with one Si—OH
pointing to the inside of the tube (Cradwick et al., 1972;
Creton et al., 2008b). In synthetic systems, small, curved
sections with such a structure have been shown to form
rapidly upon hydrolysis and to self-assemble upon
heating to form nanotubes (Levard et al., 2010, 2011;
Yucelen et al., 2011). Proto-imogolite allophane may
have a similar structure to imogolite, but with the
gibbsite sheet rolled into a spherical rather than tubular
shape. In a theoretical 40 nm-diameter proto-imogolite-
like nanosphere constructed of imogolite-like orthosili-
cate units, Al:Si ratios of ~2:1 are predicted (Creton et
al., 2008a). The location of additional Si in more Si-rich
(feldspathoid type) allophanes is not well understood,
although in very high-Si compositions the fundamental
structure may be a rolled Si tetrahedral sheet with an
incomplete Al octahedral sheet in its interior (Childs et
al., 1990). An intermediate structure for Si-rich allo-
phane based upon a curved kaolinite structure containing
a defective tetrahedral sheet was proposed by Mackenzie
et al. (1991). At present, no apparent consensus exists on
whether high-Si and high-Al forms of allophane

represent fundamentally different types of structure, or
whether they represent a single fundamental structural
type that is progressively modified to accommodate
varying Al:Si ratios.

X-ray absorption fine structure spectroscopy is a
useful technique for studying the structure of amorphous
materials and nanominerals because it provides insight
into short-range molecular structure at the atomic level,
regardless of long-range structural order. The study of
natural samples of poorly crystalline materials such as
allophanes is complicated by variations in chemistry and
by the possible presence of other mineral phases. To
overcome this complexity, minerals synthesized in the
laboratory under controlled conditions can be studied
and compared to natural samples.

In the present study, Fe K-edge XAFS spectroscopy,
including both X-ray absorption near-edge spectroscopy
(XANES) and EXAFS, was used to analyze laboratory-
synthesized minerals and natural samples. A challenge in
analyzing natural samples is distinguishing between Fe-
poor aluminosilicates and Fe-rich minerals such as
ferrihydrite. Using EXAFS and XANES spectroscopy,
Baker et al. (2010) showed that this can be achieved for
low-Fe natural soil clays. In samples with Fe isomorphi-
cally substituted for Al, the Fe XAFS spectrum probes the
short-range order in the octahedral sheet. The objective of
the present study was to investigate Fe speciation and
coordination state in synthetic and natural allophane and
imogolite samples. The XAFS shell modeling was thus
used to test existing models of allophane structure, and to
examine the hypothesis that high-Al and high-Si forms of
allophane have the same fundamental structure, based on
a rolled octahedral sheet.

METHODS

Materials

Allophanes were synthesized at a range of Al:Si
ratios (Table 1) using the method described by Baker
and Strawn (2012), which was a modification of that



22 Baker, Nickerson, and Strawn

described by Montarges-Pelletier et al. (2005). The
method was modified to produce Fe-substituted allo-
phanes by adding 0.1 M FeClj; to the starting materials to
produce a final Fe:Al molar ratio of 1:100. All syntheses
were scaled to a total suspension volume of 1 L. The
final supernatant from synthesis was decanted and saved
for analysis. The precipitated gels were washed twice
with deionized (DI) water, centrifuged for 15 min at
1000 x g, and placed in dialysis tubing in DI water until
the final conductivity was <5 uS cm™'. The dialyzed gel
was again centrifuged and frozen for storage. A portion
of each gel was removed and freeze-dried for analysis.

Imogolite gel was synthesized using the method of
Farmer et al. (1977), modified to produce Fe-substituted
imogolite by including 0.1 M FeCl; in the starting
materials. In the present study, including Fe in the
suspension promoted the formation of imogolite nano-
tubes more rapidly than in Fe-free compositions; in
Fe-bearing solutions nanotubes formed after 1 week, but
in Fe-free solutions two weeks of continuous heating
were necessary to form detectable nanotubes. Nanotube
formation was confirmed by microscopic and spectro-
scopic analysis.

A 2-line ferrihydrite was synthesized using the
method described by Schwertmann et al. (2004). A
solution of 0.1 M NaOH was titrated at a rate of
5 mL/min into a 100 mL aliquot of 0.1 M Fe(NOs3);3
under constant stirring until the solution reached a pH of
7, using a total of 375 mL of NaOH altogether. The
precipitate from this procedure was centrifuged and
dialyzed in DI water. A portion of the gel was freeze-
dried and was analyzed by X-ray diffraction (XRD) to
confirm that the product was 2-line ferrihydrite.

Fe-adsorbed allophane was synthesized using the
following procedure. A 50 g aliquot of an initially Fe-
free allophane, synthesized as described above, was
suspended in 500 mL of deionized water, and the
suspension pH was adjusted to 3.5. A total of 250 mL of
0.001 M Fe(NO;); with pH adjusted to 3.5 was titrated at
a rate of ~1 mL min~' under vigorous stirring. While
stirring, the pH was titrated dropwise with 0.1 M NaOH
to a final value of 4.5. The sample was stirred overnight,
centrifuged for 15 min at 1000 x g, washed twice with
deionized water, and stored frozen. A portion of each
sample was removed and freeze-dried for further
analysis.

Natural allophane (KiP) and imogolite (KiG) separated
from Japanese pumice from Kitakami were obtained from
the collection of Dr S. Hiradate (Hiradate and Wada,
2005). Allophane and imogolite from this site were
originally described by Miyauchi and Aomine (1966)
and have been studied extensively. The natural allophane
and imogolite samples were analyzed as received.

Analytical methods

Freeze-dried allophane and imogolite powders were
analyzed using diffuse reflectance Fourier transform
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infrared spectroscopy (FTIR), powder XRD, scanning
electron microscopy (SEM), and *’Al and ?°Si nuclear
magnetic resonance spectroscopy (NMR) to confirm
their identification and further characterize their struc-
ture. The FTIR analyses were carried out on a Perkin-
Elmer System 2000 (Thermo Scientific, Waltham,
Massachusetts, USA), using a mixture of 3 wt.%
allophane in optical-grade KBr. Spectra were processed
using the Kubelka-Munk algorithm provided in Perkin
Elmer Spectrum 2.0 software. The XRD scans were run
on a Siemens D5000 diffractometer (Bruker AXS,
Karlsruhe, Germany) using CuKo radiation (1.54 1&),
and the data were analyzed using the Bruker Diffracplus
Eva evaluation program (Bruker AXS, Karlsruhe,
Germany). The SEM images were collected using a
Zeiss Supra 35 field emission SEM (Carl Zeiss
Microscopy GmbH, Jena, Germany) with a Noran
System Six electron dispersive spectroscopic analyzer
(EDS) (Thermo Scientific, Waltham, Massachusetts,
USA) for semi-quantitative elemental analysis of indi-
vidual particles. Samples of Fe-substituted and Fe-free
1:1 AL:Si synthetic allophane were analyzed using >’Al
and *°Si magic angle spinning (MAS) solid-state NMR
on a Bruker Avance 500 MHz spectrometer (Bruker
Biospin, Rheinstetten, Germany).

All samples were analyzed by means of loss on
ignition (LOI) to determine their total water content, and
were dissolved for total elemental analysis using the
following procedure. A 10 mg sample of each material
was weighed and mixed thoroughly with 0.500 g of
lithium metaborate flux; samples were analyzed in
triplicate. The sample-flux mixture was placed in a
graphite crucible and fused in a muffle furnace at
1000°C for 30 min. Upon removal from the furnace, the
molten bead was poured directly into 25 mL of 1 M
HNO;. After the bead was fully dissolved, the solution
was diluted with deionized water to a final volume of
100 mL. These dissolved samples, and the supernatants
from gel synthesis, were analyzed for major element
composition in a Thermo Scientific iCAP inductively
coupled plasma atomic emission spectrometer (ICP-
AES) (Thermo Scientific, Waltham, Massachusetts,
USA).

Bulk Fe K-edge XAFS scans for all allophanes and
standards were collected on Beamline 7-3 at the Stanford
Synchrotron Radiation Laboratory (SSRL). The mono-
chromator for this beamline consisted of two parallel
Si(220) crystals with a 6 mm entrance slit. All samples
were run in a liquid He-cooled cryostat at a temperature
of 7 K. Fluorescence data were collected using a
13-element Ge detector or a passivated implanted planar
silicon (PIPS) detector. Step size through the XANES
region was 0.35 eV, sufficient to give ~20 points
defining the smallest (pre-edge) peaks. Samples were
packed as wet gels or freeze-dried powders (no
differences were observed between spectra of gel packs
and powder packs of the same sample) into stainless
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steel sample holders and held in place with Kapton tape.
The XAFS scans were also collected for laboratory-
synthesized two-line ferrihydrite as a freeze-dried
powder. The ferrihydrite powder was smeared on filter
paper, which was cut into strips, stacked three layers
thick, and sealed in the sample holder with Kapton tape.
Both transmission and fluorescence spectra were col-
lected for all samples; fluorescence spectra were used
for all samples because of their higher signal to noise
ratio. For high-Fe samples both fluorescence and
transmission data were compared, and fluorescence
data showed no self-absorption artifacts, as judged by
the intensities of the white line and EXAFS peaks.

Data analysis

Two to 12 XAFS scans per sample were calibrated to
an Fe foil and merged using the program SixPack (Webb,

Figure 1. Illustration of modeled structures showing the
locations of backscattering atoms. The central Fe atom is
circled. (a) Montmorillonite structure (for simplicity, the
bottom tetrahedral sheet is not shown). (b) Allophane octahedral
structure with an unpolymerized Si tetrahedron. Mel and Me2
are either Al or isomorphically substituted Fe atoms.
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2005). The averaged spectra were imported into the
program Athena (Ravel and Newville, 2005), normal-
ized, and background subtracted using a cubic spline.
Linear combination fitting was carried out using the LCF
routine in Athena on windowed XANES spectra
(7110—7160 eV). Raw and normalized intensity data
were exported into the plotting program Origin 8.6
(OriginLab, Northampton, Massachusetts, USA), where
baselines were removed for pre-edge peak identification,
fitting, and integration using the Peak Analyzer routine.

Shell fitting of the aluminosilicate samples was
carried out using the 6-shell montmorillonite model
and 6-shell allophane nanoball model (Figure 1) follow-
ing the approach described by Baker and Strawn (2012).
Atomic coordinates for the montmorillonite model were
taken from Tsipursky and Drits (1984) and coordinates
for the nanoball model were taken from a section of the
model nanoball described by Creton et al. (2008a). Paths
were generated from the atomic coordinates using the
program Atoms (Ravel, 2001) and shell fitting was
carried out using the program Artemis (Ravel and
Newville, 2005) (Table 2). In fitting, all path lengths
were optimized. Debye-Waller XAFS factors were
optimized for the first Fe-O shell, and fixed or
constrained for the other backscattering paths.

Table 2. Theoretical paths, coordination numbers (CN), and
path lengths (R) generated using the program FEFF
(Newville, 2001) for smectite and nanoball structural models.
Smectite scattering paths were modeled using an FEFF input
file created using cis-vacant crystal structure data from
Tsipursky and Drits (1984), with Fe isomorphically sub-
stituted into an Al octahedral site. Nanoball scattering paths
were modeled using an FEFF input file created using atomic
coordinates for a section of the nanoball structure modeled by
Creton et al. (2008a), as described by Baker and Strawn
(2012). In fitting, Fe and Al coordination numbers were
optimized, but constrained to sum to a total of three
octahedral cations (NFe is the number of Fe atoms in the
structure, <3).

Smectite model
1 tetrahedral sheet (2 tetrahedral sheets)

Path CN R (A)
Fe—O1 6 1.85-2.03
Fe—Fel NFe 2.88-3.05
Fe—All 3-NFe 2.88—3.05
Fe—Sil 2 (4) 3.16—3.18
Fe—02 12 3.38
Fe—03 6 3.65-3.81
Nanoball model i

Path CN R (A)
Fe—O1 6 1.91-1.94
Fe—Fel NFe 2.99-3.13
Fe—All 3-NFe 2.99-3.13
Fe—Sil 3 3.15-3.16
Fe—Oi 3 3.51-3.71
Fe—03 3 3.98—-3.99
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Octahedral sites in the two models were fitted with
either Fe or Al, with the total number of Fe-Mel
backscatterers constrained to sum to three. The path
length was optimized for the Fe-Si backscattering path,
with the number of Si atoms fixed at 2 (smectite model)
or 3 (nanoball model). For the allophane sample with
Al:Si = 1:3, higher Si coordination numbers were also
tested, as discussed in the shell-fitting section. The
models included paths to O atoms coordinated to Si and
the second shell of octahedral cations; the path lengths
were optimized for these Fe—0O2 and Fe—O3 shells, and
Debye-Waller XAFS factors were optimized, but con-
strained to be equal to each other. Errors in the fitted
bond distances are typically <0.02 A, and errors in fitted
first shell coordination number are typically <20%, and
greater for second shells depending on how many
backscatters are fit in the second shell and on the degree
of disorder (O’Day et al., 1994). Further details of the
fitting procedure and of its refinement on well char-
acterized clay-mineral standards were discussed by
Baker and Strawn (2012).

The XAFS spectrum of Fe-sorbed synthetic allophane
was fit using selected paths from the smectite model
structure. The Fe—O1, Fe—Fe, and Fe—Si paths were
used, with the Fe—Si path representing the distance
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between the allophane surface and adsorbed Fe
(Table 3). Modeling of XAFS spectra cannot distinguish
between Si and Al atoms, so the use of the Fe—Si path
does not imply a particular bonding site for the Fe
surface complex, or bonding specifically to either the
nanosphere’s interior or exterior surface. The fitting was
carried out using the same approach as used for Fe-
substituted allophanes, except for the use of only three
paths.

RESULTS

Material synthesis and characterization

Allophanes at all Al:Si ratios were synthesized
successfully with Fe up to 1 mol.% of Al (Table 1).
Synthetic allophanes were not always stable to larger Fe
contents. At Al:Si = 1:3, a stable gel could be formed
with Fe = 10 mol.% of Al, but for Al:Si contents of 1:1
and 2:1, stable gels were not formed at this Fe content
(either no gel formed at all or the gel dissolved during
dialysis). A 1:1 allophane with Fe = 5 mol.% of Al was
successfully produced. This composition is close to the
value of 5 wt.% Fe,O; suggested by Ossaka ef al. (1971)
as the upper limit of Fe substitution in allophane,
although proto-imogolite allophanes with up to 20% of

Table 3. Fitting results for allophane samples. Variables optimized in fitting are annotated; in addition, all path lengths were
optimized independently unless otherwise noted. Coordination numbers were fixed except where noted.

Smectite model

2:1 allophane 1:1 allophane

1:3 allophane Fe-sorbed allophane

E0 = —3.10 E0 = —2.41 E0 = —4.20 E0 = —4.01

— R factor = 0.014 — — R factor = 0.017 — — R factor = 0.017 — — R factor = 0.012 —
Path CN R@A) @A) N RA 2@ N RA) A) N RA 2 @AY
Fe—-Ol 6 199  0.005° 6 2 0.004* 6 1.99 0.006 6 1.99  0.010°
Fe—Fel 1.01*  3.03  0.005 1.83*  3.07  0.005 1.66° 3.02  0.005 133*  3.04  0.005
Fe—All  1.99° 296  0.005 .17 3.01  0.005 1.34% 3.01 0.005
Fe—Sil 2 326 0.005 2 327 0.005 4 325 0.005 1 323 0.005
Fe—02 1 342 0.008° 1 336 0.006° 2 324 0.014°
Fe—-03 6 3.8 0.008° 6 3.82  0.006° 6 3.77 0.014°

Nanoball model

2:1 allophane 1:1 allophane

1:3 allophane

E0 = —3.25 E0 = —2.76 E0 = —3.82

— R factor = 0.012 — — R factor = 0.016 — — R factor = 0.017 —
Path CN R@A) @A) N R@A) @A) CN RA) *@AY
Fe—Ol 6 199  0.005° 6 199  0.004* 6 1.99 0.006
Fe—Fel 0.82*  3.04  0.005 1.30°  3.08°  0.005 1.70° 3.11% 0.005
Fe—All  2.18% 298"  0.005 1.70° 297 0.005 1.30° 2.97* 0.005
Fe—Sil 3 325 0.005 3 324 0.005 3 320 0.005
Fe—-Oi 6 378 0.01° 6 379 0.01° 6 3.78  0.015°
Fe—03 3 3.93 0.01° 3 392 0.01° 3 4.00 0.015°

? Value-optimized in fit.
® Values optimized but set to be equal within fit.

EO is the phase shift and R factor is the relative error of the fit to the data.
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the Al substituted by Fe were synthesized by McBride et
al. (1984), compositions that could not be reproduced in
the present study. The only results presented on
synthetic allophanes here are from samples with
substituted Fe = 1 mol.% of Al (Table 1).

Synthetic Fe-free 2:1 allophanes dissolved during the
Fe sorption procedure. In the absence of aqueous Fe,
samples of 2:1 allophane were not soluble in pH 3.5
solutions, suggesting that the Fe concentrations used in
the sorption procedure contributed to allophane dissolu-
tion. The 1:1 and 1:3 Al:Si allophane compositions did
not dissolve when Fe was adsorbed. In the present study,
data on an Fe-sorbed allophane of 1:1 composition are
presented in Table 1; no differences between the XAFS
spectrum of this sample and that of an Fe-sorbed 1:3
allophane (data not shown) were observed.

The synthetic nanoparticles lacked strong XRD-
detectable crystal structures, as is typical for allophane,
although a broad peak centered at 26°20 and a smaller
peak centered at 40°20 were consistent with features in
published XRD scans of synthetic allophanes (Ossaka et
al., 1971; Ohashi et al., 2002; Iyoda et al., 2012; Levard
et al., 2012). Infrared spectroscopy of the synthetic and
natural samples showed differences between allophane
of different compositions (Figure 2, Table 1). Synthetic
imogolite and Al:Si 2:1 allophane had IR spectra similar
to those of the natural samples with the main Si—O
stretching peaks near 990 and 920—950 cm™'. The Al:Si
1:3 synthetic allophane had a main Si—O stretching band
at much higher wavenumber, 1075 and 1180 cm™ !, with
a small shoulder at 920 cm™'. The intermediate Al:Si 1:1
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allophane had a main Si—O stretching peak at 950 cm ™',

similar to that of 2:1 allophane, but with shoulders at
1050 and 1170 cmfl, near that of 1:3 allophane,
suggesting it contained a combination of proto-imogo-
lite-like groups and more polymerized Si. This shift in
the Si—O stretching peak with Al:Si ratio is consistent
with published data on natural and synthetic allophane
samples (Parfitt and Henmi, 1980).

The SEM images of the synthetic allophanes showed
nanospherical structures ~5 nm in diameter (Figure 3a).
These spheres could be resolved individually, but in
most cases were present as larger aggregates. The
nanosphere diameter was apparently unaffected by the
Fe content of the allophanes. Images of synthetic
imogolite showed tangles of long tubes ~5 nm in
diameter and tens to hundreds of nm long (Figure 3b).

29Si and 2’Al NMR spectra of synthetic Fe-allo-
phanes with Al:Si = 1:1 (not shown) were identical to
spectra of Fe-free synthetic samples with similar Al:Si
ratios. In addition, NMR spectra of the synthetic
allophanes examined here were comparable to the
spectra of natural allophanes and previously studied
synthetic allophanes with similar Al:Si ratios (Henmi
and Wada, 1976; Barron et al., 1982; Goodman et al.,
1985; Shimizu et al., 1988; MacKenzie et al., 1991).

