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Abstract

Nowadays, due to the most application of montmorillonite, its purification from raw bentonite has great importance. More than 76% of
bentonite is composed of montmorillonite, and its industrial applications are related to its montmorillonite content. In this study, the
nanoclay was extracted from bentonite by the use of centrifugal force. The results of the field-emission scanning electron microscopy
(FE-SEM) analysis show that the nanosized of purified montmorillonite has a sheet structure with a spacing of 22.41 nm and 45.0 nm.
The sharp peaks in X-ray diffraction analysis (XRD) illustrated that the montmorillonite purified successfully, and the results of
Fourier-transform infrared spectrophotometry (FT-IR) revealed the successful incorporation of the metabolic extraction within the
montmorillonite. By comparison of Brunauer—Emmett-Teller (BET) results with IUPAC, it can be realized that the synthesized
montmorillonite nanoclay has a microporous structure (< 2 nm) with a surface area of 11.325 m” g~'. According to IUPAC classifi-
cation, the BET isotherms of montmorillonite and bentonite indicate a hysteresis loop belonging to the type H3. Finally, the economic
analysis results revealed to this method could be the best option for achieving high purity montmorillonite for future applications.
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Introduction

In recent decades, the use of natural bentonites for different
approaches has been considered significantly due to their
unique structure, low-cost, thermal stability, high immunity,
high exchange capacity, and interactions with materials (Chihi
et al. 2019; Yadav et al. 2019). Soil mineral smectite in
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bentonite with aluminum octagonal sheets is located between
the tetrahedral silica sheets (Awad et al. 2019). These layers of
material with a unique structure are the best option for design-
ing and preparing green catalysts (Bananezhad et al. 2019).
Inorganic bentonite is composed of clay or pseudo-clay family
and swollen minerals. The term bentonite was first used for
clays with colloidal plastic properties in the Cretaceous sedi-
ments of the Wyoming region (Inglethorpe et al. 1993).
Today, the term bentonite is used in clays that are rich in
montmorillonite regardless of their origin (Inglethorpe et al.
1993). The economical use of bentonite depends on the
amount of mineral montmorillonite, which contains 60 to
70% of bentonite (Krupskaya et al. 2017). According to its
exchangeable cations, bentonite is classified as either calcium
bentonite or sodium bentonite. Also, the terms expandable and
non-expandable clay is synonymous with this group
(Nadziakiewicza et al. 2019; Leal et al. 2019). Recently,
montmorillonite purification from bentonite has been reported
(Qiao et al. 2020; Gong et al. 2020). The particular structure of
montmorillonite clay has led to numerous applications. It is
used as a catalyst, an antibacterial agent in the pharmaceutical
industry (Porebska et al. 2020), and an adsorbent for water
purification (Keymirov 2018).

Furthermore, due to its ease in purification, it was used as an
effective adsorbent to remove pollutants (Wang and Zhuang

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11356-020-11595-1&domain=pdf
http://orcid.org/0000-0001-7609-5833
mailto:zahrabiglari39@yahoo.com
mailto:asgarihemayat@gmail.com

Environ Sci Pollut Res

2017). The most commonly used bentonite for industrial use is
high purity white bentonite with a cation exchangeability of at
least about 60% of the equivalent cations; impurities will have
adverse effects on bentonite quality and its potential applica-
tions (Morais et al. 2020). Therefore, unnecessary bentonite
impurities should be removed as much as possible. Different
methods have been used to achieve high purity montmorillonite
with a particle size of smaller than 2 pum, including sieving,
particle dispersion based on stokes low, and the use of ultrason-
ic magnetic dispersion for pure montmorillonite (Thuc et al.
2010; Barakan and Aghazadeh 2019; Thuc et al. 2010; Liu
et al. 2012; Veiskarami et al. 2017).

