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ABSTRACT

Conducting the morphological and structural characterization of nano-structured montmorillonite
is a crucial step of the separation process applications of this soft phyllosilicate group of minerals.
In this study, the instrumental analyses as well as BJH (Barett-Joyner—Halenda) pore size distribu-
tion, screen (granulometric) analysis and swelling index (SI) were applied to the characterization
of the samples. X-ray powder diffraction and X-ray fluorescence analysis, pH, screen analysis and
swelling test showed that the Na-montmorillonite and Ca-montmorillonite bentonite types and the
monovalent or divalent cations such as K*, Na* or Ca* play a key role for the swelling properties of
montmorillonite. Scanning electron microscopy and transmission electron microscopy were employed
to carefully study the morphological characteristics of montmorillonites in samples No. 1 and No. 2.
The surface morphology of sample No. 2 was foliated, fluffier and smoother than that of sample No.
1 with a clearer sheet structure having a rougher surface. The particles in sample No. 2 were larger in
size and more strongly aggregated. In contrast, the particles in swelling sample No. 1 showed rather
smaller aggregates and smoother surfaces with some sharp edges and tips. Sample No. 2 presented a
wide particle size distribution (from 3 to 30 pm), while a more homogenous distribution was found
in sample No. 1 (around 5 pum). BJH clearly showed the dominance of the mesopores in the sample
containing nano-, meso- and micropores. The volume values of micro- and mesopores were put in the

following order: sample No. 1 > sample No. 2.
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1. Introduction

Bentonite is one of the best known and most commonly
used industrial clays widely used in differentindustries such as
animal and poultry feed pelletization, cat litter box, desiccates,
herbicides, insecticides, pesticides, medicines, nanoclays, phar-
maceuticals, plastics, seed growth, etc. [1]. Montmorillonite is a
2:1 layer nano-porous and nano-structured mineral consisting
of an octahedral sheet sandwiched between two tetrahedral
silica sheets (TOT) as shown in Fig. 1. Interlayer water and
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exchangeable cations exist between the montmorillonite layers
and the chemical formula (idealized formula) of this mineral
is (Si4)“’(A12_yng)V‘Om(OH)z,yM*.nHzO [2]. Swelling of ben-
tonite is mainly caused by the swelling of montmorillonite. A
swelling montmorillonite mineral expands by soaking water
into its interlayers [3]. The molecules of water have the ten-
dency to be adsorbed on ions and clay surfaces. The physical
state of a bentonite changes from an anhydrous solid to gel in
a cat litter box because of the swelling of the montmorillonite
as the most important and dominant mineral of bentonite. In
fact, it is the montmorillonite which determines the swelling
properties of bentonites.
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In this study, bentonites are categorized into
Na-montmorillonite and Ca-montmorillonite types so
that more accurate results can be achieved for any further
generalization.

Swelling as a very important property of montmorillonite
appears in two forms: crystalline or microscopic depend-
ing on the hydration of the exchangeable cations. It is a
short-range layer interaction. The osmotic or macroscopic
swelling is due to the difference of ion concentration in the
pores (interlayer spaces and mesopores) and the solution
[4-6]. Such a crystalline or microscopic swellings are much
more complex since the multi-scale structure of montmoril-
lonites and the intermolecular forces acting between layers,
cations and water determine its structure at the macroscopic
scale. The magnitudes of macroscopic swelling strongly
depend on the clay mineralogy, the valence of cations, the
cation exchange capacity and the structure at the atomic
scale through the clay aggregate orientation and texture at
the aggregate scale through the grain and pore distribution.
At the osmotic or macroscopic, the swelling of the montmo-
rillonite increases in the sample volume during the water
adsorption process. Water penetrates the interlayer and forces
them apart causing the clay to swell in crystalline swelling.
Furthermore, there is some external surface water adsorption
in which the water molecules interact with the surface by elec-
trostatic (Coulomb) interactions, which are stronger than H
bonds to the hexagonal network of oxygen atoms (Fig. 1) and
the surface energy is important in developing a layer [7,8].

In osmotic swelling, the range of d-spacing distribution
increases in (001) d-spacing values [9]. The basal spacing of
a montmorillonite may significantly increase from 2.2 nm
(upper limit of crystalline swelling) [10] up to several decades
nanometers depending on water content by osmotic swelling
in liquid water [11].