XANES

Slight differences in the energy of the main edge step
for different samples (Is to 4s transition, ~7124 eV
(Waychunas et al., 1983)) were indicative of differences
in Fe coordination state (Figure 4a,b). The ferrihydrite
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55
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Figure 2. FTIR spectra for synthetic and natural allophane and imogolite samples. Synthetic imogolite and Al:Si2:1 allophane have
IR spectra similar to those of the natural samples with the main Si—O stretching peaks near 990 and 920—950 cm™'. The Al:Si 1:3
synthetic allophane has a main Si—O stretching band at a much higher wavenumber, 1075 and 1180 cm ™', with a small shoulder at
920 ¢cm ™' The intermediate Al:Si 1:1 allophane composition has a main Si—O stretching peak at 950, similar to that of 2:1 allophane,
but with shoulders at 1050 and 1170 cm ', near that of 1:3 allophane, suggesting it contains a combination of proto-imogolite-like

groups and more polymerized Si.
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Figure 3. SEM images of synthetic (a) Fe-substituted 1:3 allophane, and (b) Fe-substituted imogolite.

reference sample had the lowest-energy step at
7123.1 eV, and the synthetic allophanes had the highest
energy at 7124.5 eV. The natural samples, imogolite,
and Fe-sorbed allophane had edge-step energies inter-
mediate between those of ferrihydrite and synthetic
allophanes. An additional inflection at 7132 eV
(Figure 4a), which was clearly discernable as an
additional peak in the first-derivative spectrum
(Figure 4b), was present in the XANES spectra of Fe-
substituted allophane samples. This peak is a distinctive
feature observed in XANES spectra of Fe-substituted
phyllosilicates (Baker et al., 2010; Baker and Strawn,
2012), poorly developed in synthetic imogolite, and
absent from the spectra of the natural samples,
ferrihydrite, and Fe-sorbed allophanes (Figure 4b).

XANES pre-edge features

The pre-edge feature in the XANES spectrum arises
from the 1s to 3d transition, and contains information
about Fe valence, coordination state, and spin state

3.0
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(Waychunas et al., 1983; Westre et al., 1997; Galoisy et
al., 2001). In the normalized and baseline subtracted pre-
edge region of the XANES spectrum (Figure 5), split
pre-edge peaks at 7113.9 and 7115.4 eV observed in the
allophanes with AlL:Si of 1:1 and 1:3 were consistent
with Fe(III) in high-spin octahedral coordination
(Westre et al., 1997), and had similar peak location
and intensity to beidellite and nontronite clays (Baker
and Strawn, 2012). The 2:1 allophane pre-edge was
similar to the higher-Si allophanes, except that the
higher-energy peak appeared ~0.4 eV lower. Pre-edge
peak splitting was less distinct and peaks were more
intense in natural allophane and imogolite samples, the
synthetic imogolite, the Fe-adsorbed allophane, and the
ferrihydrite.

EXAFS spectra

The EXAFS y spectra of all allophane and imogolite
samples were similar to one another (Figure 6a),
although some differences were present. A shoulder at

05b

errihydrite’]
Fe-sorbed]

2:1 allophane
1:1 allophane
1:3 allophane

7110 7120 7130 7140 7150 7160
Energy (eV)

Figure 4. XANES spectra (a) and first-derivative spectra (b) for all samples. Dashed lines indicate the locations of peaks in the first-

derivative spectra of synthetic allophanes.
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Figure 5. Pre-edge region of the normalized baseline-subtracted XANES spectra of all samples.

4 A~" was obvious in the synthetic allophanes, and was
slightly developed in imogolite, but was absent from
ferrihydrite, Fe-sorbed allophane, and natural allophane
and imogolite spectra. In the synthetic allophane EXAFS
spectra, the shoulder at 5 A~ and the peak centered near
7.5 A" were not as well developed as in the spectra of
the other samples. The oscillation at 8.35 A7 in
synthetic allophanes shifted to 8.5 A~ for all other
samples.

The shoulder near 5 A~" and the peak centered near
7.5 A~! are indicative of the extent of Fe-Fe next-
neighbor bonding in the mineral structure (Vantelon et
al., 2003). These features were well developed in the
synthetic allophane samples, where Fe-Fe pairing was
observed to be more extensive than in low-Fe montmor-
illonites (Baker and Strawn, 2012). This finding suggests
that Fe was clustering in the substituted allophanes,

40+

AN
\/\
A

k (A7)

which is surprising given the very low Fe contents of the
allophanes being studied.

Fourier-transformed (FT) spectra of the samples
(Figure 6b) revealed peak positions that represent the
backscattering environment of the first and second
shells, and some multiple scattering effects. The peak
in the FT spectrum near 1.5 A is due primarily to
backscattering from the first O shell surrounding the Fe
atoms (Fe—O1). Differences in Fe—O1 peak position
between synthetic allophanes and other samples suggest
small variations in Fe—O bond distances, which will be
discussed further in the shell-fitting section below. The
second peak in the FT, between 2.5 and 3.5 10\, contains
information about several backscattering shells
(Manceau et al., 1988, 1990, 1998, 2000; Baker and
Strawn, 2012). These include backscattering paths to
adjacent octahedral cations (Fe—Mel, where Me is Fe or
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Figure 6. EXAFS y spectraand FT spectra for all samples. Spectra are offset for clarity, but relative peak heights are to scale. Dashed

lines indicate locations of peaks discussed in the text.
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Al), to tetrahedral Si (or Al) atoms (Fe—Sil), and to
octahedral and tetrahedral oxygen atoms at varying
distances (Table 2). Multiple scattering paths can also
occur in this range, but have only a small effect on the
spectrum (Manceau et al., 1998). Of all the possible
backscattering paths, the Fe—Fel is the strongest signal
that contributes to the FT peak at ~2.6 A, and knowledge
of the extent of the Fe—Fe next-neighbor bonding can be
gleaned from this peak. However, peak amplitude is also
affected by the extent of disorder in the sample, so care
is necessary in constraining the Debye Waller factor and
interpreting the coordination number.

The EXAFS spectra of the three synthetic allophane
samples were similar to one another. The EXAFS spectra
of the imogolite and natural allophanes showed subtle
differences that may be used to interpret the local atomic
structure of Fe in the samples. None of the samples had
significant structure beyond 3.5 A in the FT, as expected
for poorly crystalline materials.

EXAFS shell fitting

Shell fitting of the EXAFS spectra from the synthetic
allophanes was used to determine the local atomic
structure around Fe in these samples. Because the
natural samples and the synthetic imogolite appeared
to contain a mixture of substituted and surface-adsorbed
Fe, as discussed below, shell fitting was not carried out
on spectra from those samples. Two models of Fe in an
aluminosilicate structure were used to develop theore-
tical EXAFS paths: Fe substituted for octahedral Al in a
montmorillonite structure, and Fe substituted for octa-
hedral Al in a theoretical nanoball allophane model
structure described by Creton et al. (2008a). These
models, and the fitting approach, were described in a
previous study (Baker and Strawn, 2012), which found
that a 1:1 allophane composition could be fit using the
smectite structure, whereas fits using the nanoball model
converged to smectite-like path lengths.

Differences between theoretical local molecular
structures in the smectite and nanoball models are subtle
(Table 2). All paths to octahedral sheet atoms are similar
(Fe—O1, Fe—Mel, and Fe—03), although all the
calculated path lengths are shorter for the nanoball
model. The major differences between the theoretical
models within a backscattering distance of ~4 A are due
to the Fe—Sil and Fe—O2 paths: the smectite model
contains only one tetrahedral sheet with two Si atoms
and one O2 atom, whereas in the nanoball model three Si
atoms and three associated Oi atoms are found
(Figure 1).

Spectra of the three synthetic allophane compositions
were fitted successfully using either the smectite or the
nanoball model (Table 3). Results from using the two fit
models for synthetic allophanes with a range of Al:Si
ratios were similar to the 1:1 allophane fitted by Baker
and Strawn (2012). The most noticeable differences
between fits using the smectite and nanoball models
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were path lengths to the outermost oxygen atoms.
Because the backscattering signal from these relatively
distant atoms was not strong, the significance of these
path-length differences was unclear. However, the
convergence of both models to similar path lengths and
Fe coordination numbers provides information about the
local structure of Fe in the synthetic allophanes.

Fit-path lengths and coordination numbers for the 1:1
allophane using the smectite model (Table 3 and
Figure 8) were similar to those reported by Baker and
Strawn (2012). The nanoball model returned similar path
lengths for all backscatterers except the outer oxygen
shells, but an Fe coordination number of 1.3 (out of three
total octahedral backscatterers), 30% less than the value
fitted using the smectite model. This smaller NFe was a
result of the additional Si backscatterer in the nanoball
model. As discussed by Baker and Strawn (2012), fitting
of EXAFS spectra alone does not provide sufficient
information to completely delineate the structure of
allophane, particularly with respect to Si coordination
number.

The 1:3 allophane contained considerably more Si
than the 1:1 allophane, and this Si must be accommo-
dated somewhere within the structure. As noted above,
the Si coordination number is difficult to constrain using
shell fitting. Calculated Fe—Si backscattering path
lengths were similar in the nanoball structure and in
the layered smectite structure, suggesting that optimized
path lengths will not be a useful indicator of silica
accommodation in the allophane structure.

The 1:3 allophane spectrum was fitted successfully
using either the nanoball or the smectite model (Table 3,
Figure 8), although the quality of the smectite model fit
was increased by including additional Si (in the form of
two tetrahedral sheets rather than one). Interestingly, the
smectite model fitted to the 1:3 allophane structure was
the only model fitted in this study that did not show
significant splitting between the Fe—Fe and Fe—Al path
lengths. This fit produced an extremely short Fe—Oi
path length, however, a result that is physically doubtful.
Fitting the 1:3 allophane with the nanoball model
produced a fit that was physically reasonable, with
parameters resembling those obtained for the other
allophane samples.

The 2:1 (proto-imogolite) allophane sample was the
closest in composition to the theoretical nanoball
allophane. However, the nanoball and smectite model
fits were similar, with the fit quality slightly better in the
nanoball model (Table 3, Figure 8).

The XANES and EXAFS spectra of Fe sorbed on
allophane (Figures 5, 8) suggest that the Fe in this
sample was present in structures with Fe—Fe edge-
sharing bonds only (Toner et al., 2009). Other Fe—Fe
linkages found in more ordered ferrihydrites and in
goethite, such as double corner-sharing bonds, are not
present. The structure was, therefore, fitted using
selected paths from the smectite model structure. A
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noticeable second shell peak is present in the spectrum
(Figure 6b), thus the NFe parameter was optimized to
determine the extent of polynuclear complexation of
adsorbed Fe.

Fitting of the first shell in the Fe-sorbed allophane
suggests that Fe exists in a distorted octahedral site, as
observed in ferrihydrite and aqueous Fe complexes
(Pokrovski et al., 2003; Toner et al., 2009). In the best
fit solution (Table 3, Figure 8), the relatively large
Debye-Waller constant (o?) suggests a distorted first
shell Fe—O. The shell can be fit equally well using two
separate Fe—O paths of unequal length and smaller c*
value. The second shell path length fits to 3.04 A a
typical distance for Fe oxyhydroxides (Toner et al.,
2009). The Fe—Fe coordination number in the second
shell fits to 1.33, which suggests that some Fe adsorbed
on this allophane sample may be present as dimers or
multinuclear clusters sorbed on the surfaces of the
allophane. The average distance from an individual
sorbed Fe nucleus to the nearest Al or Si atom at the
allophane surface was described in the model by the
Fe—Sil parameter, and optimized in modeling to 3.24 A
(Table 3).

DISCUSSION

Fe in synthetic allophanes

The XANES main-edge peak positions show that Fe
in all the allophane and imogolite samples exists in a
molecular environment distinct from that of Fe in
ferrihydrite (Figures 4, 5). The XANES spectra of Fe
in synthetic imogolite and in natural allophane resemble
the spectrum of Fe adsorbed onto a synthetic allophane
sample. Thus, Fe in the natural allophane sample, and in
both the natural and synthetic imogolite, may be present
partly as adsorbed Fe rather than in isomorphic
substitution.

Examination of the pre-edge peaks suggested that the
synthetic allophane samples did not contain ferrihydrite.
The ferrihydrite pre-edge contained one intense peak at
7114.6 eV. Synthetic allophane samples displayed two
pre-edge peaks with lower total intensity (Figure 5). The
separation between the split peaks in the Fe-substituted
synthetic allophane samples was 1.05—1.40 eV, typical
of high-spin octahedral complexes (Westre et al., 1997).
The smaller split peak distances observed for natural
allophane and imogolite (1 eV) and the synthetic
imogolite and Fe-sorbed allophane samples (0.7 eV in
deconvolved spectra) suggest that some or all of the Fe
in these samples was in a different coordination
environment than the Fe substituted in the synthetic
allophanes.

The intensity and nature of the pre-edge peak in
nontronites depends upon both Fe coordination (i.e.
tetrahedral vs. octahedral) and Fe site geometry (i.e.
degree of distortion) according to Manceau et al. (2000).
Pre-edge peak height was used by Gates et al. (2002) as
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an index of tetrahedral Fe content. Allophanes were
analyzed by Ildefonse er al. (1994) using *’Al MAS
NMR and Al K-edge XANES spectroscopy and those
authors proposed that the high-Si allophanes had more
tetrahedral Al than other allophanes. In the present
study, the pre-edge peaks in 3:1 and 1:1 allophanes were
of low intensity, comparable to that for beidellite and
montmorillonite (Baker and Strawn, 2012). Such an
observation suggests that Fe in these samples is in
relatively undistorted sites with no tetrahedral Fe
substitution. Proto-imogolite (2:1) allophane had a
slightly more intense pre-edge peak than high-Si
allophanes, and the imogolite pre-edge was still more
intense. These observations suggest either that imogolite
and 2:1 allophane had more distorted octahedral sites
than high-Si allophanes, or that these samples contained
some tetrahedral Fe.

The EXAFS spectra indicate that Fe in the synthetic
Fe-substituted allophane samples is forming small
clusters. This is indicated qualitatively by the develop-
ment of the shoulder near 5 A~ and the peak centered
near 7.5 A (Figure 6a), and quantitatively by the
relatively large NFe values in the shell fits (Table 3).
The NFe value indicates the average number of Fe next
neighbors surrounding the central Fe atom. In a sample
with 1 mol.% of Al replaced by Fe, if Fe is randomly
distributed, most Fe atoms should be surrounded by Al
atoms and should have no Fe next neighbors. Thus, for a
random Fe distribution, this parameter should fit to a
near-zero value. Fitted values between 0.82 and 1.83
suggest that Fe is forming small (2—6 atom) clusters
within the allophane octahedral sheet (Baker and Strawn,
2012). The best-fit NFe values vary somewhat between
the synthetic allophane samples, but do not vary
systematically with the Al:Si ratio. Additional experi-
ments, not described here, indicated no systematic
change in NFe with sample age up to 2 y.
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Figure 7. Linear combination fitting results for natural

allophane: 85% Fe-substituted allophane, 15% Fe-sorbed
allophane (R* = 0.994).
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Fe in synthetic imogolite and natural allophane and
imogolite

Previous studies have found that Fe in natural
allophane is a combination of isomorphically substituted
Fe and some other form, typically described as a poorly
crystalline ferrihydrite (Ossaka et al., 1971; McBride et
al., 1984). In the present study, Fe K-edge XANES peak
positions and splittings for the natural samples (KiG and
KiP) and synthetic imogolite were unlike those of both
ferrihydrite and Fe-substituted synthetic allophanes
(Figures 4, 5). The spectra of the natural samples and
of the synthetic imogolite resembled synthetic Fe-sorbed
allophane samples most closely, suggesting that some Fe
in the natural samples was present as a surface-sorbed
phase.

To test the hypothesis that Fe in the natural samples
is a combination of substituted and surface-sorbed Fe,
the XANES spectrum of natural allophane was analyzed
using linear combination fitting (LCF). The spectrum
was modeled as a linear combination using synthetic Fe-
substituted 2:1 allophane, synthetic Fe-sorbed allophane,
and ferrihydrite as possible components. The LCF
results for the KiG natural allophane sample indicated
that the spectrum was best reproduced by a combination
of 85% Fe-substituted allophane and 15% Fe-sorbed
allophane (Figure 7). This is consistent with the finding
of Ossaka et al. (1971) that Fe in synthetic allophane
samples was present partly in isomorphic substitution for
Al and partly as a surface-sorbed phase. Error estimates
for XANES linear combination fits are on the order of
10—-25% (Ostergren et al., 1999; Roberts et al., 2002;
Ajiboye et al., 2007).

Little information is available on the structure or
properties of ferric iron sorbed to phyllosilicate surfaces.
As discussed above, shell fitting of the Fe-sorbed
allophane sample suggests small polynuclear clusters
(NFe = 1.33) at a distance of 3.23 A from an Al or Si
atom at the allophane surface, and with an Fe—O
distance of 1.99 A. The geometry of possible sorption
complexes on the aluminol surface suggests that this
bond length is indicative of a bidentate (edge-sharing)
bond to Al octahedra. These results suggest that the
sorption behavior of Fe(III) on allophane is somewhat
different from that of Cu(II), which was found to sorb to
the octahedral sheet of allophane via a bridging
bidentate bond, as well as via monodentate bonds at
greater Cu loadings (Clark and McBride, 1984).

The presence of Si in aqueous solution inhibited the
formation of double corner-sharing bonds in aqueous Fe
complexes according to Pokrovski et al. (2003). In the
Fe-sorption procedure used in the present study, small
amounts of aqueous Si from dissolution of allophane
may have inhibited the formation of more polymerized
Fe linkages. This process may also enhance the
substitution of small amounts of Fe in synthetic and
natural allophanes by inhibiting the formation of a
separate well ordered ferrihydrite phase. However, the

Fe-substituted allophane and imogolite 31

Fe-allophane synthesis results described in the present
study suggest that excess Fe in solution could also
inhibit allophane formation in natural systems.

Allophane structure models

A fundamental challenge in defining the allophane
structure is that allophanes range in composition from
high-Al types, with Al:Si close to 2, to high-Si types,
with Al:Si near 0.5. An imogolite-like nanoball allo-
phane structure modeled by Creton ef a/. (2008a) has an
Al:Si ratio of 2:1, with Si atoms in individual
orthosilicate units bonded to a rolled octahedral Al
sheet. If higher-Si allophanes form similar nanoballs, the
structure must be modified to accommodate consider-
ably more Si.

One proposed structure for high Si stream-deposit
allophanes accommodates the excess Si in these
materials in a fully polymerized tetrahedral sheet rolled
with an incomplete octahedral sheet (Childs et al.,
1990). Defects in the octahedral sheet should be
detectable in the EXAFS spectrum of octahedrally
coordinated Fe. The shell-fitting results discussed
above indicate that the synthetic allophane samples
could all be fit successfully with a complete octahedral
sheet (e.g. Fe—Mel coordination number fixed at 3
(Table 3)). When octahedral coordination numbers were
allowed to vary in the fit model, they never fit to values
of <3. Thus, fitting of the structure around Fe atoms in
the synthetic allophane samples shows no evidence of
incomplete octahedral sheets in high-Si allophane
compositions.

This result is in agreement with the observations from
the XANES spectra. As discussed above, an inflection at
7132 eV is present in the XANES spectra of Fe-
substituted allophanes. A previous study suggested that
attenuation of this XANES feature in synthetic hematite
nanoparticles is related to lattice distortions within 4 A of
the central absorbing atom, and that development of an
intense peak requires several well ordered backscattering
shells around the central site (Chen ef al, 2002). The
presence of a well developed peak in the present
allophane XANES data thus suggests that the synthetic
allophane octahedral sheets were well ordered in the
neighborhood of the isomorphically substituted Fe atoms.