In this study, montmorillonite purified from bentonite and
characterized by Fourier-transform infrared spectrophotome-
try (FT-IR), X-ray diffraction analysis (XRD), field-emission
scanning electron microscopy (FE-SEM), and Brunauer—
Emmett-Teller (BET) methods. Besides, economic analysis
for purification of montmorillonite from bentonite investigat-
ed based on industrial scale. As mentioned above, in the past
research, bentonite has been applied without purification,
which to this research, the capabilities of purified montmoril-
lonite are illustrated with characterization. Moreover, eco-
nomic analysis will inspire various applications in the future.

Material and method
Materials

Natural bentonite was obtained from the Qayen mine in eastern
Iran. Sodium hexametaphosphate (NaPOs)s, sodium carbonate
(Na,CO3, 98.5%), sodium chloride (NaCl, 99.5%), and hydro-
chloric acid (37.0%) were purchased from Merck (Darmstadt,
Germany).

Fig. 1 X-ray diffraction of ]
bentonite and nanoclay .

Intensity (a.u)

Clay purification and extraction

The soil content of raw bentonite included clay (80%) and silt
(20%). The basal spacing of montmorillonite is 7.94 A. Its
chemical composition was found to be as follows: SiO,
63.7%, Al,O3 12.2%, Fe,03 2.4%, CaO 3.7%, Mg 1.9%,
Na,0 1.7%, K,0 0.6%, SO; 0.4%, P,05<0.1%, TiO,
0.3%, Cl 0.4%, and L.O.I 12.43%. For purification, the
crushed bentonite sample was sieved by a 325 mesh and then
placed into an electronic furnace at 350 °C to remove the
organic matter (Calabi-Floody et al. 2011). Then, 50 g of
bentonite was slurried in 100 mL 1 M HCI and washed twice
with deionized water. Finally, to extract clay from the sample
matrix, it dispersed in 2.5 L of distilled water containing 0.9 g
sodium hexametaphosphate and 0.2 g sodium carbonate and
centrifuged for 15 min at 4000 rpm at room temperature.
Afterward, the aqueous fraction was collected, and the obtain-
ed clay was dried at 70 °C for 24 h.

Nanoclay extraction

The nanoclay was separated from clay fraction using the
method described in the literature (Calabi-Floody et al.
2011). First, 5 g of the obtained clay was slurried in 300 mL
of 1 M NaCl and centrifuged for 43 min at 8000 rpm at room
temperature. In this stage, the centrifuge speed was similar to
the method (Li and Hu 2003), and the diameter of particles
was less than 100 nm. The first aqueous fraction was
discarded after centrifugation to remove the mineral impuri-
ties. The solid fraction was slurried in 50 mL water with a
moderate stirring for 40 min and again centrifuged at
8000 rpm. The aqueous phase was collected while the solid
fraction was slurried again in water and re-centrifuged. This
step was repeated 11 times, and finally, the collected superna-
tant that contained nanoclay was dialyzed (1000 kDa
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Fig. 2 The FT-IR spectra of
bentonite and nanoclay

Fig. 3 a—d Field-emission
scanning electron microscopy
(FE-SEM) images revealing
sheets of nanoclay (a, b) and
bentonite (¢, d)
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Table 1 Structure parameters of the nanoclay and bentonite Table 2  Estimated capital cost for nanoclay form bentonite
Sample  Average  Apgr (m*  Total pore Average Equipment Cost ($)
name pore g) BET volume nanopore
diameter  (surface (cm*(STP) gfl) diameter (nm) Centrifuge 900
(nm) area) BJH method Oven 700
Bentonite 1374 46326 0159 129 Stirrer (2 devices) 400
Nanocly 1692 11325  0.047 1.29 Total equipment cost 2000
Equipment installation $ contingency 200
Instrumentation 750
membrane) using distilled water until the conductivity of the ¢, capital costs 2950

water achieved 0.5-0.8 uS cm’ (Calabi-Floody et al. 2011).