The swelling behavior of clay minerals has been studied in
detail by many authors [12-16] and the relationship between
cation mobility and swelling has already been investigated in
montmorillonite [17-19]. More recently, several authors [20-23]
have studied the swelling behaviour of Na-bentonite as a func-
tion of its smectite content, void ratio, initial water content,
solute concentration and cations nature [24]. The interlayer

0.96 nm

Fig. 1. Schematic representation of nano-montmorillonite
structure [3].

cation nature affects the structure of the interlayer water thus
influencing the cations mobility [25]. The relationship between
swelling and hydration energy for interlayer cations has been
studied [8,17,19] but the simultaneous effects of pH and swell-
ing index along with the other necessary instrumental analy-
sis such as XRF has not been considered yet. The nature and
amount of interlayer cations strongly influences the interlayer
space, characterized by X-ray diffraction (XRD) [25-30] but
using other new methods such as swelling index and granu-
lometric tests were not considered in their result discussion.
The montmorillonite layers are aggregated in the case of cal-
cium-montmorillonite or calcium-saturated dispersions and
are delaminated in the case of sodium-montmorillonite or
sodium-saturated dispersions. There are so many parameters
which modify the montmorillonite layer lamination (associa-
tion) in the case of ca-montmorillonite or delamination (disso-
ciation) in the case of ca-montmorillonite [31]. The properties
of the montmorillonite sheets, including size, structure and
morphology [32-39] are the most important ones.

Swelling is one of the physical properties of clay. The
microstructure of the clays controls most of their physi-
cal properties such as swelling [40]. Electroscopic methods
such as scanning electron microscopy (SEM) and transmis-
sion electron microscopy (TEM) are frequently employed to
analyze the morphologies and structures of the swelling and
non-swelling montmorillonites [41,42].

In the present paper, the morphology and structure of
Na-montmorillonites and Ca-montmorillonites are studied
through a combination of instrumental analyses such as SEM,
TEM and BJH. The results of instrumental analyses were
compared with the results of the volume change behavior of
bentonite (swelling index). The novel insight provided in this
study is a new approach through which it is possible to deter-
mine the swelling properties of bentonites through studying
morphology and structure of montmorillonites along with
SEM, TEM, BJH and their relations to swelling index.

2. Material and methods
2.1. Material and treatments

The clay minerals used in this study were bentonites.
Two bentonites, namely sample No. 1 and sample No. 2 were
used in their natural form. The sample name, origin and sup-
plier of the bentonite samples are given in Table 1.

At the site, the air-dried chunks (<30 cm in diameter)
were ground by primary and secondary (if necessary) jaw
crushers to <5 cm. Then, less than 5 cm chunks were ground
to 30-40 mm in diameter by a hammer crusher. At this stage,
bentonites were sent into laboratory. At laboratory, samples

Table 1
Origin and supplier of bentonite samples

Sample name Location of mine  Supplier

No. 1 Toroud, Semnan Iran Mineral Processing
Province of Iran Co., Seyed Abad Indus-
trial Zone, Semnan, Iran

No. 2 Niagh, Gazvin Kani Saze Jam Co.,

Province of Iran Gazvin, Iran
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were first dried at the oven (Fan Azma Gostar V.2.1, Iran)
over a night at 105°C + 5°C and oven-dried samples were
further ground by a laboratory jar and ball mill. Samples
need more drying so that they can be more easily ground to
smaller particles. The two prepared samples were powdered
to less than 75 um (U.S. Standard Sieve Mesh No. 200, Pars
Sieve, Iran [ASTM E: 11]) and used for analyses.

2.2. pH effects

The pH of bentonite is a useful variable in determin-
ing the solubility of bentonite minerals including montmo-
rillonite and the mobility of ions in bentonite [43]. The pH
is a variable that controls the morphology by effecting the
aggregation degree of negatively charged particles. For this
test method, the air-dried bentonite samples were sieved
through a No. 16 sieve (1 mm sieve mesh openings). 8 g of
each sample was thoroughly mixed at least for 5 min in a
vessel containing 100 mL distilled water. The pH was mea-
sured by a pH meter of Lutron, YK-2001 CT model. When
making measurements with the pH electrode, the electrode
was placed into the partially settled suspension to mitigate
the suspension effect and the mixtures were approximately
at room temperature.