The observation that the best fit models for the 2:1,
1:1, and 1:3 allophane samples were similar to one
another suggests that considerable additional Si may be
incorporated into the allophane structure without large
changes in the fundamental structure of the particle. In
particular, the structure of the octahedral sheet appears
to be similar across the entire compositional range of the
synthetic allophanes in the present study, suggesting a
structure similar to the defect kaolin model proposed by
MacKenzie ef al. (1991), where a nanospherical particle
contains both isolated orthosilicate units, as in imogolite,
and sections of polymerized tetrahedral Si sheets, as in
kaolinite.
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Calculations suggest that tight rolling of the gibbsite
sheet into nanotubular form in imogolite should result in
some interatomic distances being shortened relative to
the flat sheet (Gustafsson, 2001; Li er al., 2008). This
shortening of path lengths should also be observed in
allophane nanospheres, in which the gibbsite sheet is
also tightly rolled into a particle several nm in diameter.
Such shortening was not observed by Baker and Strawn
(2012) for 1:1 allophane, however, and was not observed
in the fit results in the present study, where the Fe-Mel
fit distances were close to those calculated theoretically
for the smectite model (Table 3). Why path lengths in
allophane are not slightly shorter than those in smectite
is unclear. An allophane model with polyhedral structure
that had slightly curved faces rather than a sphere was
proposed by Creton et al. (2008a). If allophane has such
a polyhedral structure, that may explain why the
interatomic distances observed in the present study are
similar to those in flat octahedral sheets.

CONCLUSIONS

The results of the present study suggest that Fe in
natural allophane and imogolite samples is present partly
in isomorphic substitution for Al and partly as a surface-
sorbed phase, but that ferrihydrite is not present in the
samples studied. Spectra of synthetic allophanes suggest
that the structure of the octahedral sheet is the same in
high-Al and high-Si allophane, and that it is well ordered
and similar to the octahedral sheet in smectite clays.
Thus, the present results suggest a model of allophane
structure in which one fundamental structural type,
containing a complete octahedral sheet, can accommo-
date a range of Al:Si ratios.

High-Al allophanes could not be synthesized with
large Fe contents (>1 mol.% of Al), and high-Al
allophanes were found to dissolve during Fe sorption
experiments. These observations suggest that the forma-
tion and stability of natural allophanes is affected by
solution chemistry and ion sorption.
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Abstract—Natural clay-sized glauconite has the same mineralogical composition as sand-sized glauconite
pellets but occurs in <2 pm clay fractions. This particular glauconite habit has been described previously
from soil environments resulting from pelletal weathering but is rarely reported in higher-energy
sedimentary environments. In the present study, clay-sized glauconite was identified as a common
constituent in transgressive Neogene glauconite pellet-rich deposits of the southern North Sea in Belgium.
X-ray diffraction results revealed that the characteristics of the clay-sized glauconite are very similar to the
associated glauconite pellets in sand deposits. Both glauconite types consisted of two glauconite-smectite
R1 phases with generally small percentages of expandable layers (<30%) with dye values ranging between
1.513 A and 1.519 A. Clay-sized glauconite was not neoformed but formed by the disintegration of sand-
sized glauconite pellets which were abraded or broken up during short-distance transport within the
sedimentary basin or over the hinterland. Even in an environment where authigenic glauconite pellets
occur, minimal transport over transgressive surfaces is sufficient to produce clay-sized glauconite.
Furthermore, clay-sized glauconite can be eroded from marine deposits and subsequently resedimented in
estuarine deposits. Clay-sized glauconite is, therefore, a proxy for the transport intensity of pelletal
glauconite in energetic depositional environments and, moreover, indicates reworking in such deposits

which lack pelletal glauconite.

Key Words—Belgium, Clay-sized Glauconite, Neogene, Transport.

INTRODUCTION

Authigenic glauconite is a sensitive indicator of low
sedimentation rates in the marine realm and constitutes a
powerful tool for sedimentological and sequence strati-
graphic interpretations as well as K-Ar dating studies
(Chamley, 1989; Amorosi, 1995; Hesselbo and Huggett,
2001; Potter et al., 2005; El Albani, 2005; Harris et al.,
2007; Derkowski et al., 2009). Many deposits contain
transported glauconite pellets, which drastically changes
the interpretation of environmental conditions during
deposition (McRae, 1972; Odin and Matter, 1981;
Cudzil and Dreise, 1987; Odin and Fullagar, 1988;
Chafetz and Reid, 2000; Gonzalez et al., 2004).

Physical transport of glauconite pellets leads to pellet
abrasion, large amounts of fragmented particles
(Amorosi, 1997; Udgata, 2007), or even complete
disintegration of clay flakes resulting in the production
of clay-sized glauconite material. This process has been
identified in soils where the clay fraction consists
predominantly of a glauconite mineralogy (Van Ranst
and De Coninck, 1983; Tedrow, 1986, 2002).

Clay-sized glauconite in sedimentary rocks was
suggested by Baioumy and Boulis (2012) to represent a
pre-pelletal stage during glauconitization. Depending on
its compositional and sedimentological characteristics,

* E-mail address of corresponding author:
rieko.adriaens@ees.kuleuven.be
DOI: 10.1346/CCMN.2014.0620104

clay-sized glauconite has a transported origin, indicative
of a rather high-energy environment or an authigenic
origin, indicative of a lower-energy depositional envir-
onment. Clay-sized glauconite is, however, almost never
reported in sedimentary deposits and certainly not co-
existing with pelletal glauconite.

The current study documents the common presence of
such clay-sized glauconite in Neogene glauconite-pellet-
rich deposits of the southern North Sea in Belgium
(Campine basin). First, experiments were performed to
evaluate disintegration behavior of glauconite particles
during several types of sample treatment. Second, a
methodology was established to investigate the miner-
alogy of both glauconite pellets and associated clay-
sized fractions. The study further addressed the relation-
ship between sand-sized glauconite pellets and clay-
sized glauconite, along with the origin and sedimento-
logical significance of the latter.

CRITERIA TO IDENTIFY AND QUANTIFY
GLAUCONITE MINERALS

Standard reference mineralogy and chemistry of
glauconite pellets

The mineral glauconite is an Fe-rich dioctahedral
mica which can be formed in various ways, with
tetrahedral AI** or Fe*' >0.2 atoms per formula unit
and octahedral R*" >1.2 atoms. A generalized formula is
K(R753R5 67)(Si3.67Al0.33)019(OH), with Fe’* > Al and
Mg > Fe? (Bailey,1980). The dog values must be
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>1.510 A and K should be the dominant interlayer
cation (Bailey, 1988). The mineralogy of glauconite
pellets, however, seldom consists of the pure glauconite
mica. Instead, one or more Fe-rich mixed-layered
glauconite-smectite phases are encountered (Buckley et
al., 1978; El Albani, 2005; Adriaens, 2009; Baldermann
et al. 2012). Al-rich glauconite species were also
reported by Berg-Madsen (1983) and Weaver and
Pollard (1973), however. The composition of Al-rich
glauconite overlaps with that of Fe-illite, which is
related to non-marine environments (Meunier, 2005;
Meunier and El Albani, 2007), although Banerjee et al.
(2008) claimed the presence of Fe-illite in a marine
succession. Nevertheless, marine Al-rich glauconite, or
Fe-illite, is the result of diagenetic alteration (Odin and
Matter, 1981; Ireland et al., 1983) and neither is found in
unlithified sediments. Consequently, illitic mineral
species with >15 wt.% total Fe, which is expressed by
doeo values >1.51 A, are termed glauconite or glauco-
nite-smectite here (Velde, 1985; Meunier, 2005).

Identifyving and quantifying clay-sized glauconite in
mixtures of clay minerals

As discussed above, the identification of glauconite
minerals is based on both mineralogical and chemical
data in cases of pure minerals. In clay-mineral mixtures,

Boreholes at Dessel (31w338, 31w354, 31w370)
and Retie (31w363)

Lichtaart outcrop

Herentals borehole (45w337)

Schilde borehole (29w283)

Essen borehole (1e42)

Antwerp outcrop

Mol borehole (31w237)

coO~NO O AhW N =

Leuven-Linden-Gasthuisberg-Kesselberg outcrops

Clays and Clay Minerals

however, the situation is often much more complex and
the use of chemical characterization methods is less
straightforward. Deriving mineralogical information and
parameters from X-ray diffraction (XRD) patterns
combined with detailed XRD clay modeling is, there-
fore, the optimal working method.

As stated by Moore and Reynolds (1997), the cation
size and site occupancy of the dominant octahedral
trivalent cation correlates with the dygo peak position.
Furthermore, when considering the general stability of
the 060 area in terms of structural and chemical
variations common for clays, this area represents a
valuable and reliable tool in X-ray powder diffractome-
try to distinguish between different clay species (érodor’l
et al., 2001). Consequently, the dyso values of different
illitic 10 A species are positioned at, or lower than,
1.500 A for normal illite, between 1.500 A and 1.510 A
for Fe-rich illite, and >1.510 A for glauconite. This
clear-cut differentiation can be obscured in mixtures of
glauconite and nontronite which are rarely reported and
absent from the present setting.

GEOLOGICAL SETTING

During the Neogene, sedimentation is restricted to the
Campine area in the northern part of Belgium (Figure 1).

I kiezelooliet Fm
[ BrasschaatFm
[ Litio Fm

I Mol Fm
[] Poederlee Fm

[ Kattendijk Fm (west)
[ Kasterlee Fm (east)

[ Diest Fm
[ Bolderberg Fm

[] BerchemFm

Figure 1. Geographical locations of out-crop or bore-hole samples plotted on the Tertiary geological map of the northern part of
Belgium. The out-cropping formations presented here are indexed at the bottom right. Bore-hole codes correspond to codes of the

Belgian Geological Survey.
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Figure 2. (left) Glauconitic sands of the Diest Formation intercalated with thin, irregular clay layers. (right) Slightly glauconitic

sands of the Kasterlee Formation with thin clay intercalations.

Deposits are mainly transgressive shallow-marine glau-
conite-rich sands but minor estuarine to fluvial sand
deposits occur also (Vandenberghe et al., 1998; 2004).
Clay in these deposits occurs dispersed in the sand
matrix and as thin intercalated clay layers (Figure 2).
Depositional sequences are separated by erosion sur-
faces, interpreted as major stratigraphic unconformities.
The chronostratigraphic position of the different units is
based on Vandenberghe et al. (1998) and Louwye et al.
(2000) (Table 1).

The Early Miocene sands of the Berchem Formation
are subdivided in the Burdigalian Edegem and Kiel sand
Members and the Langhian-Serravalian Antwerp sand
Member (De Meuter and Laga, 1976), which were all
deposited in a fully marine environment (De Meuter and

Laga, 1976; Louwye and Laga, 1998; Louwye, 2001).
These three members are fine- to medium-grained sand
units commonly intercalated with thin clay layers
(Vandenberghe er al., 1998; Louwye et al., 2000;
Louwye, 2005). Distinction is made based on calcareous
fossils, dinoflagellate biozonations, and glauconite con-
tents (Table 1). Radiometric glauconite dating led Odin
et al. (1974) to conclude an authigenic origin for the
Antwerp glauconites while the Edegem and Kiel
glauconites are considered to be reworked.

After an important phase of erosion, sedimentation
only restarted in the latest Serravalian—early Tortonian
with the Diest Formation (Louwye et al., 1999). This
poorly sorted sand unit occurs in both the Hageland and
the Campine area with average glauconite contents of

Table 1. Stratigraphical overview of the Neogene units investigated in the present study, their average pelletal glauconite
contents, and the potential of each unit to contain authigenic glauconites.

Chronostratigraphy — Lithostratigraphic unit — Average Authigenic
Formation Member Gl content Gl potential
Zanclean/ Mol Formation <0.01% very low
Piacenzian Poederlee Formation 20% medium
Messinian Kasterlee Formation 3% very low
Tortonian Diest Formation 39% very low
Serravallian
Langhian Antwerp Member 50% medium
o Berchem Formation Kiel Member 35% low
Burdigalian Edegem Member 35% low
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40% (Figure 1 and Table 1). Discontinuous clay layers
are commonly observed in these sands (Figure 2). The
Diest sands in the Hageland area contain no microfossils,
which makes their exact stratigraphic positioning
questionable.

The Late Miocene Kasterlee Formation was formed
in a near-shore depositional environment or embayment
with a manifest river discharge and was, thus, influenced
by oxic freshwaters (Louwye, 2005; Louwye et al.,
2006). This resulted in a well sorted, fine-grained sand
unit with thin irregular clay intercalations (Figure 2).
Glauconite contents in the Kasterlee Formation are
typically much smaller than the older Miocene sand
deposits, with typical values of only 5%.

The Pliocene Poederlee sand is a fine glauconitic
sand unit with disperse clay lenses (De Meuter and Laga,
1976) often presented as highly oxidized sands with a
hard limonitic crust. Louwye and De Schepper (2010)
suggest a near-coastal, possibly shoaling environment,
with more terrestrial influence in the upper part of the
formation. Glauconite contents in the Poederlee sands
are variable, ranging from 5 to 30%.

A thick unit of continental to estuarine sands of the
Mol Formation occurs geographically more to the east
(Figure 1). This unit consists of very quartz-rich glass
sands with very small clay contents and contains
virtually no glauconite pellets.

Under a binocular microscope, glauconite pellets in
the sand units described above generally appear pale to
dark green, with the latter variety occurring more
frequently. Pellets are often well rounded and polished
but also more irregular pellet shapes occur. Cracks in
pellets and broken fragments are commonly observed
(Figure 3). The spatial distribution of glauconite pellets
is often very irregular as they occur concentrated in
cross beds, on transgressive surfaces, and in basal green
sands but also dispersed in the sand matrix. When mixed
with water, the suspension water of sand deposits
displays a pronounced green coloration. However, the

Figure 3. Glauconite pellets of the Kasterlee Formation. Pellets
occur very regularly as fragmented or broken pieces. Rims are
sometimes filled with clay precipitates as indicated by the
arrow.

Clays and Clay Minerals

suspension water of sedimentary clay is grey to brown
colored and rarely contains any glauconite pellets.

The relation in terms of size distribution of glauco-
nite pellets to the remainder of the sediments reveals
important information regarding possible mutual trans-
port (Figure 4). For the formations of Diest and
Kasterlee, and the Edegem and Kiel Members of the
Berchem Formation, both distributions are very similar,
which confirms simultaneous transport of glauconites
and detrital particles. In contrast, the Poederlee
Formation and the Antwerp sands of the Berchem
Formation contain potential authigenic glauconites.
Their glauconite pellet distribution is differently shaped
from the remaining fraction of the sediment and the
glauconite pellets are significantly larger than the
remainder of the sediments (Figure 4). A reasonable
conclusion is that the Neogene sediments in Belgium
contain transported glauconites as well as possible
authigenic glauconite horizons. These sediments are
ideal, therefore, to test the presence of clay-sized
glauconite and investigate the possible relation between
glauconite pellets and the associated clay fraction.

DISINTEGRATION EXPERIMENTS ON
GLAUCONITE PELLETS

Clay-sized glauconite might be artificially introduced
into clay fractions during sampling or laboratory-
preparation procedures. In order to verify such artificial
contributions, the effects of different preparation pro-
cesses were evaluated experimentally.

A first experiment was set up to investigate the effect
of commonly applied geological lab procedures such as
washing, shaking, stirring, wet sieving, and oven drying.
This type of preparation procedure caused minimal
disintegration of glauconites as contaminants were either
absent or undetectable. Nevertheless, sample suspen-
sions which were subjected to high-speed shaking for
>24 h demonstrated a slightly greener coloration,
illustrating that glauconite pellets broke up during this
last procedure.

In a second experiment, purified >32 pm glauconite
pellets of Neogene deposits were subjected to the standard
clay preparation treatment for aggregate removal (mod-
ified after Jackson, 1975). The >32 um glauconite pellets
were separated paramagnetically from a washed and
sieved sand sample and subjected to heating in a Na-
acetate-buffer solution, H,O,, and Na-dithionite in a Na-
citratetNaHCO3-solution (modified after Jackson, 1975;
Zeelmaekers, 2011). The amount of disintegrated <2 pm
pellets was determined quantitatively by weight. Based on
12 samples, the amount of clay produced from decom-
posed pellets averaged between 15 and 25 wt.%. Although
this experiment was on purified glauconite pellets, it
showed clearly that significant errors can be induced
when glauconite pellets are not removed before standar-
dized clay-preparation procedures.
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Figure 4. Comparison of the particle-size distribution between the >32 pm glauconite fraction (dotted blue) and the rest (red). The
Poederlee (g,h) and Antwerp sands (a,b) typically contain large glauconite pellets with a particular size distribution, suggesting
potential authigenic glauconitization. The pellet size is less well sorted than might be expected for authigenic minerals, e.g. the
Bartonian Bande Noir horizon (I) (Odin, 1982; Maréchal, 1994). Some samples of the Antwerp and Poederlee sand (b, g) have similar
particle-size distributions for quartz and glauconite, suggesting a common transport history.

A third experiment was set up to study contamination
by glauconite particles in the 2-32 pm size fraction.
Untreated samples were split into two parts and soaked
in water. The first part was centrifuged to remove the
<2 um size fraction without any treatment, then the
amounts of glauconite in the <2 pm and >2 pm size
fractions were determined. To the second split, the
standard clay treatments were applied (see second
experiment). The <2 pm and >2 pm size fractions were
then separated by centrifugation and the amount of
glauconite was determined in both.

Two main observations can be made from this
experiment. Firstly, large amounts of glauconite
occurred in the <2 pum size fraction of untreated samples
(Figure 5). Secondly, the increase in artificially pro-
duced <2 pum glauconite particles after treatment was
limited to 15—20 wt.% (Figure 5). Nevertheless, this
must be a maximum value because, due to the applied
treatment, some clay aggregates also shifted to the
<2 pm size fraction.

During a fourth experiment, a fresh clay outcrop
sample of the Bartonian Bande Noir horizon (Maréchal,
1994) containing large amounts of glauconite pellets
was subjected to several destructive actions such as
shovel cutting, pushing, and shearing. The clay suspen-

sion immediately adopted a much greener color
compared with the untreated sample. The <2 pum clay
fraction was centrifuged before and after the destructive
actions and analyzed using bulk XRD methods. The
results indicated that, while the clay fraction of the
untreated sample contained 20 wt.% glauconite, the
treated sample had 30 wt.% glauconite in its clay
fraction.

Consequently, the application of routine laboratory
procedures affects glauconite particles in these sedi-
ments to such a degree that clay-sized glauconite is
formed. However, these introductory experiments
demonstrated that large amounts of <2 pm glauconite
particles occur naturally in the clay fraction. After
laboratory treatments, the amount of clay-sized glauco-
nite increased to 20% at most, indicating that the
majority of clay-sized glauconite occurs naturally.

SAMPLES AND METHODS

A selection of samples from the formations of
Berchem, Diest, Kasterlee, Poederlee, and Mol were
studied for glauconite pellet mineralogy and associated
clay mineralogy. Samples were collected in various
available cores and outcrops (Table 2, Figure 1).
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Before clay preparations

M Glauconite <2 um

™ Glauconite >2 um

Possible contamination

™ Glauconite <2 um

Figure 5. Results of the glauconite pellet disintegration
experiment. Untreated samples were centrifuged with a Thermo
Scientific SL40R benchtop centrifuge (relative centrifugal
force 25214 xg —Thermo Fisher Scientific, Erembodegem,
Belgium) to <2 pum to quantify the amount of glauconite
minerals present in the finer and coarser size fractions. This
procedure was repeated after applying the standard clay-
preparation procedures. The columns in green correspond to
the maximum possible amount of contamination of >2 pm
glauconite material that ended up in the <2 pm clay fraction.