Characterization

The crystal structure of bentonite and the obtained nanoclay
was determined by the X-ray powder diffraction (XRD) tech-
nique (PW1730, PHILIPS Mark, and Holland). The function-
al groups of bentonite and nanoclay were detected using a
Nicolet 6700 FT-IR spectrometer (Thermo Scientific,
AVATAR, American) in the range of 400 to 4000 cm L.
The surface morphology of the bentonite and nanoclay was
carried out using a field-emission gun scanning electron mi-
croscope (FE-SEM) (TEACAN, MIRA 111, Czech Republic)
at an accelerating voltage 5 kV for 20, 50, 100, 200 nm, and
I um. The nanoclay samples were slurried in water
(1 pg mL ™) (Calabi-Floody et al. 2011). The nanoparticles’
surface area was measured by an ASAP 2010 analyzer from
Micrometrics Instrument Corporation.

Results and discussion
XRD analysis

The XRD analysis of bentonite and nanoclay is depicted in
Fig. 1. It is clear that the peaks of bentonite started from 20 =

11.09 with d-spacing 7.97 A and ended at 20 = 40.0 with d-
300
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Fig. 4 The plot of AdsDes bentonite and nanoclay
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spacing 1.42 A. Its peaks are located at 20: 19.80, 22.4, 28.44,
31.53, 34.73, 36.35; on the other hand, the peaks of nanoclay
started at 20 = 18.52, d-spacing 4.79 A, and ended at 20 =
36.20, d-spacing 2.48 A. The identified patterns contain sili-
con oxide (SiO,) and sodium-magnesium-aluminum silicate
hydroxide hydrate (Nag 3(Al, Mg),Si4O;0(0-H-),4H,0) with
the displacements 0.000 and 0.464° (2% in the nanoclay, re-
spectively. The reference codes, 98-003-5568, 98-006-0915,
98-005-5990, and 00-013-0230, located at 20 = 19.86, 21.94,
30.58, and 36.2, represent low quartz, low cristobalite, sodium
ozonide, and magnesium silicate, respectively in montmoril-
lonite nanoclay.

Fourier-transform infrared spectroscopy

The FT-IR spectra of bentonite and nanoclay are illustrated in
Fig. 2. The peak, at near 3434 cm ™, is related to the stretching
vibration of O—H groups of adsorbed water molecules
(Slavutsky et al. 2012). The peak at 1644 cm™' represents
the deformation of the O—H group of water. The attendance
of sharp peaks at 1050 cm ™' and 794 cm™' shows Si-O and
Al-Fe-OH groups, respectively, and the peak at 621 cm ! is
attributed to the stretching vibration of the Al-O bond.
Finally, the intense peaks at around 475 cm ™' are related to
the stretching vibrations of Si—O-Si (tetrahedral) and Si—O-Si
(amorphous) groups (Saha et al. 2004; Wu et al. 2016).

Table 3 Annual operating costs for nanoclay from bentonite

Item Annual cost ($)
Bentonite 525
Hexametaphosphate sodium 200

NaCO; 200

HCL 100

H,0 100

NaCl 200
Characterization 1800

Packing and contingency 220
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Table 4 Summary of costs for purification of nanoclay from bentonite

Purchased equipment cost 2000%
Capital cost 29508

Total fixed capital investment 33008

Total annual operating cost 1980$
Estimated annual production of nanoclay (g) 12,0008
Estimated cost for nanoclay from bentonite 0.275$ per g

FE-SEM analysis

The results of the field-emission scanning electron microsco-
py (FE-SEM) results for bentonite and nanoclay show the
presence of micro- and mesoporous structure. 3. The results
show that the obtained nanoclay is similar to the montmoril-
lonite structure (Issaabadi et al. 2017) and contained several
arrays of cleaved sheets (Khedr et al. 2006). According to
Fig. 3, the nanoclay has particle sizes of 200 and 500 nm;
however, bentonite has particle sizes of 100 and 200 nm.