2.3. X-ray fluorescence

X-ray fluorescence analysis is one of the most common
techniques used for determining the compositional metals.
Analyses were performed with an Oxford ED-2000 using
XpertEase software.

2.4. X-ray powder diffraction

Mineralogical data of bentonite (natural and after treat-
ment) were evaluated by X-ray powder diffraction (XRPD).
Analyses were performed with a Philips PW 1800 diffrac-
tometer equipped with graphite secondary monochromator.
Instrumental and measuring conditions were CuK  radia-
tion, 60 kV/40 mA, divergence and receiving slits of FINE,
0.020° 20 step, 0.75 h step, using a time per step of 0.500 s.
The XRPD pattern was collected from 2.010° to 60.000° (20).

2.5. Screen (granulometric) analysis

For screen analysis, 500 g of each bentonite sample were
ground by a jar and ball mill for an hour, and the samples
were passed through a U.S. Standard Sieve Mesh No. 16.
Then, approximately 250 g of bentonite from each sample
were dried (API, Section 4: BENTONITE) for 4 h at 110°C.
Samples of approximately 100 g were weighed to the nearest
0.1 g and transferred to different dry standard sieve mesh
numbers. It was shaken until no further material passed
through each sieve. The residue was transferred to a watch
glass weighed to the nearest 0.01 g and the glass plus residue
was weighed to the nearest 0.01 g. The percentage was deter-
mined by the amount passing through the sieve from Eq. (1)
reporting to the nearest %!1:

. . Wi - (Ws — Wz)
% by weight through sieve = %100 1)

1

In Eq. (1), W, = sample weight, W, = watch glass weight,
W, = watch glass weight plus residue.

2.6. Scanning electron microscopy

A Philips XL30 SEM was used to take photographs of
the montmorillonites. SEM system works at 30 kV of elec-
tron accelerating maximum voltage and has LaB6 filament
and maximum spot magnification of 80,000x. The sample
was dispersed in ethanol prior to analysis using an ultra-
sonic bath for SEM/TEM morphological characterizations.
Subsequently, a drop of the dispersion was poured to a holey
carbon grid and the excess solution was blotted off. Samples
were lightly gold-coated prior to put them on a holey car-
bon grid with a layer about 4-5 nm thick using a vacuum of
5 x 107 Pa (3.8 x 10~ Torr) metal-coating process.

2.7. Transmission electron microscopy

TEM characterization of samples was performed using a
Philips EM208S transmission electron microscope, operated
at 100 kV acceleration voltages.

2.7.1. Specific surface measurements and pore size
distribution

2.7.1.1. BET specific surface area measurement and BJH pore
size distribution methods BET (Brunauer-Emmett-Teller)
specific surface area and pore size distribution of origi-
nal samples of Mesh No. 16 (ASTM E: 11) of bentonites
were determined using the Quantachrome NOVA 2000e
series volumetric gas adsorption instrument, which is a
USA automated gas adsorption system using nitrogen.
The determination is based on measuring the nitrogen
adsorption. Experiments for adsorption isotherms were
performed at 77.3 K and at the relative pressure up to
P/P,~ 0.99. Moisture and gases such as nitrogen and oxy-
gen which were adsorbed on the solid surface or held in
the open pores were removed under reduced pressure at
100°C for 8 h before measuring the specific surface area and
pore size distribution. The pore size distribution of samples
was calculated from desorption isotherms using the BJH
(Barett-Joyner-Halenda) method.

2.7.1.2. Methylene blue specific surface area measure-
ment Methylene blue (MB) chloride powder (Merck,
Germany) was used in this study. According to the European
standard (spot test), this procedure was followed by step by
step [44]: (i) preparing the methylene blue solution by mixing
1.0 g of dry powder with 200 mL of deionized water; (ii) pre-
paring the soil suspension by mixing 10 g of an oven-dried
soil with 30 mL of deionized water; (iii) adding the methylene
blue solution to the soil suspension in 0.5 mL increments; (iv)
mixing the soil suspension for 1 min for each addition of MB;
(v) removing a small drop of the suspension, and place it on
Fisher brand filter paper Albet; (vi) determining the specific
surface from the amount of MB required to reach the end
point. When the unabsorbed methylene blue formed a perma-
nent light blue halo around the soil aggregate spot, the “end
point” was reached (i.e., the MB had replaced cations in the
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double layer and had coated all the mineral surfaces). Eq. (2)
shows the relationship between specific surface and MB:

1

1 1
(0.5N)A, Ay o )

~319.87 200

where N is the number of MB increments added to the soil sus-
pension solution, A is Avogadro’s number (6.02 x 10%/mol),
and A, is the area covered by one MB molecule (typically
assumed to be 130 A?).