Considering the importance of glauconite pellet
disintegration behavior as demonstrated in the section
above, the >32 pm glauconite pellets were separated
systematically from the remainder of the sediment. Sand
samples were soaked in demineralized water, stirred, and
separated by 32 pm wet sieving, which was repeated
three times. Glauconite pellets were isolated from the
>32 um fraction using a Frantz isodynamic magnetic
separator. Clay samples were not treated because they
contained no glauconite pellets. Both clay samples and
<32 um fractions of sand samples were examined for
bulk mineralogy as well as for clay mineralogy on clay
slides. Bulk measurements were recorded with XRD
from randomly oriented powders which were fine-milled
and mixed with an internal standard (after Srodof et al.,
2001). Oriented clay slides were prepared after the
removal of all aggregate-forming particles (modified
after Jackson, 1975; Zeelmaekers, 2011), followed by
centrifugation of the <2 pm fraction. The clay material
was subsequently Ca-saturated to ensure homogenous
swelling of smectitic components (Eberl er al., 1987;
Sakharov et al., 1999), and oven-dried afterward at 60°C.
Clay (<2 pm) material was also analyzed as randomly

Clays and Clay Minerals

oriented powders by XRD, analogous to the procedure
applied for bulk samples (after Srodon et al., 2001).

Glauconite pellets were examined for mineralogy by
XRD as randomly oriented powders but also as oriented
slides after fine milling and subsequent Ca saturation.
The major-element chemistry of glauconite pellets was
characterized using inductively coupled plasma-optical
emission spectroscopy (ICP-OES) while ferrous iron was
determined through titration (after Wilson, 1955).

All XRD measurements were carried out at the
department of Earth and Environmental Sciences at the
University of Leuven on a Phillips PW1830 with CuKo
radiation at 30 mA and 45 kV using a graphite
monochromator and a scintillation detector.
Diffractometer scans were recorded in Bragg-Brentano
geometry from 5 to 65° for bulk measurements and from
2 to 47° for clay measurements, each time with a step
size of 0.02° and 2 s counting time per step. Oriented
slides were measured under air-dry, glycolated, and
heated (550°C) conditions.

Quantification of the <2 um clay fraction was done in
two independent ways. Firstly, clay modeling using the
software Sybilla (©Chevron ETC) was used for inter-
pretation, clay-structure analysis, and quantification.
Secondly, quantification of randomly oriented powders
and characterization of the 060 area was performed
using the software Quanta (©Chevron ETC). This full-
pattern fitting software bases the clay mineral quantifi-
cation on the integrated intensity of the 060 area. The
efficiency and accuracy of this method was described
previously (Srodoﬁ et al., 2001; Kleeberg, 2005;
Omotoso et al., 2006). Furthermore, the method takes
advantage of the fact that clay mineral species with
different 060 spacings can be quantified separately,
which makes it ideally suited for independent glauconite
quantification in the presence of the more common Al-
rich clay mineral species.

RESULTS

Glauconite pellets

An inventory of mineralogical characteristics and
chemical compositions of the glauconite-pellet bearing
horizons in the Upper-Cretaceous and Cenozoic in
Belgium was reported by Adriaens (2009). Cretaceous
glauconite-bearing horizons were characterized by a 1M
to 1Md-glauconite-smectite R1 phase with expandable
layers ranging between 6 and 8%. Throughout the
Cenozoic record, glauconite pellet mineralogy displays
low variability, consisting of one or two 1Md-glauco-
nite-smectite R1 phases with <16% expandable layers in
total. Neogene glauconite pellets, from similar strati-
graphic horizons to those used in the present study,
typically contain between 6 and 12% expandable layers.
The position of the 060 reflection of these glauconite
pellets varied between 1.515 A and 1.519 A. Major-
element analysis by ICP-OES revealed K,O contents
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Table 2. Overview of samples with information regarding stratigraphy, origin, and lithology. Borehole and outcrop locations

are shown in Figure 1.

Name Formation Member Location Lithology State

B1 Berchem Edegem Kruibeke claypit outcrop Sand Fresh

B2 Berchem Kiel Schilde borehole 66.3 m Sand Fresh

B3 Berchem Kiel Schilde borehole 67.3 m Sand Fresh

B4 Berchem Kiel Antwerp outcrop Sand Fresh

BS Berchem Kiel Schilde borehole 64.8 m Sand Fresh

B6 Berchem Antwerp Herentals borehole 75.5 m Sand Fresh

B7 Berchem Antwerp Herentals borehole 85.5 m Sand Fresh

BS Berchem Antwerp Dessel 5 borehole 165.5 m Clay Fresh

B9 Berchem Antwerp Dessel 5 borehole 165.9 m Clay Fresh

B10 Berchem Antwerp Essen borehole 176.9 m Sand Fresh

Bl11 Berchem Antwerp Mol borehole 143.7 m Sand Fresh

B12 Berchem Antwerp Essen borehole 180.5 m Sand Fresh

BI13 Berchem Antwerp Schilde borehole 62.8 m Sand Fresh

D1 Diest (Campine) Essen borehole 172.5 m Sand Fresh

D2 Diest (Campine) Essen borehole 174.6 m Sand Fresh

D3 Diest (Campine) Essen borehole 175.9 m Sand Fresh

D4 Diest (Campine) Retie 1 borehole 48.86 m Sand Slightly oxidized
D5 Diest (Campine) Dessel 2 borehole 47.50 m Sand Slightly oxidized
D6 Diest (Campine) Dessel 2 borehole 34.65 m Clay Fresh

D7 Diest (Hageland) Leuven GHB outcrop Sand Slightly oxidized
D8 Diest (Hageland) Linden outcrop Sand Slightly oxidized
D9 Diest (Hageland) Leuven Kesselberg outcrop Sand Slightly oxidized
D10 Diest (Hageland) Leuven GHB outcrop Sand Slightly oxidized
D11 Diest (Hageland) Leuven GHB outcrop Clay Fresh

D12 Diest (Hageland) Leuven GHB outcrop Clay Fresh

Kl Kasterlee Dessel 3 borehole 28.58 m Sand Fresh

K2 Kasterlee Dessel 3 borehole 29.78 m Sand Fresh

K3 Kasterlee Dessel 2 borehole 32.03 m Sand Fresh

K4 Kasterlee Lichtaart outcrop Sand Fresh

K5 Kasterlee Lichtaart outcrop Sand Fresh

K6 Kasterlee Dessel 3 borehole 30.73 m Clay Fresh

K7 Kasterlee Dessel 2 borehole 32.75 m Clay Fresh

M1 Mol Dessel 3 borehole 12.10 m Sand Fresh

M2 Mol Dessel 3 borehole 12.75 m Sand Fresh

M3 Mol Dessel 3 borehole 13.10 m Sand Fresh

M4 Mol Dessel 2 borehole 16.5 m Sand Fresh

M5 Mol Dessel 2 borehole 19.2 m Sand Fresh

Pl Poederlee Rees borehole 21.20 m Sand Fresh

P2 Poederlee Rees borehole 21.55 m Sand Fresh

P3 Poederlee Rees borehole 21.90 m Sand Fresh

P4 Poederlee Rees borehole 22.40 m Sand Fresh

P5 Poederlee Rees borehole 23.80 m Sand Fresh

P6 Poederlee Rees borehole 24.20 m Sand Fresh

ranging from 5.5 to 7 wt.%, pointing to well evolved
pelletal maturity (Table 3). Total (Fe,O5+FeQO) contents
for Neogene glauconite pellets ranged between 16 and
23.5 wt.% oxides (Table 3), with a typical ferric:ferrous
ratio of 9:1, plotting within the glauconite compositional
field of Meunier and El Albani (2007) (Figure 6).

The results of the clay modeling of oriented slides
(Figure 7) show that the majority of analyzed glauconite
pellets consisted of two separate phases: a glauconite-
smectite R1 phase with 5—10% expandable layers and a
three-component glauconite-expandable R1 phase with a
total of 25-35% expandable layers of two types. The
expandable minerals in the former phase are smectites of

the low-charge type while in the three-component
system they consist of both low-charge and high-charge
smectite with a 60:40—70:30 ratio, respectively. Traces
of kaolinite were often encountered as the result of clay
precipitation in the pelletal rims (Figure 3). The
glauconite pellets of the different investigated forma-
tions were characterized based on the relative amounts
of both glauconite-expandable phases and their typical
060 value (Figure 7 and Table 4). Furthermore, during
modeling, the octahedral Fe content of the glauconite
pellets was assessed. This parameter shows low varia-
bility for all glauconite pellets investigated, ranging
from 0.75 to 0.9/half unit cell.
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Glauconite pellets of the Berchem Formation typi-
cally display a 75:25 ratio between the less expandable
two-component and more expandable three-component
glauconite-smectite phase, respectively. No distinction
was found between glauconite pellets of the Antwerp
sand and the Kiel and Edegem sands. Glauconite pellets
of both the Diest and Kasterlee Formations generally
have a small amount of expandable layers, which was
reflected in their 90:10 less expandable-more expand-
able ratio. Glauconite pellets of the Poederlee sands
contained two R1 glauconite-smectite phases but also
Fe-rich smectite was also present (Figure 7), which is
unique in the Campine basin (Adriaens, 2009). The
estuarine Mol Formation contained no glauconite pellets
and was, therefore, not characterized further.

Clay mineralogy of the <2 um fraction

Sands. The quantitative mineralogical composition of the
<2 pm clay fractions from the sands, as determined by
clay modeling (Figure 8), illustrates the systematic
presence of clay-sized glauconite-smectite, which was
defined by its unique 060 value and modeled octahedral
Fe content (Figure 9, Table 4). Optimal modeling results
were only obtained after introducing similar glauconite-
smectite R1 phases which make up the mineralogy of the
associated sand-sized glauconite pellets. The clay miner-
alogy of the Berchem Formation was always rich in
discrete dioctahedral smectite and Al-rich mixed-layer
illite-smectite. Clay-sized glauconite was quantified in
total amounts ranging from 10% up to 30% with typically
the more expandable type (three-component glauconite-
smectite R1 with 22-30% expandable layers) dominating
the less expandable type (glauconite-smectite R1 with
8—12% expandable layers) (Table 4 and Figure 8). Clay
minerals in the Antwerp Member were not significantly
different from those in the Edegem and Kiel Members.
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Sample B11, however, contained almost no clay-sized
glauconite. In the Diest sands, the <2 pm clay mineralogy
depended on the origin of the samples. Samples from the
Hageland area contained large amounts of clay-sized
glauconite, up to 90% of the total <2 pum fraction, with
smaller amounts of Al-rich illite-smectite, illite, kaolinite,
and, occasionally some chlorite. Diest sand samples
originating from the Campine area, contained smaller
amounts of clay-sized glauconite with values between 20
and 45%. Contributions from other clay minerals were,
therefore, more important, in particular of discrete
smectite, which is seldom found in sands in the
Hageland area. Very similar more and less expandable
clay-sized glauconite types as for the Berchem sands were
used during modeling. In the Hageland area the less
expandable type predominates, whereas in samples of the
Campine area the ratio of more expandable type:less
expandable type was just 2:1 (Table 4).

The Kasterlee sands contained variable amounts of
clay-sized glauconite, ranging from 20 to 50%, with the
less expandable clay-sized glauconite type generally
dominating the more expandable type. While the
kaolinite content in the Berchem and Diest sands was
rather small (<10%), it was much greater in the
Kasterlee sands with values between 15 and 35%.

Clay-sized glauconite also exists naturally in the
Poederlee sands, but in limited amounts (<15%). Both
the less and more expandable glauconite types were used
in these clay patterns. Smectite was, however, the
dominant clay mineral consisting of dioctahedral as
well as trioctahedral expandable phases. The dioctahe-
dral smectite is comparable in all formations discussed
and appears to be very poor in Fe content, with the
modeled octahedral Fe content <0.25/half unit cell. The
trioctahedral expandable species was, however, very rich
in Fe with 1.5 octahedral Fe/half unit cell.

Nontronite

0 0.2 04

0.6 0.8 1

Fe/Sum Octa

Figure 6. Position of the Belgian Cenozoic glauconite pellets (see Table 2 for sample information) in a compositional diagram. End-
member positions are indicated by squares. MLM indicates mixed-layer minerals, M+ corresponds to the interlayer charge, while
‘Sum octa’ corresponds to the sum of octahedral cations in the structure. Blue dots refer to poorly expandable glauconite pellets
(K,0 <7%), red triangles to pellets which are more expandable (K,0>10%), and green squares to a group of glauconite pellets which
expand to a medium extent (7%<K,0<10%). Neogene glauconite pellets as presented here belong to the blue and green markers

(modified after Meunier and El Albani, 2007).
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Figure 7. XRD traces of glauconite pellets glycolated (black) and the Sybilla-fitted model (red) . The glauconite-smectite R1 phases
used in the clay modeling are shown in blue and green for each formation and are representative of all studied samples. ‘Kaol’

indicates small amounts of kaolinite.
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Figure 9. (upper) Decomposition of the 060 area of the clay samples; (lower) decomposition of the 060 area for sand samples. The
blue curve represents the contribution from kaolinite; the red curve represents the contribution from all dioctahedral Al-clays
(smectite, illite, illite-smectite) while the green curve corresponds to the contribution of glauconite and/or glauconite-smectite.

XRD patterns were recorded with ZnO as the reference material.

Finally, the clay mineralogy of the estuarine Mol
sands consisted mainly of kaolinite but also contained
clay-sized glauconite in significant amounts. Note that
these quartz-rich sands contained glauconite pellets only
in their clay fraction; clay-sized glauconite represents an
important proportion of the clay fraction. Only the less
expandable clay-sized glauconite type was necessary to
model the clay fractions of the Mol Formation

Clays. Sedimentary clay samples were examined in all
lithological units. In contrast to the sand samples, the
<2 pm clay fractions displayed brown to grey coloration.
The XRD patterns of clays were similar to those of sand
samples, and modeled clay mineral characteristics were
identical to those in sands. Inspection of the dygy of
randomly oriented powders, however, indicated that
clay-sized glauconite was systematically absent from
clays (Figure 9, Table 4). This was confirmed by the
clay modeling because oriented clay patterns could not

be modeled with the incorporation of Fe-rich clay
minerals (Figure 8). The most important clay minerals
in these size fractions were dioctahedral Al-smectite,
Al-rich illite-smectite, kaolinite, and chlorite (Table 4).

DISCUSSION

Clay-sized glauconite was encountered systemati-
cally in Cenozoic marine glauconite pellet-bearing
samples. Both the experiments and the data presented
reveal that inappropriate use of laboratory treatments
can cause glauconite pellet disintegration. However,
after removing the >32 pm glauconite pellets, the
amount of contaminated clay-sized glauconite was at
most 25% and the real value is probably much less.
Therefore, most of the clay-sized glauconite must have a
natural origin. Its presence is confirmed in units that
contain glauconite pellets which were probably less
transported or even authigenic but also in units where
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glauconites were transported in the same way as the
detrital quartz (Figure 4). Furthermore, the occurrence of
the glauconite pellets is not restricted to marine
glauconite pellet-bearing units because the estuarine
Mol Formation also contains clay-sized glauconite.

The relation between clay-sized glauconite and pelletal
glauconite

The occurrence of clay-sized glauconite was reported
by Baioumy and Boulis (2012) who suggested a pre-
pelletal stage in the glauconitization process. The
occurrence of fine-grained glauconite is indeed expected
in areas where new glauconite pellets are being formed
(Odin, 1982). Clay-sized glauconite is, however, rarely
reported coexisting with sand-sized glauconite pellets. If
reported, the clay fraction of early-stage or more evolved
glauconitic sediments typically consists of Al-rich clay
minerals (Bell and Goodell, 1967; Seed, 1968,;
Baldermann et al., 2012) and rarely of Fe-rich clays.

In the current case, however, the results illustrate
glauconite occurrence in sand and clay fractions, which
both display a very similar two-phase glauconite-
smectite R1 mineralogy (Table 4). The near-linear
relation between dygo values of glauconite pellets and
clay-sized glauconite in the same sample (Figure 10)
demonstrates the close association between both
glauconite types. Furthermore, dpso values can be
used as a parameter to distinguish the different
analyzed formations (Figure 10), which supports the
idea that both sand-sized and clay-sized glauconite
occurrences are closely related. While during clay
modeling an identical glauconite-smectite R1 structure

Clays and Clay Minerals

was used to model both the clay-sized and the pelletal
glauconite, the respective dygo values are not always
identical (Figure 10). However, compositional differ-
ences exist between the outer and inner surfaces of
glauconite pellets, as well as between larger and
smaller glauconite pellets (Harris et al., 2007), which
could explain such small-scale mineralogical differ-
ences Nevertheless, the interpretation is, then, that both
glauconite types indeed belong to the same system but
occur in different sizes.

The origin of clay-sized glauconite in marine deposits

When assuming that both glauconite types are part of
the same system, this must mean that either pellet
disaggregation or pelletization of clay-sized glauconite
is the controlling process. An alternative hypothesis is
that both types were formed simultaneously.

El Albani (2005) and Banerjee et al. (2012) demon-
strated that glauconite authigenesis results in distinct
mineralogical and crystal-chemical differences between
different glauconite types, which is clearly not observed
in the present setting

Furthermore, if the clay-sized glauconite is an
authigenic precipitate, this should be reflected in its
properties as the process of glauconitization depends on
the amount of available Fe and, thus, the prevailing
redox conditions (Odin, 1982; Chamley, 1989). El
Albani (2005) demonstrated that open marine conditions
yield the anoxic conditions necessary for Fe mobility
through organic matter resulting in a large amount of Fe
and K uptake in the glauconite structure. Near-coastal or
estuarine environments are, on the contrary, influenced
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Figure 10. Glauconite pellet dygo values plotted against clay-sized glauconite dygo values, following a 1:1 relation. The dygo value is
apparently a good parameter to distinguish between different formations. The yellow line indicates the position of the clay-sized

glauconite of the Mol formation.
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by oxic freshwaters which will strongly reduce the
amount of available Fe and result in Al-rich glauconites
with dygo spacings of between 1.50 Aand 1.51 A (Parry
and Reeves, 1966; Porrenga, 1968; Berg-Madsen, 1983;
El Albani et al., 2005). Louwye (2005) and Louwye et
al. (2006) found evidence for near-coastal depositional
environments with continental influences in the
Kasterlee and Poederlee Formations, while the
Berchem and Diest Formations were exposed to fully
marine conditions. The quartz sands of the Mol
Formation were deposited in estuarine conditions
(Vandenberghe et al., 1998). The mineralogy and crystal
chemistry of the clay-sized glauconite found in these
units (Table 4) revealed little correspondence with a
sedimentary environment, as the Fe contents are almost
equal in each of the formations described. Although
anoxic conditions may also develop in near coastal
environments (Gertsch et al., 2010; Wignall and
Newton, 2001), this involves large amounts of organic
material and is not found in the current deposits.

Baioumy and Boulis (2012) suggested that clay-sized
glauconite can form pellets at a later stage due to
reworking or circulation processes. This seems rather
unlikely in the current situation because clay-sized and
pelletal glauconite occur systematically together in the
same system and, furthermore, are never present in
intercalated clay layers. Moreover, based on dyg values
and, thus, Fe-contents and K,O-values of the glauconite
pellets (Table 3), both types of glauconite represent well
evolved glauconitization stages which contradicts an
early-stage origin. Considering that the bulk of pelletal
glauconites was actively transported (Figure 4), and that
both pelletal and clay-sized glauconite are probably part
of the same system, a true authigenic nature of the clay-
sized glauconite is, therefore, very unlikely.

The only stratigraphic occurrence where clay-sized
glauconite has been reported coexisting with glauconite
pellets are soils and weathering profiles (Van Ranst and
De Coninck, 1983; Tedrow, 1986, 2002). In this case,
the characteristics of both glauconite types are expected
to be equal because clay-sized glauconite formation is
related to weathering and soil processes (Velde and
Meunier, 2008). In the current setting, however, soil
environments are excluded. Considering the limited
depth of burial and the fact that glauconite pellets are
not deformed, compaction is also to be excluded. The
origin of the clay-sized glauconite is probably related to
the abrasion and breaking up of glauconite pellets during
physical transport.

