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Abstract

Bentonite collected from Nowshera (Pakistan) was treated with NaCl, and the < 2-um clay fractions were separated by sedi-
mentation process. The textural changes in NaCl treated purified bentonite were compared with raw and physically purified
sample. It was detected that the NaCl-treated purified bentonite and the sample purified by simple sedimentation, respectively,
consist of sodium-montmorillonite and calcium-montmorillonite as a major clay mineral. The honeycombed-type morphology
was observed for both the purified samples; however, the particles of NaCl treated purified bentonite were relatively in a compact
form. The particle sizes of both the purified samples were found considerably smaller. The high volume percent of the fine
particles was noticed in the NaCl-treated purified bentonite. This attributed that the sodium exchange has a valuable impact on the
bentonite dispersion in aqueous media during particle size measurement. The relatively high mesopore area/volume and micro-
pore area/volume and specific surface area (SSA) were detected in purified samples. The NaCl-treated purified sample showed
relatively high mesopores area/volume than the sample obtained by simple sedimentation. These changes seem to be originated
from either high montmorillonite contents and/or the smaller particle size, which might be produced after the layer re-
arrangement during the interlayer cation replacement by Na* ions. The large SSA and high porosity of purified samples
particularly the NaCl-treated bentonite suggest their potential use as adsorbents, catalysts, pharmaceuticals, and cosmetics.
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1 Introduction adsorption [1, 2]. These valuable properties make it useful in

the fabrication of catalyst beds, papers, clay barriers, cos-

The need to reduce the cost of the industrial sector has led
scientists to explore the uses of many low-cost industrial raw
materials especially those from natural abundant resources.
Among these natural materials, bentonite attracted attention
for its large quantity and low costs in addition to its distinctive
properties of small particle size, high specific surface area,
cation exchange capacity, non-toxicity, and high capacity of
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metics, bleaching earth, food additives, adsorbents, and phar-
maceuticals [3—15]. Bentonite is a geological term primarily
consisted of montmorillonite admixed with non-clay minerals
as impurities [16]. Bentonite is further classified as sodium
bentonite (Na*-bentonite) or calcium bentonite (Ca>*-benton-
ite) on the basis of dominant cations in montmorillonite inter-
layer being Na* or Ca®*. The higher the smectite (i.e., mont-
morillonite) contents in bentonite, the better the execution of
bentonite as a raw material in the industrial sector for its high
porous system [4, 5, 17-22]. The following three kinds of
pores are the primary sources of the bentonite porosity [23]:
macropores (pore width (d)>50 nm), mesopores (50 nm >
d>?2 nm), and micropores (d <2 nm) [24, 25]. These pores
are often produced among the following three structural units
[20, 26]: layer, particle, and aggregate. Firstly, the layer is the
fundamental unit of clay structure. The stacking of layers
makes another unit called particle or tactoid. In smectite, the
layers are often stacked in particle/tactoid in the turbostratic
manner which may contain some of the interlayer pores com-
monly in the micropore size [20, 27-29]. The micropores
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produced due to turbostratic piling of smectite layers in
tactoid/particle is the acceptable and most satisfactory inter-
pretation [30]. Diffusion between the layers of clay is also a
good interpretation for micropores; however, it is only consid-
ered for interlayer cations of bulky size such as Cs* [30].
Secondly, the particles further combine to build aggregate.
The compact of particles within aggregates forms inter-
particle pores of mesopore size (less than 40 nm). Finally,
aggregates combine to form clusters. The cluster formation
from aggregates produces inter-aggregate pores (>40 nm)
[31].

The porous system of bentonite produced from the arrange-
ments of the structural units (i.e., layer, particle, and aggre-
gate) changes with the hydration-dehydration process [32,
33]. The higher the swelling property of bentonite, the more
effectively it will perform in a single-layer formation as a
separate particle during hydration [34]. The separation of ben-
tonite particles less than 2 um by sedimentation technique is
also an effective process of hydration and dehydration. The
different chemical treatments of bentonite before purification
by sedimentation can modify the swelling differently [15, 35]
and thus modify its textural properties [36]. Bentonites having
different composition responses differently to the similar
chemical treatment thus affect the purity level, porous system,
and size of particle of smectite/bentonite. However, there is a
lack of information regarding a comprehensive examination
of the NaCl treatment of bentonites having different compo-
sition on textural characteristics and also their mutual correla-
tion. Recently, the textural changes of purified Nowshera
(Pakistan) bentonite activated with Na,CO; were investigated
comprehensively [37]; however, the influence of NaCl
treatment/activation on textural characteristics of this benton-
ite has not been reported yet. Therefore, this research study
was intended to examine the changes on the specific surface
area, mean pore size, and the pore size analysis of a bentonite
by purification before and after NaCl treatment. This study
also aimed to examine the influence of NaCl treatment on
bentonite dispersion process during particle size measurement
by laser diffraction—based particle size instrument, level of
purity, and distribution of particle size. The comparison of
the obtained results with the existing literature was also the
objective of this research, to examine the textural changes
originated by NaCl treatment of bentonite having different
compositions.