Adding 0.5 mL methylene blue solution in each step is
low for clays with high specific surface area such as benton-
ite. So, 20 mL of methylene blue solution is added in each
step and the suspension is stirred for 40 min in this research.

2.8. Swelling test

This test method covers an index (swell index) method
that enables the evaluation of swelling properties of a clay
mineral in reagent water for estimation of its usefulness for
permeability. Swelling tests were carried out in accordance
with ASTM D 5890-02. Powdered clay mineral is tested after
drying to constant weight. The bentonite passing the 100
mesh standard sieve is used for testing after drying to con-
stant weight at 105°C + 5°C. Two-gram samples were gradu-
ally added in 0.1 g increments to 90 mL of reagent water in a
100-mL graduated cylinder. After 2 h from the last increment
addition, it was inspected the hydrating bentonites column
for trapped air or water separation in the column. The swell
index (SI) values corresponding to the volume of swollen
sample were recorded in millimeters after a minimum of 16-h
hydration period from the last increment addition.

3. Results
3.1. X-ray diffraction

Fig. 2(a) (Ca-bentonites) and Fig. 2(b) (Na-bentonites)
show the XRD patterns of the samples. Individual minerals
(montmorillonites) were identified according to ASTM cards
(Powder Diffraction File, Inorganic Phases). The XRD pattern
of the natural clays of samples No. 1 and No. 2 showed the
characteristic of d-spacing of 4.45, 2.54 and 1.49 A. So, the
samples are bentonites. The peak at 4.45 A further implies
the 2:1 montmorillonite. The XRD pattern also indicates
quartz (424 A) for both samples. XRD pattern of sample
No. 1 XRD pattern indicated basanite (3.01 A), cristobalite
(4.05 A), feldspar, that is, albite, (2.12 A) and halite (2.82 A).
Montmorillonites have d-spacings of 15.17 and 14.40 A,
respectively.

The XRD results are in agreement with the SEM image.
SEM identifies the surface morphology and size of the
montmorillonite.

3.2. Screen (granulometric) analysis

Screen (granulometric) analysis is a good method to com-
pare finer portions of porous clayey intra- and interparticles
and coarser portions of non-porous non-clayey particles of
bentonites. The porous particles of a bentonite with finer

sizes have the major swelling effect of a bentonite. The result
of screen analysis shows that the particle distribution is not
homogeneous since the samples have different grain sizes
(Table 2). Table 2 indicates the content of finer porous parts
of sample No. 1 (passing mesh No. 400 or finer than 36 pm)
is more than that of sample No. 2 and the coarser non-porous
parts are observed for sample No. 2 (less than Mesh No. 16
[1,000 um] but greater than mesh No. 120 [125 um]). So, the
diffusion of water molecules must be more in finer porous
content layers of bentonite (montmorillonite) sample No. 1
(Na-montmorillonite) which means more swelling properties.
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Fig. 2. X-ray diffraction patterns of (a) sample No. 1 and (b)
sample No. 2.

Table 2
Screen (granulometric) analysis of particles of studied bentonite
samples

Mesh No. (um) No. 1 No. 2
-16 +120 (-1,000 + 125) 7 46.32
120 +200 (-125 + 75) 29.53 24.24
200 + 325 (-75 + 40) 23.17 12.67
—325 +400 (—40 + 36) 10.11 1.21
—400 (-36) 29.32 13.25
Total weight 99.13 97.8
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3.3. X-ray fluorescence

Bentonite chemical analysis (XRF) is reported in Table 3.
The high proportion of SiO, and Al,O, demonstrates the pres-
ence of montmorillonite. The presence of Na,O, CaO, MgO,
FeO or Fe,0,, K,O, P,O,, SO, and TiO, can also be observed.
Small amounts of P, S and Ti from phosphor, sulphur and
titanium oxide also exist without changing the swelling prop-
erties of clay. Na content indicates variable cation amount,
which is defined along with pH, screen analysis and swell-
ing index, and the type of Na- and Ca-montmorillonites. The
amount of Na,O (2.2 wt%) in the sample No. 1 is higher than
that of 1.4 wt% of Na,O in sample No. 2 but the amount of
CaO (0.2 wt%) in sample No. 1 is lower than that of 1.7 wt% of
CaO in sample No. 2. It is obvious that Na-montmorillonites
equivalents have a greater amount of Na,O than that of
Ca-montmorillonites.