A key observation is that clay-sized glauconite is
incorporated in the clay fraction of sands but never in the
intercalated clay layers (Table 4, Figure 8). The type and
relative proportions of clay minerals in both sands and
clays are very similar, indicating that Al-smectite, Al-
rich illite-smectite, illite-smectite, kaolinite, and chlorite
mainly originate from a detrital source area. This clay
assemblage probably constitutes the ‘background’ clay

Natural clay-sized glauconite 49

mineralogy in sands and clays but apparently does not
include clay-sized glauconite. Furthermore, no linear
relation exists between clay-sized glauconite and the
detrital sedimentary clay fraction (Figure 11). As a
result, a distant source area is excluded as the main
source of clay-sized glauconite but points to a more local
origin. A physically weaker population of incomplete or
broken glauconite pellets of older deposits was probably
abraded over short-range transport or decomposed on
impact.

This process of abrasion of glauconite pellets into a
clay-sized glauconite fraction is most logical in glauco-
nite pellet-bearing sediments for which the glauconite
pellets are apparently transported together with the
detrital, mainly quartz, fraction (Figure 4). Although
the Poederlee and Antwerp sands favor glauconite pellet
authigenesis (Figure 4; see also Odin et al., 1974), clay-
sized glauconite is also present in these deposits, which
seems to contradict a transported origin (Table 4). The
heterogeneity in glauconite-pellet size distribution
(Figure 4), however, suggests that a variety of deposi-
tional processes played an important role, indicating that
glauconite pellets are not exclusively authigenic.
Glauconite pellets in these units were, therefore, only
transported over short distances as they were swept over
the shelf during transgressive movement away from the
area of glauconitization. This process is apparently
sufficient to produce clay-sized glauconite but in smaller
amounts than detrital glauconite pellets. Consequently,
the amount of clay-sized glauconite can be used as a
proxy for the amount and intensity of pelletal glauconite
transport and the energy of the depositional environ-
ment. This is demonstrated by the small amounts of clay-
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Figure 11. The <2 um clay fraction plotted vs. the amount of
<2 pm glauconite which shows no linear relation.
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sized glauconite in the Poederlee sands, and, to a lesser
degree, the Antwerp sands (Table 4).

The origin of clay-sized glauconite in the estuarine Mol
Formation

The estuarine Mol sands are very mature sands with no
glauconite pellets and the 30% clay-sized glauconite in its
clay fraction (Table 4). The clay-sized glauconite in these
sands cannot, therefore, be derived from pre-existing
pelletal glauconite in the Mol Formation. The estuarine
environment in which this deposit was formed does not
yield the necessary reducing conditions for glauconitiza-
tion which makes an authigenic origin unlikely. Estuarine
glauconitization was reported by El Albani (2005) but the
amount of Fe incorporated in those mineral structures was
much less than the relatively large Fe contents found in
the clay-sized glauconite of the Mol Formation.
Nevertheless, clay-sized glauconite produced in slightly
older deposits can be further taken up in subsequent
erosion and sedimentation cycles together with clays from
other sources. The clay-sized glauconite in the estuarine
Mol Formation must, therefore, be reworked from the
locally out-cropping glauconitic sands occurring in and
around the estuary (Figures 2, 3). The dyso position of the
Mol sands (Figure 10) is, however, slightly different from
the older Kasterlee and Poederlee Formations, suggesting
that Fe is lost from the clay-mineral structure during
transport or as the result of acid percolation, leading to a
slightly more Al-rich glauconite mineralogy.

Significance of expandable minerals

The abundance of expandable minerals in the clay
fraction of the glauconitic sediments (Table 4) could
indicate that it is the precursor of glauconite minerals as
suggested by Buatier et al. (1989) and Jimenez-Millan et
al. (1998). Clay modeling of the dioctahedral smectite,
present in almost all the formations described, resulted
in octahedral Fe contents of 0.05—0.25/half unit cell,
common values for Al-rich dioctahedral smectites
(Giiven, 1988).

In the Poederlee Formation, however, a trioctahedral
expandable phase is also present. Clay modeling resulted
in an octahedral Fe content of ~1.5/half unit cell, which
is significantly greater than the 0.75-0.9 octahedral Fe
cations/half unit cell typical of glauconite pellets and
clay-sized glauconite in these sediments. This Fe-rich
expandable phase is also present in the glauconite pellets
of the Poederlee Formation (Figure 7, Table 4), illus-
trating the mineralogical relation between glauconite
pellets and the associated clay fraction. Furthermore,
size distributions of the glauconite pellets (Figure 4) and
the small amounts of clay-sized glauconite (Table 4)
demonstrate that glauconitization took place at a nearby
area or even partially at the current position.
Nevertheless, the Fe-expandable phase in this particular
deposit is probably the precursor mineral which induced
pelletal glauconitization.
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CONCLUSIONS

Experiments show that the large majority of clay-
sized glauconite is naturally present in the samples.
However, certain populations of glauconite particles
tend to break up during strong physical actions of the
sediment, excessive shaking at high speeds, and during
standard clay preparations. This effect can be strongly
reduced by isolating >32 pm glauconite particles prior to
further clay mineralogical preparations. The data pre-
sented prove the existence of natural clay-sized glauco-
nite in Neogene glauconite pellet-bearing and non-
glauconite pellet-bearing sand deposits in the northern
part of Belgium. The origin of clay-sized glauconite is
not authigenic but related to glauconite pellet abrasion
and disintegration upon transport. Intercalated sedimen-
tary clay layers of the same deposits were never found to
incorporate the clay-sized glauconite, meaning that the
latter did not originate from distant detrital source areas
but rather has a local origin within the same depositional
basin. The amount of clay-sized glauconite produced is
indicative of the distance and intensity of transport. The
clay-sized glauconite in the estuarine Mol Formation
was derived by erosion of older deposits around the
estuary and reworked. A trioctahedral Fe-rich expand-
able phase was identified in both the clay fraction and
the glauconite pellets of the Poederlee sands, suggesting
that it acted as the precursor mineral for pelletal
glauconitization. Clay-sized glauconite has never been
reported as such before and is clearly an important
contributor to the clay fraction in these deposits,
emphasizing the energetic character of the environment
in which they were formed.
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Abstract—Layered double hydroxides (LDH) are extremely important materials for industrial processes
and in the environment, and their physical-chemical behavior depends in large part on their hydration state,
but the characterization of these hydration effects on their properties are incomplete. The present study was
designed to explore the interpolytype transitions induced by variation in the ambient humidity among
LDHs. The cooperative behavior of intercalated water molecules resulted in a sudden, single-step,
reversible dehydration of the [Zn-Cr-SO,4] LDH. The [Zn-Al-SO4] LDH provided an interesting contrast
with (1) the coexistence of the end members of the hydration cycle over the 40—20% relative humidity
range during the dehydration cycle, and (2) a random interstratified intermediate in the hydration cycle.
These observations showed that the [Zn-Al-SO,4] LDH offered sites having a range of hydration enthalpies,
whereby, at critical levels of hydration (20—40%), the non-uniform swelling of the structure resulted in an
interstratified phase. The variation in domain size during reversible hydration was also responsible for the
differences observed in the hydration vs. the dehydration pathways. This behavior was attributed to the
distortion in the array of hydroxyl ions which departs from hexagonal symmetry on account of cation
ordering as shown by structure refinement by the Rietveld method. This distortion was much less in the
[Zn-Cr-SO4] LDH, whereby the nearly hexagonal array of hydroxyl ions offered sites of uniform hydration
enthalpy for the intercalated water molecules. In this case, all the water molecules experienced the same
force of attraction and dehydrated reversibly in a single step. The changes in basal spacing were also
accompanied by interpolytype transitions, involving the rigid translations of the metal hydroxide layers

relative to one another.

Key Words—Cation Ordering, Layered Double Hydroxides, Polytype Transformation.

INTRODUCTION

Layered double hydroxides (LDHs) are a class of
inorganic solids also called anionic clays. The better-
known cationic clays consist of negatively charged
aluminosilicate layers and intercalated cations (Weiss,
1963). The LDHs consist of positively charged metal
hydroxide layers with anions included in the interlayer
region. The metal hydroxide layers are derived from the
structure of the mineral brucite (Oswald and Asper,
1977) and have the composition
[M{}_ oM (OH),)(A4" ) yHO (M = Mg, Fe, Ni,
Co, Cu, Zn; M'™ = Al, Cr, Fe; 4 = Anion; 0.2 < x <
0.33) (Reichle, 1986). The present study dealt with
LDHs having the layer [Zng ¢7Mo 33(OH),]%**" (M = Cr,
Al) (Boehm et al., 1977). Anions and water molecules
were incorporated into the interlayer region to restore
charge neutrality. Two questions are often asked: (1) Is
the position of the M ion ordered with respect to the
divalent cation or is the metal hydroxide layer cation
disordered (Serna et al., 1982)? (2) In what manner are
the atoms packed within the interlayer?
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Evidence in favor of cation ordering is provided by
an array of techniques such as extended X-ray absorption
fine structure (Vucelic et al., 1997; Bigey et al., 1997,
Roussel er al., 2000, 2001), magic angle spinning-
nuclear magnetic resonance (Sideris et al., 2008, 2012;
Cadars et al., 2011), and X-ray diffraction (XRD)
(Krivovichev et al., 2010; Radha and Kamath, 2013).
Cation ordering generates a large unit cell with a =
\/nxao (n = 3 for x = 0.33) (Hofmeister and Platen,
1992).

The second question is more difficult to answer given
the inherent disorder in the interlayer, the high symmetry
of the host layer, and the low atomic scattering factors of
anions comprising light atoms. Where structure models
are offered, the anions are located in the sites of high
degeneracy with low site-occupancy factors
(Besserguenev et al., 1997). Simulations based on
molecular dynamics generally predict that the anion
occupies a site close to that of the trivalent cations,
which is the seat of the positive charge on the metal
hydroxide layer (Li et al., 2006). The locations of the
intercalated water molecules are also not determined
with certainty. The O atoms of the intercalated water are
often shown to share the same crystallographic sites as
those of anions in the interlayer (Evans and Slade, 2005).
Further LDHs intercalated with sulfate ions exhibit basal
spacings ranging from 7.8 to 11.2 A, based on the
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amount of intercalated water (Drits and Bookin, 2001).
Likewise, LDHs intercalated with organic anions such as
carboxylates exhibit humidity-driven hydration-dehydra-
tion phenomena, owing to their large hydration enthal-
pies, a fact that has been exploited for the facile aqueous
exfoliation of these materials (Hibino and Kobayashi,
2005). The hydration-dehydration behavior of many
simple inorganic anions in the [Mg-Al] system with
different compositions of the metal hydroxide layer were
investigated thoroughly by lye et al. (2007) who found
that, among others, the [Mg-Al] LDHs intercalated with
SO3Z7, ClO;, and I~ exhibited basal spacing variation on
being exposed to different relative humidities. While -
and ClOj-intercalated LDHs exhibited an ordered
interstratified intermediate phase during hydration,
SO3 -LDH showed a one-step change in the basal
spacing. Similar studies of [Mg-Al] and [Li-Al] LDHs
intercalated with different anions were reported by Hou
and Kirkpatrick (2000, 2002) and Hou et al. (2003).
Based on those observations with different anions, the
hydration behavior among LDHs were classified into
three types: significantly expandable, slightly expand-
able, and non-expandable.

The diverse behavior of intercalated water molecules
in different LDHs is on account of the different bonding
interactions operating on them in the interlayer. These
include (1) the hydration enthalpy of the anions, (2) the
strength of the H-bonding with the metal hydroxide
layer, and (3) the hydrogen bonding between the
intercalated water molecules.

Among these, the last factor can vary considerably
with the degree of hydration, leading to cooperative
effects at the extreme end.

Dehydration results in a decrease in the number
density of atoms in the interlayer. The objective of the
present study was to examine if dehydration of the
interlayer leads to a change in the stacking sequence of
the metal hydroxide layer, thereby bringing about
interpolytype transitions. Another objective was to
examine if the differences in the structures of the two
LDHs [Zn-M-SO4] (M = Cr, Al) affect their respective
hydration behaviors.

EXPERIMENTAL

Preparation of LDHs

Reagents used without further purification were
ZnCl, (95% ZnCl, and <5% zinc oxide chloride),
Al,SO4 (98%), and ZnSO4 (99.5%) from Merck, India,
and CrCl; (99%) and Na,SO4 (99%) from Aldrich
Chemical Co., USA. [Zn-Al-SO4] and [Zn-Cr-SOy4]
LDHs were prepared by coprecipitation at constant pH
values of 10 and 5, respectively. In a typical preparation,
50 mL of the mixed-metal salt solution (sulfates in the
case of the [Zn-Al] LDH and chlorides in the case of the
[Zn-Cr] LDH; [Zn*")/[M*'] = 2; M = Al, Cr, total metal
concentration 0.4 M) was added at a dosing rate of
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0.14 mL/min to a reaction vessel (volume 400 mL)
containing Na,SO, salt solution (100 mL) in 10-times
excess of the stoichiometric requirement. A constant pH
was maintained during the synthesis by simultaneous
addition of 0.5 N NaOH using a Metrohm Model 718
STAT Titrino (Herisau, Switzerland) operating in the pH
STAT mode. The temperature was kept constant at 60°C
and N, was bubbled continuously. Boiled, deionized,
Millipore Academic Water Purification System
(Molsheim, France)-water was used throughout the
synthesis to avoid possible carbonate contamination.
The resulting slurry was aged for 15 h and separated by
centrifugation followed by repeated washing with
decarbonated water and finally with acetone. The
precipitate obtained was then dried at 60°C and stored
in a desiccator.

Characterization

Both the samples were characterized by X-ray powder
diffraction (XRPD) using a Bruker D8 Advance powder
diffractometer (Karlsruhe, Germany) (source CuKa radia-
tion, A = 1.5418 A). Data were collected at a continuous
scan rate of 1°20 min~'. For structure refinement by the
Rietveld method, data were collected over a 26 range of
5—70° (step size 0.02°26, counting time 10 s/step). In situ
measurements of XRPD patterns at different relative
humidities were carried out using a PANalytical X pert
X-ray diffractometer (Almelo, The Netherlands) (CuKa
radiation, A = 1.5418 A, Bragg-Brentano geometry)
equipped with an X’celerator Scientific RTMS detector
and an Anton Paar temperature humidity chamber (Graz,
Austria) driven by a VTI Corp. RH-200 humidity
generator (Graz, Austria). Measurements were done at
different relative humidity (RH) values ranging from <5%
(referred to hereafter as 0%) to 98% (referred to hereafter
as 100%) at intervals of 10%. The sample was allowed to
equilibrate for a period of 60 min at each RH value before
performing the XRD measurements. Data were collected
from 5 to 70°20 with a step size of 0.017°20 at a scan rate
of 1%/min.

Infrared spectra of the samples were recorded using a
Bruker Alpha-P FTIR spectrometer (Ettlingen,
Germany) (ATR mode, diamond crystal, 400—
4000 cm™', 4 cm™! resolution). Thermogravimetric
analyses were carried out using a Mettler Toledo 851°¢
TGA/SDTA system (Schwerzenbach, Switzerland). The
samples were dried at 100°C for 30 min in the TG
balance and then the temperature was ramped from 100
to 800°C at a heating rate of 5°C/min under N, flow. The
Zn and Al contents in the LDH were estimated by means
of atomic absorption spectroscopy using a Varian Model
AA240 atomic absorption spectrometer (Victoria,
Australia). The sulfate content present was estimated
by wet chemical analysis by precipitation as BaSOy4. The
[Zn]/[M] ratio (M = Al, Cr) was close to 2 in all the
samples, which is consistent with earlier reports (Boclair
et al., 1999). In all cases, the estimated sulfate content
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was lower than the stoichiometric requirement to
balance the positive charge. This deficiency was made
up by the inclusion of carbonate ions to arrive at an
approximate formula for each of the LDHs. In each case,
the carbonate content was negligible (~0.02 mol per
empirical formula unit) and, for all practical purposes,
the LDHs were treated as though they were carbonate-
free and abbreviated with the symbol [Zn-M-SO,] (M =
Cr, Al).

Computational studies

The powder patterns obtained were indexed using the
program PROZSKI (Lasocha and Lewiniski, 1994) and
the figure of merit (FM) obtained. DIFFaX (Treacy et al.,
1991, 2000), a FORTRAN-based computer program, was
used to simulate the XRPD patterns corresponding to
different polytypes and model structural disorder where
necessary. The DIFFaX formalism treats a solid as a
stacking of layers of atoms. The position coordinates
corresponding to atoms present in the metal hydroxide
layer and the interlayer were defined according to the
published structure models [CC no: 91860 (1H polytype);
91859 (3R, polytype)]. Different polytypes were simu-
lated by varying the stacking vectors.

The XRPD patterns of different polytypes differed
from each other in the positions and relative intensities
of the reflections appearing in the mid-20 region
(30—55°20). Polytypes were identified primarily by
comparing the observed peak positions with those
expected of different polytypes. The reflections were
also indexed to obtain the refined cell parameters, an
exercise which yielded the crystal symmetry. The
refined ¢ parameter yielded the number of layers per
unit cell. A full profile match of the observed pattern
with that of the corresponding polytype was then
attempted by DIFFaX simulations. Where the samples
were ordered, a full profile match between the observed
and calculated XRPD patterns was obtained. In some
instances, there was a mismatch in the relative
intensities of selected reflections. Such mismatch, if
any, arose due to: (1) orientational effects of lamellar
crystallites which accentuate the intensities of the basal
reflections, and (2) structural disorder due to the
incorporation of small proportions of stacking faults
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which affect reflections appearing in the mid-20 region.
In this work, minor variations in the relative intensities
of reflections appearing in mid-20 region were ignored
for the purpose of polytype identification.

The structure of the [Zn-Al-SO4] LDH was refined by
the Rietveld method using the GSAS software package
(Larson and Von Dreele, 2004). A TCH pseudo-Voigt
line-shape function (Profile function 2) with seven
variables was used to fit the experimental profile. The
refinable profile parameters included asymmetric peak
shape, sample displacement, and parameters Ug, Vg, and
Wgs and X; and Y for Gaussian and Lorentzian
contributions, respectively.

During refinement, restraints were placed on the S—O
(1.4+0.1 A) bond length and O—S—O bond angle
(109+1°) in the initial cycles of the refinement. The
position coordinates and SOF (Site occupancy factors)
were refined one atom at a time, keeping the parameters
of other atoms fixed in order to achieve a stable
refinement. In the final cycles of the refinement, the
restraints placed on the sulfate structure were removed
while keeping the structure of the metal hydroxide layer
fixed. Attempts to refine the structure by freeing up all
the parameters at the same time did not lead to stable
refinement.

RESULTS
[Zn-Cr-SO,] LDH

The as-prepared [Zn-Cr-SO4] LDH exhibited a basal
reflection at 9.8°20. The observed reflections were
indexed to a cell of hexagonal symmetry with a refined
c =893 A (Table 1, Supporting Information SI 1,
available from the journal’s data depository at http://
www.clays.org/JOURNAL/JournalDeposits.html) which
shows that the compound belongs to the 1H polytype
(see trace labeled ‘Ambient’ in Figure 1). Composition
analysis yielded the approximate formula
[Zng.67Crg 33(0H)1][(SO4)0.148(CO3)0.018]-0.4 H,O.

The observed basal spacing corresponds to a hydrated
structure with a layer of intercalated water molecules.
Therefore, the sample was first dehydrated by equilibra-
tion at RH <5% (3 h). The first basal spacing shifted to
8.6 A (10.1°260). The reflections in the mid-26 region

Table 1. Composition, relative humidity, corresponding cell parameters, figure of merit (FM), and polytype of the [Zn-M-SO4]

(M = Cr, Al) LDHs.