Specific surface area and pore size distribution

The BET surface area was measured by nitrogen isotherm by
BET equation in N, adsorption—desorption at the temperature
77 K in the relative pressure range from 0.5 to 0.06 p/p, for
clay and nanoclay (Hayati-Ashtiani 2011). Also, the mean
pore diameter was obtained by the BJH method. Table 1 il-
lustrates the BET surface area and average pore diameter for

clay and montmorillonite. As could be seen, according to the
BJH analysis, montmorillonite and bentonite have an average
pore diameter of 1.29 nm, and the total pore volume for ben-
tonite and montmorillonite were 0.159 and 0.047 cm® g,
respectively. The BET analysis shows that bentonite and
montmorillonite’s surface area was 46.326 and
11.325 m* g ', respectively, and the average pore diameter
for bentonite and montmorillonite was 13.74 and 16.92 nm,
respectively. The information of N, adsorption—desorption
isotherms for nanoclay is depicted in Fig. 4. For montmoril-
lonite as the main constituent of clay, N, can coat the other
primary surface area, but not the interlamellar space, as shown
by small surface areas obtained by this technique. Conforming
to the International Union of Pure and Applied Chemistry
(IUPAC), pores sizes are as classified to (Alhamami et al.
2014) macrospore, mesoporous, and microspore with the sizes
of >50 nm, 2-50 nm, and <2 nm, respectively. The BET
isotherms of montmorillonite and bentonite indicate a hyster-
esis loop belonging to the type H; according to IUPAC clas-
sification (Yoon et al. 2010; Yadav et al. 2018).

Cost analysis

The nanoclay cost analysis was predicated on the natural, low-
cost bentonite via a high prospective and effectual method.
Therefore, an economic assessment was implemented for de-
fining the construction cost based on industrial-scale experi-
ences and its extrapolation to a real experience of producing it
on a large scale. Moreover, the diagram for scaling up the
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construction procedure is explained in Fig. 5. Generally, this
research put out accurate data on the proximate assessment of
estimated capital cost, annual operational costs, and summary
of costs for purification nanoclay from bentonite exposed in
Tables 2, 3, and 4, respectively. As can be seen, separating
montmorillonite from bentonite, there is a low-cost procedure.
Furthermore, the cost of purification was spent on consumed
materials such as distilled water, hydrochloric acid, and sodi-
um carbonate.

This research provides completed data on the proximate
assessment of annual operating costs and capital costs for
purifying nanoclay from bentonite. Consequently, it is consid-
ered an underestimated yield of 9% for the production of
nanoclay from bentonite in which feasibility is ensured, and
then, the cost estimation was obtained for 300 days/year and a
personnel size of 2 people per shift (one shift) for 24 h/day.
Besides, it is guesstimated that $ 0.275 be needed for
manufacturing 1 g of nanoclay from bentonite. Today, differ-
ent methods of purification of bentonite are used throughout
the world. The most critical factor in choosing the purification
method is economic factors. In Iran, bentonite is used without
any purification (Modabberi et al. 2015). Bentonite mining
conditions in Iran and the challenges associated with
exporting this mineral to other countries and other factors,
including the economic costs associated with processing this
mineral, led us to take a small step toward improving and
resolving this problem.

Conclusion

The purpose of the proposed paper is to extract the nanoclay
from raw bentonite using centrifugal force. The obtained
nanoclay was characterized by XRD, BET, FE-SEM, and
FT-IR analyses. The FE-SEM analysis results show that the
obtained nanoclay has a sheet structure with a 22.41 nm and
45.0 nm spacing. The surface area for bentonite and montmo-
rillonite was 46.326 and 11.325 m” g, respectively, and the
average pore diameter for bentonite and montmorillonite was
13.74 and 16.92 nm, respectively. The BET isotherms of
montmorillonite and bentonite indicate a hysteresis loop be-
longing to the type H3 according to IUPAC classification;
finally, the economic analysis of the proposed purification
technique showed that the mineral was synthesized and puri-
fied economically and could be used for various applications
such as removing contaminants from the environment.
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