3.4. Swelling test

The results show swell indices of samples No. 1 and No.
2 are 24 and 4 mL, respectively. There is a direct relationship
between swell index, MB specific surface area measurement
and pore size distribution. Swelling strongly depends on
the nature of the interlayer cations and the interlayer space
depends on the nature of the interlayer cations. These param-
eters are with respect to the montmorillonite content of a ben-
tonite which means they are dominated by the character of
the only very fine end of dry screen (granulometric) analysis
and they are essential to predict the type and properties of
montmorillonites.

3.5. Morphology of montmorillonite with scanning electron
microscopy

Generally, montmorillonite particles are heterogeneous
and irregular, with sizes ranging from several pm to about
100 pum, with most particles measuring about 10 pm. Thus,
SEM is a good method for determining the morphology of
the montmorillonite aggregates and surface structures. The
particle surfaces display a feathery appearance, reflecting

Table 3
XREF results of studied bentonite samples

Analyte (%wt) No. 1 No. 2
Na,0 2.2 14
CaO 0.2 1.7
SiO, 64.4 74.2
ALO, 14.3 16
MgO 3.6 3.8
PO, 0.6 0.5
SO, 0.55 0.5
Cl 5.5 -
KO 0.2 0.3
TiO, 0.5 0.1
TFeO? 2 0.8
H,0 2.5 14

“TFeO = FeO + Fe O,.

the presence of montmorillonite. Montmorillonite is highly
porous in nature and shows large agglomerates of very fine
particles. The montmorillonite looks like a wavy, fuzzy and
crumpled sheets varying in thickness. This type of partially
flocculated arrangement of particles is common in montmo-
rillonite samples. No morphological similarity exists because
of the penetration of certain molecules into the interlayer
spaces of montmorillonite sheets.

The SEM images of montmorillonite samples are shown
in Figs. 3(a) and (d) (magnification 5,000x), in Figs. 3(b) and
(e) (magnification 10,000x), and in Figs. 3(c) and (f) (magni-
fication 20,000x). The surface morphology of both samples
indicates a layered structure of montmorillonite. The indi-
vidual particles, most of them having clearly recognizable
contours, are irregular platelets but tend to form some thick
and large agglomerates, especially in the sample No. 2.

The SEM photographs of sample No. 1 (Figs. 3(a)—(c))
highlight the shape of swelling montmorillonite as a spongy
(porous) appearance with irregular structure and open voids
in the surface morphology, where the surface is unsmooth.
The surface morphology of sample No. 2 (Fig. 3(f)) is foliated,
fluffier and smoother than that of sample No. 1 (Fig. 3(c))
with a clearer sheet structure having a rougher surface. The
particles of samples No. 2 are larger in size and more strongly
aggregated in shape. In contrast, the particles of swelling
samples No. 1 show smaller aggregates and smoother sur-
faces, and sharp edges and tips (Figs. 3(c) and (f)).

A larger magnification view of the above photograph can
be seen in Figs. 3(b) and (c) which show the presence of a
fine particulate arrangement of the constituents. A detailed
observation of all samples revealed that sample No. 2 pres-
ents a wide particle size distribution (from 3 to 30 pm), while
in sample No. 1 a more homogenous distribution is found
(around 5 um). This fact indicates a different agglomeration
state of sample No. 1 compared with sample No. 2, as it is
also pointed out by the pore size distribution measurements.

3.6. Transmission electron microscopy

Fig. 4 shows the TEM images of montmorillonite samples
No. 1 and No. 2. The TEM of the nano-montmorillonite shows
the morphology of nano-montmorillonite nano-platelet
which has a wire or fiber structure. It also shows that the
stacks of multilayers of samples No. 1 and No. 2 became thin
and dispersive, which showed the dispersion morphology of
montmorillonite nano-platelets.