Composition (Relative Humidity) a (10\) c (A) FM Polytype
[Zn0'67Cr0,33(0H)2] [(804)0148(CO3)0018]04H20 (Amblent) 3.11 8.93 61.2 1H
0% RH 3.11 25.65 243 3R,
10% RH 3.13 8.95 55.2 1H
100% RH 3.12 32.7 23.0 3R,
[Zn067A1033(0H)2] [(804)0 144(CO3)0.02]' 1 03H20 (Amblent) 5.34 11.14 23.39 1H
10% RH 3.06 25.77 18.6 3R,
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Figure 1. XRPD pattern of the as-prepared [Zn-Cr-SO,4] LDH and under various relative humidities from 0 to 100% obtained during
the hydration cycle. In each case the observed pattern is overlain with the corresponding D/FFaX simulation.

shifted to new positions and were then indexed to a cell of
rhombohedral symmetry (-2 + k + [ = 3n, Supporting
Information SI. 1). The observation of the 012, 015, and
108 reflections, to the exclusion of the 104 and 107
reflections, was indicative of the 3R, polytype. The
refined cell parameters (¢ = 3.11 z&, c =125.65 A; FM =
24.3) corresponded to a unit cell of three layers and this
sample was, thus, referred to as an 8.6 A-3R, polytype.
On increasing the RH to 10% (Figure 1), the 8.6 A-3R,
phase reverted to the as-prepared 8.8 A-1H phase, which
remained stable with a slight increase in basal spacing to
9.0 A until the RH reached a value of 40%. At 50% RH a
sudden one-step increase in the basal spacing to 11 A was
accompanied by the structural transformation to a new
3R, phase. The 3R, polytype thus formed remained stable
up to >98% RH (Table 1, Supporting Information SI. 1).

During dehydration, the 11 A-3R, hydrated phase
remained stable until 40% RH. At 30% RH, a sudden
one-step decrease in basal spacing to 8.8 A with the
polytype transformation from 3R, to 1/ was observed
(Figure 2). Further decrease in RH stepwise to <5%
generated the 8.6 A-3R, phase as earlier. The transfor-
mations observed during the hydration cycle were, thus,
reversible. The basal spacing variations occurring during
the hydration process are shown in Supporting
Information SI. 2 and the humidity-driven interpolytype
transformations are summarized in Supporting
Information SI. 3.

Some of the results described here are similar to the
reports by Khaldi er al. (1997) which were ex situ
measurements. Structural changes at different water-
vapor pressures were reported by Mostarih and de Roy
(2006) and compared to those under vacuum.

[Zn-Al-SO,] LDH

The XRPD pattern of the as-prepared [Zn-Al-SO,]
LDH exhibited a basal spacing of 10.9 A (8.1°20)

(Figure 3a) corresponding to a bilayer arrangement of
water molecules in the interlayer. The XRPD pattern is
similar to that expected of a 1H polytype (a = 5.34 Ac=
11.09 A, FM = 23.4, Table 1, Supporting Information
SI.4). The approximate formula derived on the basis of
composition analysis was [Zng ¢7Al.33(0OH)2][(SO4)0.144
(C0O3)0.02]'1.03 Hy0. .

The larger a parameter of this phase (¢ = 534 A =
\/3 X a,), compared to that of the more prevalent phases
(a, =3.11 A), corresponded to a cation-ordered cell and
the corresponding supercell reflections 100 and 101 were
observed at 19.2 and 20.8°26, respectively. The structure
of this phase was refined using the cation-ordered
structure model (space group P3) proposed for the
[Zn-Cr-SO4] LDH (Radha and Kamath, 2013). Details of
the structure (Supporting Information SI. 5-9) are
available from the Cambridge Crystallography Data
Centre (CCDC 975959).
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Figure 3. (a) Rietveld fit of the XRPD pattern of the [Zn-Al-SO4] LDH. (Inset) Details of the fit of the supercell reflections.
(b) Evolution of XRPD patterns of [Zn-Al-SO4] LDH during the dehydration cycle as a function of relative humidity.

The as-prepared phase in the [Zn-Al] system is highly
hydrated and on equilibration at RH ~98% for 3 h, no
further hydration was observed. On step-wise reduction
of the relative humidity, the 10.9 A-1H phase was stable
up to a RH value of 50%. At 40% RH, an 8.8 A (10.1°26)
reflection emerged along with the 10.9 A peak,
indicating the coexistence of two different phases
(Figure 3b). The 8.8 A peak and its higher order at
~4.4 A (20.4°20) grew in intensity with further decrease
in RH and continued to coexist with the 10.9 A-1H phase
up to 20% RH. The simultaneous appearance of the basal
reflections of the end members showed that the sample

at the 40—20% RH range is a physical mixture of
hydrated phase and the dehydrated phase. At 10% RH
the biphasic mixture was completely transformed into
the 8.8 A-3R, phase (Table 1, Supporting Information
SI. 4). This 3R, phase remained stable below 5% RH
with a slight decrease in basal spacing to 8.7 A.

The dehydrated phase was then subjected to the
hydration cycle, with a stepwise increase in RH from
10% to 100% (Figure 4). The 8.7 A-3R, phase was
observed until 10% RH. On increasing the RH to 20%,
the basal reflection was split into two, indicating the
coexistence of two phases corresponding to 8.8 A and

Intensity (arb. units)

°20

Figure 4. Evolution of the XRPD patterns of [Zn-Al-SO4] LDH during the hydration cycle as a function of relative humidity. The
solid vertical line corresponds to the basal spacing of the dehydrated phase. The broken vertical line corresponds to the peak due to

the staged phase.
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9.9 A. The 9.9 A phase observed here corresponded to a
random interstratified phase of the two end members (¢
=11 A and 8.8 A) with a ~1:1 ratio. At 30% RH the
9.9 A phase was dominant. Further increase in RH
merged the two basal reflections and then gradually
shifted it toward higher d values and a series of irrational
basal reflections observed at 10.5 A (40% RH), 10.6 A
(50% RH), 10.7 A (60% RH), and 10.8 A (70% RH)
corresponding to increasing amounts of the bilayer
hydrate being incorporated into the stacking before
forming a fully hydrated phase corresponding to 11 A at
~98% RH (Supporting Information SI. 2 and 10). These
are the various randomly interstratified phases corre-
sponding to different proportions of the end members,
demonstrating Mering’s principle (1946) that is widely
used among cationic clays to demonstrate interstratifica-
tion phenomena. The stacking sequence of the adjacent
metal hydroxide layers was different in the two end
members of the hydration cycle. Consequently, at
intermediate degrees of hydration, stacking modes
corresponding to both end members coexisted as was
shown by the presence of different ikl reflections of the
two end members concomitantly with the irrational 00/
series (Figure 5). The basal reflections in the observed
pattern appeared at positions intermediate between those
expected of the end members in keeping with the
predictions made by Mering’s rules for interstratified
phases. These observations are unlike those in the
dehydration cycle where only the two end members
with basal spacings of 8.8 A and 11 A, respectively,
coexisted.

To conclude, the [Zn-Cr-SO4] LDH underwent a one-
step reversible hydration while in the case of the [Zn-Al-

Breu, and Kamath Clays and Clay Minerals

SO4] LDH the behavior during hydration was different
from that during dehydration.

DISCUSSION

The two LDHs studied here have the same composi-
tion ([Zn]/[M] = 2; M = Al, Cr). Both the LDHs are
cation-ordered. Cation ordering brings down the crystal
symmetry to P3, compared to the R3m crystal symmetry
of the cation disordered phase. In a cation-disordered
phase, the [M(OH)¢] coordination polyhedron is sym-
metric (coordination symmetry 3m, Ds,), with a single
M(Zn, M™)—0O distance, resulting in a perfectly
hexagonal array of hydroxyl ions on either side of the
cation layer.

In a cation-ordered metal hydroxide layer, the
coordination polyhedron [M™(OH)4] is regular with a
single M""—O0 (M" = Al, Cr) bond distance. The
coordination polyhedron around [Zn(OH)e] is greatly
distorted with two different Zn—O bond lengths. The
three long bonds define one triangular face of the
polyhedron and the three short bonds define the opposite
face; this pair of faces is perpendicular to the ¢
crystallographic axis and the stacking direction.

As the position of the cations is centric (z is 0.0 for
both Zn and M™), the distortion in the coordination
polyhedra is manifest in the distortion of the array of the
hydroxyl ions. Three non bonded in-plane O1-01 (O1:
Hydroxyl O atom) distances exist, whereas for a
perfectly hexagonal array, as in the 3R; polytype
(Radha and Kamath, 2013), only one distance exists at
3.12 A (Figure 6). A comparison of the hydroxyl ion
array in the two LDHs shows that the distortion from

Intensity (arb. units)

—— Observed pattern
—— Simulated pattern (11 A 1H)
— Simulated pattern (8.9 3R))

L T T 4 'l

10 20 30
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Figure 5. XRPD patterns of [Zn-Al-SO4] LDH at 30% RH during the hydration cycle overlain with the simulated patterns of the two
end members. Peaks unaccounted for by the simulated patterns correspond to the interstratified phase.



Vol. 62, No. 1, 2014

a
y T @ ey
< e
;:)
® N
© ®
a < 1,.‘6°‘b~
b
® l\a
@

Humidity-induced reversible hydration

59
b/——a ) 3.1_949
[ ]
| w
[
© -
® <
@ 1_,9“\
® 1,
®
| w
® I8
| >
®
® 3_1‘lb‘
(o

Figure 6. A hydroxyl array of (a) cation-ordered [Zn-Al-SO4] , (b) cation-ordered [Zn-Cr-SOy], and (¢) cation-disordered [Zn-Cr-SOy].

hexagonal symmetry is much less in [Zn-Cr-SOy]
(O1—-01: 2.93, 3.19, 323 A) than in [Zn-Al-SOy]
(O1-01: 2.64, 3.29, 3.48 A).

The differences in the hydration-dehydration beha-
vior of these two sulfate-intercalated LDH systems may
be interpreted in terms of two competing interactions
involving water molecules in the interlayer: (1) hydro-
gen bonding with the array of hydroxyl ions defining the
surface of the metal hydroxide layers; and (2) hydrogen
bonding interactions with other intercalated water
molecules.

If the array of hydroxyl ions defining the surface of
the metal hydroxide layer were to be of perfectly
hexagonal symmetry as in a cation disordered structure
or only slightly distorted as in [Zn-Cr-SO4] LDH, the
water molecule would encounter sites of a single
hydration enthalpy as offered by a layer having a
uniform charge distribution. This would lead to a
single-step hydration with sudden and discontinuous
swelling followed by single-step dehydration — the
cooperative effects introducing hysteresis. Such beha-
vior was observed in [Zn-Cr-SO4] LDH and was similar
to that observed for most of the synthetic clays (Breu et
al., 2001).

In the [Zn-Al-SO4] LDH, however, the highly
distorted array of hydroxyl ions would offer sites with
wide variations in the hydration enthalpy, arising out of
a non-uniform charge distribution. The closely spaced
hydroxyl ions (O1-01: 2.64 A) offer sites of greater
hydration enthalpy compared to those more distant
from one another (O1—-01: 3.48 10\). In such a situation
the forces operating between the array of the hydroxyl
ion and the intercalated water also vary with the degree
of hydration. The incoming water molecules in the
initial stage of the hydration cycle are predominantly
influenced by the metal hydroxide layer. As hydration
proceeds, the incoming water molecules interact
increasingly with other water molecules and are
screened from the metal hydroxide layer. Because the
interlayer water molecules are disordered, the ingress
of water molecules also takes place in a disordered

fashion leading to randomly interstratified phases with
irrational basal spacings. Once the LDH is fully
hydrated, the 3R; polytype completely transforms to
the structure of the 1H polytype. The reversible
3R, —1H transformation is realized by the rigid
translations of successive metal hydroxide layers
relative to one another.

Another anion closely related to SO;™ is S,02. The
reversible hydration behavior of the [Zn-Al-S,05] LDH
(Radha et al., 2013) offers an interesting comparison
with two significant differences: (1) the end members of
the hydration-dehydration cycle both adopt the structure
of the 3R; polytype and no detectable interpolytype
transitions are noted; and (2) both end members coexist
over a significant range of RH wvalues (40—60%).
Irrational basal reflections are not observed under any
conditions, ruling out the possibility of the existence of
interstratified phases. The coexistence of the end
members was, therefore, attributed to kinetic factors
(Radha et al., 2013).

An explanation based on factors related to kinetics is
also plausible for the hydration behavior of the [Zn-Al-
SO,4] LDH. The observation of irrational basal reflec-
tions (Figure 5) tilts the balance of judgment in favor of
the stabilization of an interstratified phase, however.
Why is the hydration cycle different from the dehydra-
tion cycle in the [Zn-Al-SO,4] LDH? Probably because of
the domain-size variation which changes with the degree
of hydration. A fully hydrated phase would have a larger
domain size, due to the uniform and complete ingress of
water, into the LDH crystal. As dehydration begins, the
water molecules are lost from sites of low hydration
enthalpy resulting in XRPD patterns akin to that of a
mixed phase. On complete dehydration, the domain size
decreases as uneven dehydration causes the breakup of
domains. During rehydration, the domains are expected
to grow again. Below an average critical domain size,
less than the coherent scattering length of the X-rays,
however, uneven hydration of the LDH crystallites
yields an XRPD pattern akin to that of a randomly
interstratified phase.
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All these changes are also accompanied by inter-
polytype transformations between 1H and 3R; which are
realized by rigid translations of successive metal
hydroxide layers relative to one another.

CONCLUSIONS

Structure refinement by the Rietveld fit of the XRPD
patterns showed that the metal hydroxide layers are
cation ordered in both the [Zn-Cr] and [Zn-Al] LDHs.
Cation ordering induces a distortion in the array of
hydroxyl ions and consequently in its charge distribu-
tion, generating sites of different hydration enthalpies
within the interlayer. This distortion was more pro-
nounced in the case of [Zn-Al] than in [Zn-Cr]. The [Zn-
Al] LDH underwent non-uniform hydration, therefore,
leading to a randomly interstratified intermediate over a
range of relative humidity values, whereas the [Zn-Cr]
LDH underwent a single-step hydration-dehydration.
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Abstract—The study of confined water dynamics in clay minerals is a very important topic in
aluminosilicate-surface chemistry. Aluminosilicates are among the most technologically versatile
materials in industry today. Dielectric spectroscopy is a very useful method for investigating the structure
and dynamics of water adsorbed on solid matrix surfaces and water in the vicinity of ions in solutions. Use
of this method for the study of clay minerals has been underutilized to date, however. The main goal of the
present research was to understand the relaxation mechanisms of water molecules interacting with different
hydration centers in clay minerals, with a view to eventually control this interaction. Two types of natural
layered aluminosilicates (clay minerals) — montmorillonite with exchangeable K*, Co*", and Ni** cations
and kaolinite with exchangeable K* and Ba®" cations — were examined by means of dielectric
spectroscopy over wide ranges of temperature (from —121°C to +300°C) and frequency (1 Hz—1 MHz). An
analysis of the experimental data is provided in terms of four distributed relaxation processes. The low-
temperature relaxation was observed only in montmorillonites and could be subdivided into two processes,
each related to a specific hydration center. The cooperative behavior of water at the interface was observed
in the intermediate temperature region, together with a proton percolation. The dielectric properties of ice-
like and confined water structures in the layered clay minerals were compared with the dielectric response
observed in porous glasses. The spatial fractal dimensions of the porous aluminosilicates were calculated
by two separate methods — from an analysis of the fractality found in photomicrographs and from the
dielectric response.

Key Words—Adsorbed Water, Dielectric Spectroscopy, Exchangeable Cations, Fractal Dimension,

Kaolinite, Montmorillonite.

INTRODUCTION

The large specific surface area, chemical and
mechanical stability, variety of structural and surface
properties, large values of cation exchange capacities,
etc., make the clay minerals an excellent group of
adsorbents (Greg and Sing, 1967; Gupta and
Bhattacharyya, 2012; Kiselev, 1986; Tarasevich, 1988;
Tarasevich and Ovcharenko, 1975; Volzone et al.,
1999). Consequently, the hydration properties of clay
materials are a fundamental problem in any field of their
application.

One of the most useful tools for investigating the
structure and dynamics of adsorbed water on solid
matrix surfaces is Dielectric Spectroscopy (DS) (Gutina
et al., 2003; Saltas et al., 2007; Spanoudaki et al., 2005;
Wander and Clark, 2008). Broadband Dielectric
Spectroscopy (or impedance spectroscopy) occupies a
special place among the numerous modern methods used
for the physical and chemical analysis of materials. By
measuring the electric polarization of a dielectric
material under the influence of an external time-
dependent electric field at different temperatures,

* E-mail address of corresponding author:
ygusev@mail.ru
DOI: 10.1346/CCMN.2014.0620106

investigation of relaxation processes with an extremely
wide range of characteristic times (10°>=107"* s) and
monitoring different scales of molecular motions are
possible (Kremer and Schoenhals, 2002; Feldman ef al.,
2006). In particular, DS is sensitive to cooperative
intermolecular interactions (Feldman et al., 2006) and,
thus, provides a link between the properties of the
individual constituents of a complex material via
molecular spectroscopy and the characterization of its
bulk properties. Many key aspects of a material’s
properties can be derived from the complex dielectric
functions, e.g. the strength and the shape parameters of
molecular relaxations, the characterization of structural
phase transitions, the activation energy of the relaxation
process, charge mobility, etc. Moreover, this method is
very sensitive to water dynamics in ionic aqueous
solutions and can provide important information on the
state of water in the vicinity of ions (Levy et al., 2012).

The clay minerals represent a class of materials where
the two types of water organization mentioned above can
be observed simultaneously. Several attempts have been
made to perform dielectric measurements of hydrated
kaolinites and montmorillonites over narrow frequency
and temperature ranges by changing the temperature at a
fixed frequency or vice versa (Calvet, 1975; Hall and
Rose, 1978; Hoekstra and Doyle, 1971; Lockhart, 1980a,
1980b; Mamy, 1968; Raythatha and Sen, 1986; Sposito
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and Prost, 1982). Recently, the increased interest in
hydrated clay minerals has stimulated research in this
field, primarily to correlate the electrical properties with
their structural parameters and water content (Ishida et al.,
2000; Kaviratna et al., 1996; Logsdon and Laird, 2002,
2004; Rotenberg et al., 2005). The main aim of the
present study was to examine the effect of various types
of cations on the dielectric response of hydrated mont-
morillonite and kaolinite clay minerals over broad ranges
of temperature (from —121°C to +300°C) and frequency
(1 Hz—1 MHz), in order to obtain detailed information on
the structure and the relaxation properties of water
adsorbed by different hydration centers in the minerals.
Preliminary results of the work were published by
Vasilyeva et al. (2012a, 2012b).

EXPERIMENTAL

Materials

Two types of clay minerals were considered here:
Oglanlinsky montmorillonite (from Turkmenistan) and
Glukhovetsky kaolinite (from Ukraine). The clay miner-
als were treated in the Laboratory of Disperse Systems
of the Institute of Colloid and Water Chemistry (Kiev,
Ukraine) according to a procedure described by
Tarasevich and Ovcharenko (1975, 1980). At first,
impurities of other minerals, free oxides and hydroxides
of Fe and Al, as well as other impurities and inclusions
were removed from the raw clay. To obtain the purest
samples possible, 3—5% aqueous suspensions of the clay
mineral in question were mixed thoroughly until no
agglomerates were visible and then kept at quiescence
for ~30 min. A method of separating the solid clay
particles from the liquid was chosen to elutriate the
finest fraction: the precipitate was allowed to settle and
the liquid settled or carefully decanted or filtered off
through a siphon (Tarasevich and Ovcharenko, 1975,
1980). For kaolinite no other treatment was performed.
Additional purification and centrifugation were required
for montmorillonites. The purity (homogeneity) of the
samples was checked by X-ray diffraction (XRD) and
infrared (IR) spectroscopy. Then cleaned natural sam-
ples were treated 7—8 times with a 1 M NaCl solution at
a solid:liquid (S:L) ratio of 1:20; each time the system
was shaken, kept at quiescence for ~1 h, and then
decanted. Afterward, the Na-saturated minerals were
washed free of excess salts using distilled water.