2 Materials and Preparation Methods
2.1 Bentonite Selection
The bentonite from Dag-Ismail Khel (Nowshera district)

mines of Pakistan was chosen as a primary sample and
labeled as “NRB.” The selected raw bentonite is primarily
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consisting of calcium-montmorillonite (Ca**-montmoril-
lonite) (67.7%), illite (0.32%), albite (17.7%), and quartz
(14.3%) [38].

2.2 Preparation of Purified Bentonite Powder

To obtain pure Ca**-montmorillonite and pure sodium-
montmorillonite (Na*-montmorillonite), the following proce-
dures were applied as recently described [15].

2.2.1 Method I: Preparation of Pure Ca®*-Bentonite

The schematic diagram for the preparation of pure Ca**-ben-
tonite is presented in Fig. 1. The dispersion of raw bentonite
(5 g) was prepared in 1 L of de-ionized water containing
250 mg of dispersing agent (Na (PO;)) ¢ and kept for 15 h at
25 °C. The clear suspension above the depth of 100 mm was
decanted into a clean container. The procedure was repeated
three times and finally washed the collected supernatant to
remove the (Na (PO3))g traces. The sample purified by this
technique was marked as “NPB-1.”

2.2.2 Method II: Preparation of Pure Na*-Bentonite

To obtain purified Na*-bentonite, the following procedure
was adopted: Firstly, the NRB sample (60 g) was treated
thrice with 1 L of 1 M NaCl aqueous solution and washed
with de-ionized water to prepare chloride-free bentonite
slurry. Secondly, the sedimentation method was applied
as described in method -I but without using a dispersing
agent to get purified Na*-bentonite. The complete proce-
dure was schematically sketched as demonstrated in
Fig. 2. The sample purified by this procedure was marked
as “NPB-IL”

2.3 XRD

So as to examine the influence of modification and purifica-
tion, the X-ray diffraction (XRD) technique was used. The
oriented bentonite samples were prepared on glass slides,
and their XRD results were recorded by “Siemens D500 dif-
fractometer” with the following parameter: graphite mono-
chromator, CuK o radiation with generator voltage of 40 kV,
and tube current of 40 mA, 2° to 40° 20 range, scanning step
0f 0.02°, and 1 s scanning time per step.

2.4 Particle Size Measurement

The Master-sizer 2000 (“Malvern-Instruments Ltd.,
Malvern, UK”) was selected for the calculation of particle
size of the samples. Each sample in portion was trans-
ferred to the dispersing module attached to the analyzer.
The studied samples were sonicated before analysis to
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Fig. 1 Schematic diagram for the preparation of pure Ca**-bentonite
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properly disperse the sample. The highly dispersed sample
was then injected into the analyzer. The size analyses of
the sample were measured five times, and their average
was recorded as a result.

2.5 PSA and SSA

For specific surface area (SSA) and pore size analysis (PSA),
N, adsorption-desorption isotherm was recorded by surface
area analyzer “Micromeritics ASAP 2010” at 77 K. The
PSA was calculated by “Barrett Joyner-Halenda (BJH)”” mod-
el and SSA by “Brunauer, Emmett, and Teller (BET)”

-
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g. Clay slurry

f. Centrifuged and washed

method. The micropore volume/area was recorded by the t-
plot procedure.

2.6 Microstructural Analysis

The morphology of the samples was investigated by a scan-
ning electron microscope (SEM). The powder clay samples
were set on the alumina-stub by an adhesive carbon tape and
coated with a thin layer of gold. The coated samples were then
fixed on the sample holders, and the micrographs needed to
analyze the morphology were obtained through a scanning
electron microscope (SEM) LEO 440i, equipped with an X-
ray energy dispersion spectrophotometer (EDS).
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3 Results and Discussion
3.1 X-Ray Diffractograms

The reflection corresponds to d001-value of NRB, NPB-I, and
NPB-II denoted by 001y, and 001; for montmorillonite and
illite, respectively (Fig. 3). In the NPB-I and NPB-II samples,
the reflections of impurities including quartz were found ab-
sent. In NPB-II, the d-value (001,;) was reduced to 12.6 A
(Fig. 3c). This reduction in d-value attributes to Ca®* ion re-
placement by Na* in the montmorillonite interlayer and has
been changed into sodium forms. Moreover, the 002 and 004
reflection of montmorillonite appeared while 003 and 005
reflection disappeared indicating the change in orientation of
the particle by purification method II.