3.7. Specific surface area measurement and pore size distribution

3.7.1. BET, MB specific surface area and BJH pore size
distribution methods

The gas adsorption technique defines specific surface
area, size and distribution of the pores. The amount of
gas needed to form a monolayer N, on a solid surface can
be determined by measuring the volume of gas adsorbed
when pressure was increased in small amount at a constant
temperature. These analyses were performed using a BET
method.

BET and MB surface area measurements were carefully
applied to samples No. 1 and No. 2 as illustrated in Table 4.
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Fig. 3. SEM photographs of Na-montmorillonite (sample No. 1) and Ca-montmorillonite (sample No. 2) at increasing magnifications:
(a) No. 1 (5,000%), (b) No. 1 (10,000x), (c) No. 1 (20,000x), (d) No. 1 (5,000%), (e) No. 1 (10,000x) and (f) No. 1 (20,000x).

According to the data presented for montmorillonite clay
[44,46], the N, adsorption method is not conclusive for deter-
mining the specific area. These authors point out that nitro-
gen adsorption is performed under dry conditions in which
the montmorillonite layers are tightly bound together. Thus,
the molecules from the selected gas cannot penetrate into the
interlayer surfaces and the amount of N, adsorbed measures
only the external surface areas of montmorillonites. This can
be observed in the natural clay in this work (Table 2), where
the MB surface area is much greater than the area determined

by N, adsorption, due to surface area between the montmo-
rillonite layers that is enabled by delaminating in liquid by
MB. For sample No. 2, the measured surface area was smaller
than that of sample No. 1, probably due to the much smaller
number of pores in the nano-montmorillonite.

The BJH method was applied for the pore size distribu-
tion from adsorption—desorption data. Nitrogen isotherms
(Fig. 5) showed the type II isotherm in the BDDT (Brunauer,
Demming, Demming and Teller) classification. This S-shaped
isotherm type is frequently found in non-porous solids or in
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those with pores larger than micropores. Fig. 5 shows desorp-
tion of N, isotherms, which practically coincide with those of
adsorption, thus indicating the hysteresis characteristic of an
adsorption process.

3.7.2. Structural pore studies

The average pore diameters and BJH pore volumes
were shown in Table 4. The International Union of Pure and
Applied Chemistry — IUPAC [45] classifies the diameters

Fig. 4. TEM images of samples (a) No. 1 and (b) No. 2.

Table 4

Structural characteristics of natural nano-montmorillonite
Samples No. 1 No. 2
Sppr (M) 51 9
S, (M/g) 832 563
Pore volume (mL/g) 0.078 0.075
V. (mL/g) 13.5 8.3
V_..(mL/g) 45 28.5
d, . average (nm) 1.98 2.2

of pores wider than 50 nm as macropores, pores from 2 to
50 nm width as mesopores, and those with less than 2 nm as
micropores. The N, sorption method also provides the basis
for determining the pore distribution behavior of adsor-
bents. However, the BET method uses nitrogen, a very small
molecule to obtain pore distribution. Therefore, it tends to
be more suitable for the analysis of microporous materi-
als. Fig. 6 shows the predominance of mesopores for both
samples.

Using Fig. 5, the mesopores (V_ ) and micropores (V_)
volumes were obtained by reading the adsorbed volumes
(V4 in P/P;=0.10 and 0.95 expressed by Egs. (3) and (4):

Vi = Vs (P/P,= 0.10) 3)
1%

mes = Vs (P/Py=095) Vs (P/By=01) (4)

Here, P, and P are the vapor pressure of the bulk liquid
nitrogen and equilibrium pressure of desorption at the liquid
nitrogen temperature (~77 K). The result of V_ and V___were
calculated with respect to Fig. 5 and summarized in Table 4.
The results showed that the surface area, meso- and microp-
ore volume values were arranged in the following sequence:
sample No. 1 > sample No. 2.

60
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D 40 A
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E
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g 20 1 E 2
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Fig. 5. Nitrogen adsorption-desorption isotherms of bentonites
of samples No. 1 and No. 2.
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Fig. 6. Derivative pore volume distribution curve of bentonites
of samples No. 1 and No. 2.
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The volumes of meso- and micropores (V_,, ) of sam-
ples No. 1 and No. 2 were reported as 58.5 and 36.8 mL/g,
respectively. Approximately 23% of the volume of adsorbed
nitrogen at P/P = 0.1 was related to the micropores of sam-
ples No. 1 and No. 2.