Dielectric relaxation of water in clay minerals 63

Table 1. Relative water content, /4, in the samples studied.

Sample h (%)
K-montmorillonite 13.7
Ni-montmorillonite 14.7
Co-montmorillonite 15.3
K-kaolinite 2.3
K,Ba-kaolinite 54

(resistivity not measured). Next, the clay minerals were
treated 7—8 times in the same way with 1 N solutions of
the required metal chlorides (KCI, BaCl,, CoCl,, NiCl,)
in the same S:L ratio. Finally, the samples were washed
with distilled water until a negative reaction for chloride
ion (with AgNO3), dried for ~1 h at ~100°C in air, then
dried for ~1 h at ~50°C in vacuum, and then stored at
ambient air humidity until measured.

The relative water content, s, was determined by
weighing the samples prior to and immediately after the
dielectric measurements according to equation 1. The
water content in a sample was calculated as a percent
weight of the sample relative to the initial weight
(Table 1):

h (%) = 100 X (Minitial — Mfina1)/ Minitial

(1

Methods

The elemental composition of the samples was
determined by X-ray fluorescence (XRF) analysis,
using an energy dispersive X-ray spectrometer EDX
800HS2 (Shimadzu, Germany) (Table 2).

The morphology of the samples was examined using
a field emission scanning electron microscope (FESEM)
(Merlin, Carl Zeiss, Germany). Images of the morphol-
ogy of some of the samples were collected using FESEM
(Figure 1).

Powder XRD measurements were performed at room
temperature using a D8 Advance diffractometer (Bruker
AXS, Karlsruhe, Germany) with a goniometer radius of
217.5 mm, Gobel Mirror parallel-beam optics, 2° Sollers
slits, and 0.2 mm receiving slit. Profile fitting, refine-
ment of unit-cell parameters, and crystallite-size calcu-
lations were performed using the £VA software (Bruker,
AXS). The crystallite sizes of monoclinic Ni- and Co-
montmorillonite obtained were 251.5 A and 199.1 10\,
respectively; the crystallite size of triclinic kaolinite was

Table 2. Elemental compositions of the four studied samples.

Sample Mg (%) Al (%) Si (%) K (%) Ti(%) V (%) Fe (%) Ni (%) Cu (%) Zn (%) Ba (%)
K-montmorillonite 1.8 11.3 74.7 8.7 0.4 2.9 0.2 0.1
Ni-montmorillonite 2.4 13.6 71.5 0.5 3.1 8.5 0.4

K-kaolinite 35.5 57.5 2.9 1.9 0.1 1.9 0.1
K,Ba-kaolinite 37.0 57.3 1.0 23 1.2 0.1 0.1 1.0
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Figure 1. Electron micrographs of Ni-montmorillonite (left) and K-kaolinite (right).

382.7 A. The kaolinite sample also contained some
monoclinic sericite with a crystallite size of 409.1 A.

Dielectric measurements in the frequency range of
1 Hz—1 MHz were performed using a BDS 80 Dielectric
Spectrometer, based on an Alpha Impedance Analyzer
(Novocontrol, Germany) with automatic temperature
control by a Quatro Cryosystem, with a precision of
0.5°C. The Alpha High Resolution Dielectric Analyzer
can measure impedances from 1072 to 10'* Ohms with a
resolution in loss factor tan(8)<10~> (Schaumburg,
1994; Kremer and Schoenhals, 2002). A voltage U,
with a fixed frequency is applied to the cell which
contains the material under investigation. The resulting
current, /p, has the same frequency but a phase shift
between current and voltage described by the phase
angle, ¢. The ratio of Uy and /; and the phase angle ¢ is
determined from the electromagnetic and the geometric
properties of the sample. The formulae for the voltage
U(t) and current /(¢) in their phasor notations can be
represented conveniently by the following:

U(t) = Uy sin(o?) = I,(U* exp(ior))
I(1) = Iy sin(wr + @) = Ii,(I* exp(ior)) 2)

where U* = U' +iU" = Up; I* =T +il"; Iy = /(I + I"?);
tan(¢) = I""/I' where i is the imaginary unit and o is the
cyclic frequency. For a material with a linear electro-
magnetic response, the measured complex impedance of
the sample capacitor is

Z*w) = Z +iZ' = U*/I* A3)

This is related to the complex dielectric permittivity
of the sample material by:

1 1

g (o) = ¢ (o) — ig" (0) = 0o Z (@)

4)

where €*(®) is the complex dielectric permittivity, &'(®)
and ¢'(®) are real and imaginary parts, respectively, of
the e*(w), and C, is the empty cell capacity.

A parallel plate capacitor with electrodes of 16 mm
diameter and a spacing of ~0.5 mm between them was
used. The study was carried out using the following
protocol: Each of the samples was placed in the sample
cell at room temperature and the measurements were then
performed by quenching the samples down to —115°C.
Then the samples were measured upon heating to —58°C
with 3°C intervals and then at intervals of 6°C up to
+300°C. Afterward, annealing was performed inside the
cryostat at 300°C for 3 h. For montmorillonite with Co*"
as the exchangeable cation, the lowest temperature was
—121°C. After annealing, the samples were cooled to
25°C and stored at this temperature in a nitrogen
atmosphere until weighing. The montmorillonite samples
with K* and Ni*" as the exchangeable cations were also
measured during the decrease in temperature down to
25°C, in order to check the reversibility of the signal. All
samples were weighed prior to and immediately after the
experiments. The accuracy of the complex dielectric
permittivity was better than 3%.

RESULTS

The complex non-Debye dielectric behavior of the
clay minerals (Figures 2 and 3) can be described in terms
of several distributed relaxation processes, separated by
different frequency and temperature intervals, and
marked as [—-IV, according to their appearance during
the heating experiment.

At low temperatures from —121°C to —75°C, the
spectra of montmorillonites consisted of two relaxation
processes marked 1.1 and 1.2, respectively (Figure 4).
Both of these processes are characterized by a strong
temperature dependence. In the kaolinite samples
measured with the same protocol, the low-temperature
process I was absent.

In the mid-temperature range from —90°C to +150°C,
a relaxation process with a specific saddle-like shape
and distinctive kink point was observed for mont-
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Figure 2. Typical 3D plots of the frequency and temperature dependences of the dielectric permittivity (left) and dielectric losses

(right) for Ni-montmorillonite.

morillonite clay minerals at different frequency-tem-
perature intervals simultaneously, while only one
relaxation process, II, was observed in the case of
kaolinite samples (Figure 5).

Relaxation process III was detected at temperatures
from —50°C to +70°C for montmorillonites and from
—70°C to +40°C for kaolinites. When viewed in an ac-
conductivity presentation (c,.(®)=(ine*(®))), typical s-
like behavior of the low-frequency conductivity demon-
strates the percolative nature of this process (Figure 6).

The amplitude of process III essentially decreased
when the frequency increased and the maximum of the
dielectric permittivity and losses vs. temperature had no
temperature dependence (Figure 7) for all the clay-
mineral samples.

The percolation temperature point, 7,,, was deter-
mined by the maximum of the temperature dependence
of the dielectric permittivity at the lowest measured
frequency. The percolation temperature for montmor-
illonites was greater than for kaolinites (Table 3).

When the temperature rose above 100°C, the samples
became more electrically conductive. The relaxation
processes were overlapped in the dielectric losses by a
dc-conductivity. Some were even screened by the
conductivity (Figure 8). A detailed investigation of the
high-temperature region is the subject of a separate study.

After annealing the samples, the 3D plots of the
dielectric losses vs. frequency and temperature changed
dramatically (Figure 9). The relaxation processes previously
observed in the mid-temperature window disappeared.
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Traces of the high-temperature spectrum were observed
during the cooling measurement (Figures 8 and 9).

DISCUSSION

As shown above, all the samples lost some mass during
the experiment. The clay-mineral samples demonstrated
the absence of the dielectric relaxation processes at low-
and mid-temperature levels after heating for extended
periods of time at 300°C (Figures 2, right and 9). As
mentioned above, clay materials can adsorb water easily at
their surfaces and around exchangeable cations, suggest-
ing that water is the origin of the dielectric relaxation in
these materials in the low- and mid-temperature intervals.
Note that a similar conclusion was reported for porous
glass systems (Gutina et al., 2003).

From a structural point of view, the surface of the
broken edges of the mineral layer has primary broken
Al—O and Si—O bonds, resulting in polar sites. Water
molecules form hydrogen bonds with surface oxygen
atoms and exchangeable cations, to create new water
structures very different from those of the bulk
(Schoonheydt and Johnston, 2006; Sposito and Prost,
1982). In confined spaces or near interfaces, water forms
distinctively layered structures with a restriction of
water molecular mobility (Behnsen and Faulkner, 2011).

The minerals studied differ in their surface properties
and exchangeable cations due to the differences in
mineralogy and crystal structure, which lead to the
variation in their affinity toward water.
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Figure 3. Typical 3D plots of the frequency and temperature dependences of the dielectric permittivity (left) and dielectric losses

(right) for K-kaolinite.
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Figure 4. Measured dielectric losses vs. frequency at —121°C for
Co-montmorillonite. The dashed lines mark two Cole-Cole and

Jonscher terms used for fitting the experimental data (open
circles). The solid line is the superposition of the terms above.

The low-temperature dielectric relaxation

In the low-temperature interval (from —121°C to
—75°C) the dielectric relaxation process (I) was
observed for montmorillonites only. Therefore, this
process must be associated with the relaxations of
interlayer water molecules which are absent from
kaolinites. Moreover, the dielectric spectrum of mon-
tmorillonites consists of two low-temperature relaxation
processes (Figure 4).

Whenever water interacts with another dipolar or
charge entity, a broadening of its Debye dielectric
relaxation spectra occurs (Puzenko et al., 2010; Levy et
al., 2012). In most cases this broadening can be
described by the phenomenological Cole-Cole (CC)
spectral function (Cole and Cole, 1941):

Ag

15 o ©)

e (®) = €

where Ae = g5 — &, is the dielectric strength of the

relaxation process; €5 and &, are the low- and high-
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Table 3. Values of the percolation temperature for the clay
minerals studied.

Sample T, (°C)
K-montmorillonite 40
Co-montmorillonite 40
Ni-montmorillonite 35
K-kaolinite 8
K,Ba-kaolinite 8

frequency limits of the complex dielectric permittivity,
respectively; T is a characteristic relaxation time; and the
exponent o is referred to as a measure of symmetrical
broadening in the dielectric losses relaxation peak
(0<a<1). A fruitful approach has been the application
of fractional calculus to uncover a physical mechanism
underlying the CC behavior in complex systems
(Puzenko et al., 2010; Levy et al., 2012; Puzenko et
al., 2012). Taking into account that both low-tempera-
ture processes (I.1 and 1.2) of montmorillonites are
associated with the interaction of the water dipoles with
the clay’s mineral matrix, the quantitative analysis of the
isothermal dielectric spectra uses a superposition of two
CC functions, and an empirical Jonscher (J) term is
convenient (Jonscher, 1996) (Figure 4):

. 2 Agj .
e (0) =& + 271 T liot)” + B (io)
= :

n—1

(6)

where j denotes the number of the corresponding
relaxation process and n is a Jonscher parameter for
the high-frequency part of the respective relaxation
process.

The temperature dependences of the relaxation times
for the observed low-temperature processes demon-
strated Arrhenius behavior (Figure 10). The activation
energies of the low-temperature relaxation processes
were then calculated (Table 4).

In montmorillonites the water molecules responsible
for the low-temperature relaxations are located near the
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Figure 5. Typical 3D plots of the frequency and temperature behavior of the dielectric losses at a mid-temperature interval for Ni-

montmorillonite (left) and K-kaolinite (right).
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temperature region.

inner hydrophilic centers of interlayer channels (siloxane
bonds and trapped cations) and around the interlayer
cations (Salles et al., 2008; Tarasevich and Ovcharenko,
1975). This is reflected by the formation of two types of
structure in the low-temperature region. The slower
relaxation process 1.1 almost coincides with the low-
temperature relaxation behavior of water adsorbed in
porous silica glasses (Gutina et al., 2003) (Figure 10).
The activation-energy values of this process for mont-
morillonite samples are in the same range as that
reported earlier for the porous glass materials (Gutina
et al., 2003; Ryabov et al., 2001). The 1.1 relaxation
process was assumed, therefore, to correspond to ice-like
water structures formed on the interior surface of
interlayer channels. The second, faster, relaxation
process 1.2 reflects the water structures near the hydrated
cations located in the interlayer channels. Thus, the
nature of the hydration center plays an important role in

the water dynamics of the adsorbed water in inorganic
materials. Note that the type [.2 process in the glass
materials (Gutina er al., 2003) was not observed, but
only one type of hydration center was observed in those
materials. In both processes (I.1 and 1.2) the activation
energy depended on the type of interlayer cations and on
the water content (Table 4). The detailed dielectric
investigation of the formation of hydrated clusters and
their structures as a function of the exchangeable cations
and water content in the montmorillonites will be
reported in a future study.

The mid-temperature relaxation process

Saddle-like relaxation processes were observed in the
mid-temperature range from —90°C to +150°C for all the
samples studied. Quantitative analysis of the mid-
temperature relaxation process was performed based on
the model described by Gutina et a/. (2003) in which the
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Figure 7. Typical temperature behavior of the dielectric permittivity (left) and dielectric losses (right) at percolation for Ni-
montmorillonite (upper) and K-kaolinite (lower) at frequencies of 1 Hz (@) and 133 Hz ([J).
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act of relaxation was considered to be an occurrence of
two simultaneous events: (1) reorientation of the
molecule; and (2) the presence of a defect site in its
vicinity. In the framework of the model, the temperature
dependence of the relaxation time can be written in the
form:

t:roexp{%Jr Cexp[ff;] } (7)

where H, is the height of the potential barrier of the
reorientation of water molecules; Hy is the energy of the
defect formation; k is Boltzmann’s constant and C is a
number inversely proportional to the maximum possible
defect concentration, m. The pre-exponential time
constant, Ty, can vary with temperature. The increase
in temperature leads, on the one hand, to an increase in
the probability of attaining sufficient energy to break the
bonds between the reorienting molecule and its neigh-
bors; or, on the other hand, it leads to a decrease in the
probability of finding a defect in the vicinity of the
moving molecule. The interplay of these two terms
yields the appearance of the minimum observed in the
temperature dependence of the relaxation time.

The temperature dependences of characteristic times
corresponding to the frequency of the maximum of the
relaxation loss peak (Figure 11) revealed that saddle-like
process II.1 was observed in both kaolinites and
montmorillonites (Figure 5), while an additional sad-
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Figure 9. Typical 3D plot of the frequency and temperature
dependences of the dielectric losses after annealing the sample
for 3 h at 300°C plotted for Ni-montmorillonite.

dle-like process, 11.2, was found only in the Co- and Ni-
montmorillonites (Figure 11).

As discussed above, two main water-adsorption
centers are present in the clay-mineral structure:
(1) the basal oxygen atoms and cations trapped in
hexagonal holes on the surfaces, and (2) exchangeable
interlayer cations. Unlike the low-temperature processes
1.1 and 1.2 related to the relaxation of ice-like structures,
the non-monotonous saddle-like processes, labeled II.1
and I1.2 in Figure 5, can be assigned to the relaxation of
confined water molecules (Gutina et al., 2003; Feldman
et al., 2006). The two types of water structures
characterized by different dynamics can coexist and
that was recently confirmed by differential scanning
calorimetry (DSC) experiments by Kozlowski (2011,
2012). The low-temperature exothermic peaks observed
in the DSC measurements show that a significant amount
of adsorbed water in clay minerals remains in an
unfrozen state when cooling to —70°C (Kozlowski,
2011, 2012), which confirms and follows the findings
of Low et al. (1968a,b). The saddle-like relaxation
process 1.1 is clearly observed for both clay minerals
(kaolinites and montmorillonites) and can be assigned to
confined water between two interfaces (outer surface of
powder granules on one side and air on the other). At the
same time, no other saddle-like process I11.2 was
observed for kaolinites, which means that in the case
of montmorillonites an additional source of confinement
was present. The interlayer space of montmorillonite
structures may have been the source of this extra second
confinement. Exchangeable Co?" and Ni*" ions can form
ion-water rigid structures in the interlayer gaps while the
K" ion is known by its strong disordering effect on

Table 4. Calculated activation energies, £y, and Ej,, of the
low-temperature relaxation processes (I.1 and 1.2) in the
montmorillonite samples.

Sample Ep; (kJ/mol) Ep5 (kJ/mol)
K-montmorillonite 35 31
Co-montmorillonite 49 25
Ni-montmorillonite 55 34
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Figure 10. Temperature dependences of the relaxation times of the low-temperature processes for the montmorillonites (¢ K &;
M Co [1; A NiA).Filled symbols correspond to the I.1 process, open symbols to the I.2 process. Stars correspond to the temperature
dependence of the relaxation time of the low-temperature process in glass (Gutina et al., 2003).

unfrozen interlayer water. Indeed, the K" ion is
characterized by hydrophobic properties (‘negative
hydration’) at which the lifetime of water molecules to
be in the immediate environment of the ion is less than
that in the bulk solution (Krestov, 1991; Samoilov,
1957). Hence, the process 11.2 is observed only for the
Co- and Ni-montmorillonite samples.

The saddle-like process is shown (Figure 11) to
depend heavily on the scale at which the relaxation takes
place. Characteristic relaxation times for the process II.1
are slower than those for process I1.2. The saddle-like
behavior was fitted to equation 7 by means of a least-
squares fit procedure. The fitting curves show good

agreement with the proposed model (Figure 11). The
resultant fit parameters are listed in Table 5.

The values of the activation energies H,; and Hy; for
the process II.1 for all clay minerals under study are in
good agreement with the energies of molecular re-
orientation and defect formation in confined water
(Gutina et al., 2003) but depend on the properties of
individual ions. A more detailed investigation is required
and may become a subject for further study.

The percolation process

At the mid-temperature range, all of the samples
studied demonstrated typical percolation behavior of the
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Figure 11. The temperature dependence of the characteristic times of the mid-temperature relaxation processes for montmorillonites
(& K; [0 Co H; ANi A) and kaolinites (* K; x K, Ba). Filled symbols for the montmorillonites correspond to the II.1 mid-
temperature process and the open symbols to process I1.2. The solid lines are the fitting curves according to equation 7.
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Table 5. Fitting parameters obtained using equation 7.

Sample Process 1I.1 Process 11.2

. To Ha Ha n To Ha., Hap
Fit parameter (s) (kJ/mol) (kJ/mol) (s) (kJ/mol) (kJ/mol)
K-montmorillonite 2x10712 43.2 36.0 7x1077 - - - —
Co-montmorillonite 1x1071 53.2 41.6 1x1077  1x107" 53.0 24.0 7x107°
Ni-montmorillonite 1x1071 55.6 2.5 1x1077  3x107'® 53.2 27.7 2%x107°
K-kaolinite 2x 1071 46.6 26.3 6x107° - - - -
K,Ba-kaolinite 6x1071° 50.3 31.6 3x10°° - - - -

dielectric spectrum as mentioned in the results section
above. Such a process was previously associated with the
percolation of an apparent dipole moment excitation,
within a developed fractal structure of connected pores in
a hydrated porous medium (Gutina et al., 2003; Puzenko
et al., 1999). Note that the fractal geometry is a
mathematical tool for dealing with the complex systems
that have no characteristic length scale. Scale-invariant
systems are usually characterized by a non-integer (so-
called fractal) dimension (Bunde and Havlin, 1995).
Similar to porous silica glasses, in the clay minerals the
dipole excitation can also be linked to the self-diffusion
along random paths of charge carriers within the channels.
A transfer of the electric excitation along the developed
fractal structure of the connected pores can be described
by the normalized dipole correlation function (DCF),
W(¢). Note that a transfer of the electric excitation through
the porous medium can occur even in the case of closed
pores which are topologically not connected one to
another. However, the distance between the neighboring
pores filled with the dielectric or conductive material
should be small enough to provide a ‘physical’ pore
coupling via the electric interaction. A detailed descrip-
tion of the relaxation mechanism associated with an
excitation transfer based on a regular fractal model was
introduced by Feldman ez al. (2006), where it was applied
for the cooperative relaxation of ionic micro-emulsions at
percolation. Based on percolation theory and the fractal
characterization of the clay minerals, the DCF at the
percolation threshold was represented by an asymptotic
stretched-exponential term (Gutina et al., 2003; Puzenko

et al., 1999):
DRE
Tp

where 1, is an effective relaxation time and D, is a
fractal dimension of the media. In order to determine the
value of D, the relaxation law (8) can be fitted to the
experimental correlation functions. For this purpose the
complex dielectric permittivity data were expressed in
terms of the dipole correlation function using the
Laplace transform.