3.2 Particle Size Measurements

Figure 4 shows the particle size distribution/analysis curves of
the studied samples. The volume percent of the submicron
particles size was increased drastically by both the purification
methods. The NPB-I sample showed maxima at 1.7 um. The
particles larger than 4 um were found negligible (Fig.4). For
the purified sample NPB-II, the size distribution plot displays
two maxima: the maxima of smaller volume percentage were
centered at 0.23 pum and the maxima of large volume
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bentonite dispersion in aqueous media, during the measure-
ment of particle size by Master-sizer.

A similar behavior regarding particle size changes was also
reported for different mineral composition bentonite by puri-
fication [36]. The only noticeable difference in particle size
distribution curve was as follows: The curve varies in small
particle size range before and after the NaCl treatment of the
studied bentonite while in bentonite of different composition
as studied by Shah and co-workers [36], the curve differs in
large particle size range. The Na,COj3-activated purified ben-
tonite achieved from the selected/studied bentonite as investi-
gated by Shah [37] comparatively showed particles of large
sizes than the currently NaCl-treated purified bentonite. This
means the purification of selected bentonite after NaCl treat-
ment is more effective to get smaller-size particles.

3.3 N, Adsorption-Desorption Isotherms

In comparison to the “International Union of Pure and
Applied Chemistry (IUPAC)” classification of six recom-
mended adsorption isotherm profiles with four different kinds
of hysteresis loops [25], the experimental isotherm profiles
were identical to type IV and loop of H4 hysteresis (Fig. 5a).
The hysteresis part P/Py< 0.45 and at P/P, - 0.96—1.00 certi-
fied the existence/presence of micro- and macrosize pores,
respectively (Fig. 5a).

The hysteresis loops of NPB-I and NPB-II overlapped each
other and gave higher volume adsorption than NRB (Fig. 5a).

This rise in adsorption volume is the indication of the en-
hancement in mesopore and micropore volume. The overlap-
ping of isotherms of the NRB, NPB-I, and NPB-II ap-
proaching unity showed no significant change in the
macropore volume by purification.

3.4 f-Plot Curve/lsotherms

The f-plot isotherms (NRB was selected as a reference) are
shown in Fig. 5b. The adsorption ability was increased con-
siderably in NPB-I and NPB-II. For NPB-II, this adsorption
increase was noticed comparatively higher especially at low
P/Po. This difference in adsorption and porosity may be
linked either with the total number of layers difference in a
particle/tactoid or/and the quantity of montmorillonite con-
tents obtained by purification. Generally, the lesser number
of the stacking layers in tactoid/particle creates a large quan-
tity of smaller radii/size pores among the particles and aggre-
gates, and hence high adsorption capacity. Indeed, the f-plot
of both the purified samples is not parallel with the x-axis
indicating that their surface structure changed noticeably.
These f-plot results are completely different from the recent
study of Shah et al. [36]. They claimed that the adsorption
performance of the bentonite after purifications by the same
two procedures has the same value at low P/Po while differ at
high P/Po. They also claimed that the surface structure has the
same behavior as raw sample. Thus, it was concluded that the
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bentonites varying in composition responded differently to the
NaCl treatment and purification process.

3.5SSA

The SSA of the entire studied samples were quantified by the
BET procedure using N,-adsorption data in the interval 0.05
<x<0.35 [39-41]. The SSA values for NRB, NPB-I, and
NPB-II were, respectively, 47, 82.4, and 83.5 mz/g
(Table 1). The high percentage increase in SSA is the conse-
quence of the large quantity of smaller diameter pores in NPB-
I and NPB-II originated from the high montmorillonite con-
tents obtained by purification.

3.6 Changes in Mesopore Volume/Area
3.6.1 IPV

The incremental pore volume (IPV) of the NRB, NPB-I, and
NPB-II showed moderate value at different pore diameter (D)
(Fig. 6). Comparing with NPB-I and NPB-II, the IPV for NRB
was lower, almost equal, and higher at D < 6.5 nm, 6.5 nm <
D <40 nm, and D > 40 nm, respectively (Fig. 6a). The high
value of IPV for NRB at D >40 nm was suggesting the oc-
currence of greater size inter-aggregate pores. The high pore
volume was noticed for NPB-II than for NPB-1. The high IPV
for NPB-II was observed until D <4.5 nm. This high IPV
value for NPB-II dictated that it contains high quantity of
inter-particle pores.