As an example, the SEM photographs of sample No. 1
(magnitude 80,000x) are shown in Figs. 3(c) and (f). In SEM
photographs Figs. 3(c) and (f), the meso- and macroporous
structures were observed. As the SEM photographs show the
difference in micropore structure was clearly found between
both montmorillonites. Fig. 3(a) indicated that the shapes
of pores in general were irregular, approximately spheri-
cal, mostly discrete but sometimes interconnected. There
are a few relatively large voids. The larger microstructure
in typical montmorillonite layers was found in sample No.
1 (Na-bentonite) with the most montmorillonite content
(Table 2) and is clearly seen in Figs. 3(a) and (d).

4. Discussion

XRD results indicate that the subtraction of the thickness
of the 2:1 layer of 9.60 A yields an interlayer separation of
5.57 and 4.8 A in samples No. 1 and No. 2, respectively. The
increase in d-spacing is due to the cation exchange which
results in an expansion in the interlayer spacing. The amount
of the exchanged cations in sample No. 1 is more than that of
sample No. 2 which is predicted to have lower swelling prop-
erties. The results of XRD also indicate that the sample with
more SiO, content (sample No. 2) is the bentonite with some
smaller montmorillonite content (Table 2). The chemical and
XRD analyses (Table 3 and Fig. 2) give the evidence on ben-
tonite sample quality from the viewpoint of the montmoril-
lonite and impurities content. Meanwhile, the XRD results
show that the basal spacing of sample No. 1 is higher than
that of sample No. 2. It means that the amount of interlayer
cations and water molecules in sample No. 1 is higher than
that of sample 2. The pH results are useful in determining
the solubility of minerals and the exchanging of interlayer
and loosely surface bonded cations such as Na*, Ca*, K, etc.
Sample No. 1 has the highest pH and swell index comparing
with sample No. 2 which leads to the highest interlayer cat-
ions mobility since the water molecules entering the interlayer
cations have the capability of hydrating the cations. When, as
a result of water molecules adsorption, the interlayer space
increases, the interaction between the clay layer and the cat-
ions decreases; therefore, the cation becomes more mobile
and the cations enter the solution. Consequently, the released
cations are hydrolyzed and they increase the pH. Salles et al.
[47] and Douillard et al. [8] suggest some cations such as Na*
and K" are preferentially hydrated in the interlayer space and
then, entering the solution, in contrast with other monovalent
cations. pH of samples No. 1 and No. 2is 7.9 and 7.7, respec-
tively. Both samples are alkaline but the alkalinity of sample
No. 1 is higher than that of the other one. The higher pH of
sample No. 1 indicates that it has more soluble mineral and
mobilized cations to be hydrolyzed. Therefore, sample No.
1 should have more swelling properties as it is in agreement
with the result of swelling index experiments. In addition to
XRD results which approved the bentonites and the pres-
ence of montmorillonite, bentonite chemical analysis (XRF)
(Table 3) indicates a high proportion of SiO, and Al,O, which

demonstrates the presence of montmorillonite. The amount
of Na,O is 2.2 wt% in sample No. 1 which is higher than that
of 1.4 wt% of Na,O in sample No. 2 but the amount of CaO is
0.2 wt% in sample No. 1 which is lower than that of 1.7 wt%
of CaO in sample No. 2. The Na content indicates different
amounts of cations which define along with pH, and swell-
ing index, the type of Na-montmorillonite (sample 1) and
Ca-montmorillonite (sample 2). When Na-montmorillonite
soaks in the water, a hydration layer surrounds the Na* cat-
ion speeding the interaction between the cations and the
clay layers. So, the interlayer cations become more mobile
compared with Na-montmorillonite solids or hydrated
Ca-montmorillonite. This conclusion is confirmed with the
result of swelling index experiments and the swelling index
of sample 1 is 24 mL while the swelling index of sample 2
is only 4 which is in agreement with other studies [48,49].
Furthermore, the amount of metal oxides from XRF and the
pH results support the conclusion that Na-montmorillonite
sample 1 has more soluble interlayer and the layer cations
which increase the swelling effects, thus playing the key role
in the adsorption of metals in the separation processes. Screen
(granulometric) analysis results of samples indicate that a
large content of expandable montmorillonite in bentonites
is responsible for the swelling properties of these materials.