Dielectric permittivity data were taken at the
percolation threshold temperature for all studied sam-

¥(1) = exp ®)

ples. The DCF (Figure 12) values were then fitted to
equation 8 after applying the Laplace transform. The D,
values obtained are presented in Table 6.

Note that the fractal dimension discussed here is the
fractal dimension of the dipole excitation transfer paths
connecting the different kinds of hydration centers
located on the pore surface. The calculated fractal
dimension of the pathways connecting the hydration
centers lies between 1 and 2 (Table 6). Due to the
relatively small water-content values of all the samples,
the water molecules adsorbed by the materials are bound
to these centers. The paths of the excitation transfer span
the fractal pore surface and ‘depict’ the backbone of
clusters formed by the pores on a scale that is larger than
the characteristic distance between the hydration centers.
Thus, a fractal dimension of the paths D, approximates
the real surface fractal dimension in the scale interval
considered.

The values of the fractal dimension, D,, of mon-
tmorillonites are a little larger than those of kaolinites
(Table 6). This fact, as well as the increase in the
percolation temperature values (Table 3) for montmor-
illonites, can be explained by the much more developed
surface structure of this type of clay mineral due to the
presence of interlayer spaces that are wide compared to
kaolinites.

An additional method to quantify the structural
information of the clay minerals using a fractal analysis
of the SEM images was applied in the present study.
Fractal analysis is a powerful approach for quantifying
the structure of complex systems which exhibit a
measure of self-similarity. Such similarity is usually
reflected at different length scales, as discussed in detail

Table 6. Fractal dimensions of the montmorillonite and
kaolinite samples.

Sample D, D¢
K-montmorillonite 1.74 1.85
Co-montmorillonite 1.67 1.79
Ni-montmorillonite 1.75 1.80
K-kaolinite 1.48 1.66
K,Ba-kaolinite 1.30 1.81
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Figure 12. Semi-log plot of the dipole correlation function ¥ (#) for montmorillonites (& K; [J Co; A Ni) and kaolinites (* K; x K,
Ba) at the temperatures corresponding to the percolation point. The solid line corresponds to the fit.

by Narine and Marangoni (1999) and by Tang and
Marangoni (2006a, 2006b).

In an SEM image the grayscale intensity is propor-
tional to the degree of electron scattering from the sample
surface and particularly from areas of differing charge
density. Consequently, an analysis of the fractality
inherent in the image should reflect the underlying
pathways of excitation. The fractality was calculated by
counting the number of pixels, S(;), in the image with a
grayscale from 200 to 255, where the total number of
pixels at level j of the recursive coarsening of the image is
N;. For simplicity, N; was maintained as a power of 2. The
detailed description of the calculations can be found in the
study by Libster et al. (2008). The grayscale is presented
below with the cutoff marked (Figure 13).

The image was coarsened by taking the average value
of a moving square of four pixels, defining a reduced
image. The count was then made again and the process
repeated until the image size was too small.
Mathematically, this is represented by the expression
N; = 22Unex=D) | \where Iyay is the maximum number of
recursive stages for the image. A plot was then made in
double log scale of the number of counts of white pixels
against the image size in pixels.

Power-law behavior was observed and the slopes
were calculated from the fitting, according to the
relation

S(N)) o N ©)

where D is the boundary fractal dimension based on the
SEM image depicting the different areas of charge
density. This can then be related to the spatial fractal
dimension, Dy, by the relationship Dy =3 — D (Wong
and Cao, 1992). The results are summarized in Table 6.
The agreement that is evident between these two
separate methods of obtaining the spatial fractal
dimension points toward the importance of the hydra-
tion centers. The D¢ values are slightly greater than D,,,
as expected, because they describe in more detail the
surface structure rather than only the paths connecting
the hydration centers.

CONCLUSIONS

Montmorillonites with exchangeable K*, Co*", and
Ni®" cations and kaolinites with exchangeable K* and
Ba®" cations were examined by means of Broadband
Dielectric Spectroscopy over wide temperature (—121°C
to +300°C) and frequency (1 Hz—1 MHz) ranges. The
rich dielectric spectra can be described in terms of four
distributed relaxation processes. Over the low-tempera-
ture interval the two Cole-Cole-type dielectric relaxation
processes (I.1 and 1.2) were observed for montmorillo-
nites only, associated with the interlayer ice-like water
molecule relaxations linked to the two types of hydration
centers that are located at the hydrophilic centers of
interlayer channels (siloxane bonds and trapped cations)
and around the interlayer cations.

Figure 13. The gray scale with divisions every eight shades of gray. (The gray scale from white to black, usually varies in 255 shades
of gray. For clarity in the figure each division represents the average of eight shades of gray). The cut-off used for the analysis is

marked.
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The saddle-like behavior of water adsorbed in the
mid-temperature interval has been ascribed to the
relaxation of confined water molecules (process II.1).
While an additional saddle-like process (I1.2) related to
the interlayer space confinement was observed for Co-
and Ni-montmorillonites only. The absence of the II.2
process for K-montmorillonite is explained by strong
disordering effect of the K ion (‘negative hydration).

The third relaxation process, occurring in both clay
minerals, is associated with percolation of the electric
excitation (the self-diffusion of the charge carriers)
within the developed fractal structure of connected pores
on the outer surface of the granules. The fractal
dimensions of the electric excitation paths coming
along the pore surface from one hydration center to
another are between 1 and 2, consistent with fractal
dimension calculated from micrographs for all the
samples studied.
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In Memoriam
Blair F. Jones (1934-2014)

Blair F. Jones, our friend, colleague, and mentor, died
on Sunday, March 30, 2014, at peace and surrounded by
his family, following a stroke. Blair was a long-time
member of The Clay Minerals Society, dating back to
the late 1960s, and was a Sustaining Member. In
addition to serving on numerous committees over the
decades, he was also President of the Society in 2002.

Blair is widely recognized as a pioneer in the
interdisciplinary investigation of earth-surface processes
in mineralogy and geochemistry. Blair was one of the
leading forces in developing and applying the first
numerical codes to model chemical thermodynamics in
surface and groundwater systems. Blair continued to
contribute to these efforts over the years, and the WATEQ
code that he helped develop lies at the heart of today’s
numerical modeling software such as PHREEQC. These
codes are used by investigators worldwide to describe the
speciation and thermodynamic state of fluids with respect
to solid phases. After his profound initial contributions,
Blair continued to use numerical modeling approaches in
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other areas, such as SNORM, the ‘Salt Norm,” which
calculates the normative salt assemblage produced by a
water composition if evaporated to dryness; and
SPREADBAL, a tool for constraining mass-balance
calculations in weathering reactions.

These contributions are particularly valuable because
Blair was far from simply a ‘number-cruncher’ — his
extensive field experience and his intuitive grasp of the
complexities of field conditions informed his numerical
work. He always reminded us of the power as well as the
limitations of numerical modeling. Throughout the
community, Blair’s colleagues have fond memories of
mapping, sampling expeditions, and field trips to
outcrops, closed basins, and mudflats around the world.

Blair was fondly known as the ‘Brine Monster’
because of his fascination with salty mud puddles. Blair
made major contributions to our understanding of
numerous saline systems around the world, including
the Great Salt Lake, the Murray Basin in Australia, the
Saline Valley of California, the Department of Energy’s
Waste Isolation Pilot Plant in New Mexico, Lake Abert
in Oregon, and Lake Magadi in Kenya. Blair’s work in
these and other settings was central to the development
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of the ‘Eugster-Hardie’ model of brine evolution, based
on the principle of the chemical divide. This idea lies at
the heart of thermodynamic modeling of brine geochem-
istry, and it has also impacted applications such as
engineered salts, water-quality modeling, and the devel-
opment of geothermal circulatory technologies.

In the realm of clay science, Blair made fundamental
contributions to our understanding of the alteration of
volcanic glass, the characterization of poorly crystalline
clays, and silicate diagenesis in saline, alkaline environ-
ments. His work on these phases grew out of his aqueous
geochemical studies of the evaporative evolution of
brines. Blair demonstrated the importance of authigenic
Mg-rich silicate phases in affecting brine evolution,
particularly hydrous talc-like phases (‘kerolite’), sepio-
lite and palygorskite-group minerals, and Mg-rich
smectites. Blair’s work was instrumental in demonstrat-
ing the potential for using thermodynamic approaches to
modeling phase behavior in earth-surface environments,
despite the biogeochemical complexities, poor crystal-
linity, and metastability or instability of solid phases.

Later in his career, Blair applied his expertise to
understanding the behaviors of transition metals in the
human brain. His cutting-edge contributions led to
greater understanding of the role of metals in promoting
or modulating cellular damage. In these efforts Blair
spearheaded using national research infrastructure such
as the Brookhaven National Laboratory synchrotron
light source.

Blair selflessly and tirelessly served the discipline
and the community with distinction as a leading senior
scientist. At the United States Geological Survey, he
served as the Water Resource Division’s first

Clays and Clay Minerals

Geochemistry Research Advisor for the National
Research Program. He was awarded the Department of
the Interior’s Meritorious Service Award in 1981 and the
Distinguished Service Award in 1986. Blair was
recognized as a Fellow of the Geological Society of
America and the Mineralogical Society of America, and
was the Ingerson International Lecturer of the
International Association of Geochemistry in 2002. In
addition to his service to The Clay Minerals Society, he
served on countless committees in public and society
service. His leadership and mentorship touched count-
less people throughout the earth sciences and beyond. He
was also known to quietly tutor disadvantaged urban
youth in math and science, to volunteer, and to support
many charities in his community.

Blair was born on the South Side of Chicago. He
received his BA from Beloit College in 1955, and his
Ph.D. from Johns Hopkins University in 1963. He was
preceded in death by his first wife, Betty Foster Jones,
who was mourned in the pages of The Clay Minerals
Society Newsletter in 1993, the year of her death. Blair
died the husband of Jane, father of Geoffrey and Sheryl,
step-father of Susan, grandfather of Bryan, and brother
of Ed. Blair’s life, generosity of spirit, epic sense of
humor, love of good wine and music, and his great many
achievements were celebrated by friends and family at
St. John’s Episcopal Church in Chevy Chase, Maryland,
on April 12, 2014.

Daniel M. Deocampo

Chair of the Department of Geosciences
Georgia State University

Atlanta, Georgia

USA



In Memoriam
Richard Warren Berry (1933-2014)

Dr. Richard (Dick) W. Berry, Professor Emeritus of
Geological Sciences at San Diego State University,
passed away suddenly at his home in Avon, Connecticut,
on March 10, 2014, in the company of his wife, JoAnne.
Dick had undergone heart surgery back in November
2013 but had been quite upbeat and positive about the
results and seemingly on the mend. Around Valentine’s
Day he reported feeling great and was putting the final
coat of polyurethane on a cabinet of drawers for his
mineral specimens.

Dick enjoyed a rich academic career focused on clay
mineralogy and was a long-time member and valued
contributor to The Clay Minerals Society. He displayed
bold insight in inviting the then 92 year-old Nobel
Laureate Dr Linus Pauling to be the featured speaker at
the Society’s 1993 annual meeting in San Diego where
Pauling delivered his last public lecture (available on
DVD from the Society’s office). This is a treasured
moment in the Society’s history, which traces its roots to
Pauling’s initial crystal-structure discoveries at Caltech.

Dick was also a dedicated educator determined to
make a difference in students’ lives. Amongst his many
accomplishments he was the mainstay of the
Department’s mineralogy program for many years,
developed a geology course for pre-service elementary
school teachers, engaged in development of a new
Science framework for public schools in 2000, and was
instrumental in the acquisition of a new state-of-the art
X-ray diffractometer in the Department in 2001.

Dick was born June 21, 1933, in Quincy,
Massachusetts, to his father George — a naval architect
— and mother Blanche. He received a BA in 1955 in
Mining Engineering from Layfayette College in Easton,
Pennsylvania, when it was still closely affiliated with the
Presbyterian Church. He went on to receive his MS
(Exploration Geophysics 1957) and Ph.D.
(Geochemistry and Clay Mineralogy 1963) degrees
from Washington University in St. Louis, Missouri,
arriving in 1961 at SDSU as a faculty member. The
ensuing 40 years, before his retirement from the
University in 2001, were a time of growth, intellectually
as a professor and scientific researcher, and spiritually as
a Christian active in the Presbytery. Following his
retirement in 2001 he continued to serve SDSU in an
Emeritus capacity before moving back to Connecticut to
be closer to family.

Dick valued family and church, enjoyed traveling,
and contributing to the community. He is survived by
three sons (one of them a Presbyterian Pastor) and two
step-daughters. His wife, JoAnne, and he shared 11
grandchildren. He will be missed.

David Kimbrough

Department Chair, Geological Sciences
San Diego State University

California

USA



In Memoriam
José Fripiat (1923-2014)

Professor José J. Fripiat, the prominent scientist and
teacher who contributed so much to the surface and solid
state science of minerals and that of clay minerals in
particular, died on February 17, 2014, in Mexico City at
the age of 90.

Our community has lost one of the founders of
modern clay science and one of the most versatile
materials scientists ever.

Born in summer 1923, Prof. José J. Fripiat graduated
in 1946 from the Université Catholique de Louvain
(UCL), Belgium, in chemistry. His MS thesis was on the
relationship between polarizability and molecular spring
constants, illustrating at an early stage his lasting
interest in physical chemistry, spectroscopy, and funda-
mental questions. Yet, it was not in a traditional
university environment that he began his research career.
The world was still in the final years of colonialism and
he was offered the opportunity to join the National
Institute for Agronomic Studies in what was then the
Belgian Congo. We are lucky that he availed of this
opportunity for it was there, in one of the hotspots of
tropical agronomy, that he discovered the world of soil
minerals and could express for the first time his talent
for scientific excellence while addressing practical
problems. Understanding and improving the mechanisms
of soil fertility was a challenge where he felt physical
chemistry would be helpful.

Fripiat returned to Belgium in 1949, where, after a
doctorate degree obtained for his work on infrared
spectroscopy, two awards by the Royal Academy of
Sciences of Belgium, and a postdoctoral year with Peter
Debye, then at Cornell University, he was appointed as
assistant professor in physical chemistry of soils at the
Agronomic Institute of UCL. Then began an incredibly
productive period of over 20 years, during which the
young laboratory of soil physical chemistry, hosting the
first transmission electron microscope in Belgium in
1952, became the world-renowned Laboratoire de
Physico-chimie Minérale. He was promoted to associate
professor (‘charge de cours’) in 1953 and full professor
(‘Professeur Ordinaire’) at the Faculty of Agronomy in
1959. Fripiat authored and co-authored more than 200
scholarly papers during this period, applying surface
chemical and spectroscopic methods to the study of
clays and related silicates or oxides not only for soil
science problems but also for catalysis, petroleum
geochemistry, cement chemistry, glass science, and
even the origin of life. Groundbreaking results were
obtained in all these fields. Quite naturally in view of his
past interests, infrared spectroscopy was the first
spectroscopic method used intensively, in parallel with
what was happening in Spain, the UK, and in the US.
This was soon followed by nuclear magnetic resonance
(NMR), a technique which at that time was still very
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much in its infancy. Dielectric spectroscopy was used in
parallel. Electron spectroscopy for chemical analysis
(ESCA or, more precisely, X-ray photoelectron spectro-
scopy, XPS) was applied to clay science and catalysis a
few years later. The mobility of protons in clay crystal
networks, the mobility of protons in adsorbed layers at
room or at high temperature (water, alcohol, ammonia),
the adsorption and the reactivity of amino acids and
peptides adsorbed on clay minerals, the use of clays for
the synthesis of what would now be called hybrid or
nanocomposite materials, the surface chemistry of silica
and silico-alumina, and the role of clays in petroleum
genesis and migration or in the origin of life were the
main topics on which he concentrated his interests
during those years.

In 1972, while still professor at UCL, Fripiat
accepted a professor position at the University of
Ilinois, sharing his time and energy between Leuven
and Urbana-Champaign. Two years later, in 1974, he
was offered the opportunity to become Director of the
‘Centre de Recherche sur les Solides a Organisation
Cristalline Imparfaite’ (CRSOCI) of the French ‘Centre
National de la Recherche Scientifique’ (CNRS) in
Orléans, France, which he accepted. Founded by
Jacques Méring, the CRSOCI was a worldwide reference
laboratory for the structural science of clays and
carbons. Under the leadership of Prof. Fripiat, the center
also became a standard for physical chemistry. Those
were years of extensive collaboration with the late
Maribel Cruz-Cumplido, then his wife, who died
prematurely in 1981. In the context of a growing interest
in renewable energies and solar energy in particular, he
initiated work on the photochemistry and the photo-
catalytic properties of dye molecules and organometallic
complexes adsorbed on clay minerals, while still going
on with research on water in clay minerals and on
organoclays. This work led to one of the very few
photochemical systems showing some activity for the
decomposition of water in sunlight. Prof. Fripiat was one
of the three final nominees for the International BP prize
for energy in 1982, among eighty selected candidates. In
a different field, applying the recently developed theory
of fractals, he proposed a theoretical model for multi-
layer adsorption on rough surfaces, which is an elegant
extension of the celebrated BET theory for multilayer
adsorption and surface-area measurements. It was also in

Clays and Clay Minerals

Orléans that he started working on the so-called
hydrogen bronzes of transition metal oxides.

This is the point where most of us would have
enjoyed retirement or emeritus status, but this was way
too early for José Fripiat. In 1986 he became distin-
guished professor of chemistry at the University of
Wisconsin, Milwaukee (UWM), and started a second
career in the field of materials for catalysis. Twelve
more years of intense work passed, devoted to the
synthesis and the structural or surface chemical study of
zeolites and mesoporous solids, mainly by high-resolu-
tion NMR spectroscopy.

That was not the end of the story — Fripiat retired
from UWM and chose to continue in the same field at
the Mexican Institute of Petroleum in Mexico City,
working in collaboration with Graciela Pacheco at the
University of Mexico who became his wife.

In early 2014 Prof. Fripiat was still looking forward
to beginning research on mineral-bitumen interfaces.

Professor Fripiat was the author of more than 300
scientific papers and two books. He received numerous
awards, among which was the Francqui prize, the highest
scientific award in Belgium. He was a member of the
Belgian Academy of Sciences and foreign member of the
French Academy of Agriculture. He was President of the
Association Internationale Pour 1’Etude des Argiles
(AIPEA) from 1973 to 1975 and was made AIPEA
Fellow in 2005.

A demanding but also generous and inspiring teacher,
mentor, and leader, a man of heart and action, Professor
Fripiat was an exceptionally strong personality who has
left his imprint on generations of colleagues and students
all over the world. Looking for honors was never his
motivation. Doing good and useful science has always
been his passionate driving force. His work will resonate
for many years.

José Fripiat is survived by his wife Graciela, three
sons, three daughters, sons-in-law, daughters-in-law, and
fifty grandchildren and greatgrandchildren. We express
our deepest sympathy to them and to all his relatives and
friends.

Henri van Damme and Faiza Bergaya
(edited version of original which was published in
Applied Clay Science. Reprinted with permission.)
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