3.6.2 CPV and Mesopore Volume (V)

The intercept of pore size distribution (PSD) curve corre-
sponds to 50 nm of pore diameter valued as the V.
(Fig. 6b). The cumulative pore volume (CPV) for NPB-I and
NPB-II at D> 30 nm and D < 30 nm were, respectively, small-
er and higher than for the NRB sample (Fig. 6b). The total V.
was lowered for NPB-I and NPB-II samples than for the NRB.
This variation in V,,, is the consequence of the pore size dif-
ference among the samples.

Table1 Micropore volume/area, average pore size, and specific surface
area of raw and purified samples

Properties Raw Purified

Method 1 Method II
Specific surface area m?/g 59.08 82.37 83.48
Micropore volume cm®/g 0.008 0.013 0.014
Micropore area m?/g 18.58 29.41 32.22
Average pore diameter (nm) 6.30 4.68 4.72
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3.6.3 Derivative Mesopore Volume

A large quantity of smaller radii/size pores was found in NPB-
I'and NPB-II as compared to NRB sample (Fig. 6¢). The curve
corresponds to NRB sample that showed three maxima, one
with a high percentage of mesopore volume positioned at D <

2 nm, and the others at D=3 nm and D =9 nm (Fig. 6¢). The
curves for the NPB-I and NPB-II presented the same nature as
NRB; however, the concentration of abundant pores which
was increased only at two maxima corresponded to pore of
smaller radii. The overlapping maxima of higher value was
also noticed for NPB-I and NPB-II at 4 nm>D >3 nm in
addition to an increase in dV/dD values at about 3 nm of pore
diameter. The individual pore volume corresponds to the first,
second, and overlapping maxima for NPB-I and NPB-II con-
tributing highly to the overall pore volume. The pore concen-
tration was found higher for NPB-II at 4 nm < D <3 nm. The
large quantity of small size pores in NPB-II sample was indi-
cating that this sample has large quantity of smaller-size par-
ticles. These large quantities of smaller size pores in both
NPB-I and NPB-II are the primary source of high SSA in
these samples.

3.6.4 CPA and Mesopore Area (Spe)

Figure 7a shows the curves of CPA for NRB, NPB-I, and
NPB-II. The intercept of the CPA curve at D equal to 50 nm
was valued as Sp,.. The Sy, of both the purified samples was
observed higher than NRB; however, the S, of NPB-II was
comparatively higher even than of the NPB-I sample as well.
Contrary to Sy, the Vi, of NPB-I and NPB-II was relatively
lower than that of NRB (Figs. 6b and 7a).

The lower S, for raw sample can be elucidated as follows:
Firstly, the mesopore-type pores in NRB might be lowered in
numbers than in NPB-I and NPB-II which decrease the total
number of pore walls. Secondly, the minerals other than clay
such as feldspar and quartz in the NRB sample might affect
the layer arrangements inside the particle, particle arrange-
ment inside aggregate, and aggregate in clusters, so, resultant-
ly, the mesoporosity.

3.6.5 Derivative Mesopore Area

The contribution of individual pore area to the total pore area
(dA/dD) varied in NRB sample, especially in the 2—4-nm
range of pore size (Fig. 7b). The dA/dD maxima at D <2 nm
and D =3 nm were higher for both NPB-I and NPB-II samples
than for the NRB sample. In the NPB-I and NPB-II, the over-
lapping maxima of higher value at 4 nm < D >3 nm were also
observed. For NPB-I and NPB-II, the high values of dA/dD
correspond to pores of smaller radii, suggesting their higher
Sme than NRB sample.
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smaller mean pore size for the purified sample satisfied the
The NRB sample was greatly influenced by the purificationas  discussion that the NPB-I and NPB-II have a high amount of
the quantity of micropore volume (Vi) and micropore area  small-size pores which originates from high montmorillonite
(Smic) was increased significantly (Table 1). The V ;. repre- contents obtained by purification. In NPB-II, the large number
sents 8% of total pore volume for NRB and increased to 13—  of smaller pores might be the result of the particle/tactoid size
14% after purifications (Table 1). The contribution of Sy to  reduction after interlayer cation replacement by Na* ions
the overall pore area was approximately 31% for the NRB  which, in succession, play a key role in the formation of a
sample but increased to 35 and 38%, respectively, for samples  large number of small-size inter-particles and inter-aggregate
NPB-I and NPB-II. The decrease in average pore size from 6  pores.
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Fig. 8 Micropore-mesopores area vs. micropore-mesopore volume plots
of NRB, NPB-I, and NPB-II samples

3.8 Changes in Micro-mesoporosity

The micropore-mesopore volume (V,,,)/micropore-mesopore
area (S,,m) was calculated from the mesopore and micropore
volume/area combination. In the NRB sample, the S, first
increased sharply and then mildly with the increase of Vi,
(Fig. 8).