SEM reveals that the larger aggregate sizes of sample No.
2 is due to Ca* cations acting as functional groups and able to
aggregate bentonite particles. As shown in Fig. 3, the mont-
morillonite of sample No. 1 (Fig. 3(a)) shows numerous inter-
nal channels compared with sample No. 2 (Fig. 3(d)). These
frameworks are convenient for more water molecules to be
adsorbed on the montmorillonite of sample No. 1.

It can be seen from Fig. 3 that sample No. 1 shows a small
particle and porous surface. The incorporation of Na' can
form large particles and numerous cavities, which may be
convenient for the penetration of adsorbed molecules into
the galleries of swelling montmorillonite and may result in
an increase in the adsorption capacity in comparison with
sample No. 2.

The surface morphology of Na-montmorillonite (sample
No. 1) is different from that of Ca-montmorillonite (sample
No. 2). The Na-bentonite appears as corn flake-shaped crys-
tals with fluffy appearance revealing its extremely fine platy
structure. Ca-montmorillonite is smoother and more aggre-
gated. This smooth and aggregated appearance probably
occurs due to the change in the surface charge of the particle
because of amorphous substitution.

The increase of the montmorillonite content in
Ca-montmorillonite or Na-montmorillonite is accomplished
by formation of more microstructures. The sample with
larger amount of Ca-montmorillonite (sample No. 2) indi-
cates larger grain size of montmorillonite aggregates rel-
ative to Na-montmorillonite (sample No. 1). The increase
of the montmorillonite content contributes to uniform, less
permeable and more swellable microstructures. The com-
parison of microstructures in montmorillonite samples with
different montmorillonite content (according to screen fine
particle analysis samples No. 1 is richer on montmorillon-
ite than that of sample No. 2) either Ca- or Na-form shows
that Na-montmorillonite is more aggregated opposite to
Ca-montmorillonite. This can be explained by higher swell-
ing index of Na-montmorillonite (sample No. 1) particles
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forming closely arranged microstructures compared with
that formed in Ca-montmorillonite (sample No. 2) with
lower water adsorption (lower swelling index) character-
istics. The microstructures of montmorillonite particles in
Ca-montmorillonite (Figs. 3(d)-(f)) is characterized by large
amounts of leaves with elongated open-air voids having small
interfacial zones and mutual bonds. In contrast, the micro-
structure of Na-bentonite (Figs. 3(a)—(c)) seems to contain a
large volume of small leaflets with approximately spherical
open-air voids placed very closely to each other, and thus
creating compact layers of montmorillonite particles with
large uniformity of the formed aggregates. The Na-open-air
voids and Ca-open-air voids create different microstructures
with comparable particle sizes as it was discussed.

TEM results are in agreement with SEM results. TEM
observations (Figs. 4(a) and (b)) showed that submicron-sized
flaky and plate-like particles morphology of montmorillon-
ite are mainly the aggregation of almost rounded particles.
Moreover, a higher porosity and a greater volume of mes-
opores could be observed in these clays. This result demon-
strates the relevance of N, adsorption for assessing the pore
characteristics of the adsorbent.

5. Conclusion

This research demonstrates the morphological and
structural properties of two different types of bentonites and
a new insight has been developed to determine the swelling
of the interlayer cations and applied to study in the case of Na
and Ca type montmorillonites. The different behavior pat-
terns of both samples observed depend on the nature and the
amount of the cations. Small cations (such as Na*) showed a
significant variation of the swelling and mobility together as
a function of the pH confirmed with XRF and XRPD results.
The XRPD reveals the bentonite and presence of montmoril-
lonite but it does not clearly reveal the character of the formed
microstructure and swelling characteristics of individual
bentonite types. SEM along with BJH pore size distribution
measurements clearly reveals the formed microstructure, the
differences and similarities of particular samples. The prop-
erties of tested samples No. 1 and No. 2 are shown. Sample
No. 2 (Ca-montmorillonite) shows the lower swelling capac-
ity. This was confirmed by lower BET and real MB specific
surface areas (9 and 563 m?/g, respectively), mean pore size
distribution (2.2 nm), and lower montmorillonite content as
well.

This study has examined and uncovered the differences
in various morphological and structural bentonites type
behaviors.
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