This means, with the continuous increase of mesopores
size, the volume of the pore increased uninterruptedly, but

the Spum did not increase linearly as the quantity of wall-
splitting pores decreased.

In the NPB-I and NPB-II, the same behavior was achieved;
however, the Sy, increased significantly with the V, in-
crease. This prominent increase in purified bentonites can be
justified by one or both of the following two reasons: Firstly, a
highly pure montmorillonite might be obtained by method-II.
Secondly, the particle/tactoid size might be reduced which,
resultantly, increase the quantity of mesopores originated
from inter-particles and inter-aggregate pores.

3.9 SEM and EDS Results

The SEM results of raw and purified samples are presented in
Fig. 9. The raw sample showed moderately planer morpholo-
gy indicating the dominancy in face-to-face interaction be-
tween the particles (Fig. 9a). After purification by method I,
the structure was completely changed to honeycomb which
could be attributed to the edge-face interaction between the
particles (Fig. 9b). In comparison with the sample purified by
method I, the structure of the raw samples was a little bit
coarser because of the presence of impurity contents. In the
case of the sample purified by method II, the structure was
fairly honeycombed; however, the particles were in more
compact form (Fig. 9¢). This compact nature shows that the
inter particle pores are relatively smaller in the sample purified
by method II than those of the original and the sample purified
by method I. Moreover, the structural changes in the
morphology due to purification methods I and II could also

Al
Ca

Fe
Fe

KCa
K Ca

2 re

T
1] 2! 4 6 8 0
keV

Fig. 9 SEM micrograph and EDS results of the samples. a, d NRB. b, e NPB-I. ¢, f NPB-II
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be linked with the increase in porosity especially
mesoporosity as already confirmed from the N, desorption-
adsorption curves.

The EDS spectrum, presented in Fig. 9d—f, showed the
major peaks of Si and Al along with the minor peaks of Ca,
Na, K, and Fe in the raw sample which is attributed to the
composition of clay minerals. These EDS results are in good
conformity with the XRD results (Fig. 1). The EDS spectrum
for the sample purified by method I (Fig. 9¢) preserved the
same shape as for the raw sample (Fig. 9¢). However, the
peaks of Ca were slightly increased, which could be attributed
to the removal of impurities and increasing of the clay mineral
contents. In the case of the sample purified by method II, the
peaks of Ca and Na were slightly decreased and increased
(Fig. 91), respectively, which can be attributed to the conver-
sion of raw Ca**-bentonite into Na*-bentonite. The observed
unlabeled peaks were from gold coating and carbon tape used
for SEM.

4 Conclusions

The study of textural modifications in the Ca**-bentonite
caused by purification before and after NaCl treatment was
successfully carried out. Based on the results and the above
discussion, the following conclusion can be drawn:

«  Typically purified Ca**-bentonite and purified Na*-ben-
tonite can be obtained by purification methods I and II,
respectively.

* The sample with smaller particle size can be obtained by
both the purification methods; however, purification
method II could be preferred to obtain large quantity of
fine particles.

e The purified Na*-bentonites with high capacity of swell-
ing can be achieved by purification method II which per-
forms better information of the smaller-size particle during
its hydration in the dispersing module attached with the
Master-sizer/particle size-analyzer.

* The microporosity and SSA results for both the purified
samples showed approximately similar characteristics.
The same effect was also reported for bentonite having
different mineral compositions [36]. The currently studied
bentonite and the bentonite studied by Shah et al. [36]
respond differently to the NaCl treatment and simple sed-
imentation with respect to surface structure (f-plot meth-
od), particle size analyses, and mesoporosity. These dif-
ferences indicate that bentonites varying in composition
respond differently to the different purification processes.

* The similar behavior concerning microporosity attributed
that the diffusion of Na* cations between the montmoril-
lonite layers has no explicit contribution to bentonite
microporosity.

e In the case of V. and S, at smaller size/radii pores, the
result for the NPB-I and NPB-II was found different; how-
ever, their total pore volume/area was almost equal. These
changes can be clarified/explained by any of the following
two reasons: First, the sample NPB-II may be composed
of high montmorillonite contents. Second, the sample
NPB-II may be composed of large quantity of smaller
particles which, resultantly, produced pores of smaller
radii/size among the particles and aggregates.
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