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Abstract In this study, Zr-pillaredmontmorillonite clays (Zr-PILCs) were synthesized using two dif-

ferent precursor materials: raw montmorillonite (CM) and sodium ion-saturated montmorillonite

(Na-CM) at different Zr/clay ratios (2.5, 5 and 10 mmol/g). To study the effect of Zr concentration

and clay pre-treatment with NaCl on pillaring, the modified clay samples were characterized in detail

usingX-ray diffraction (XRD), Fourier transform infrared spectroscopy (FT-IR), thermogravimetric

analysis (TGA), high-resolution transmission electronmicroscopy (HRTEM), scanning transmission

electron microscopy and energy-dispersive X-ray spectroscopy (STEM-EDX). The XRD analysis

showed the increase of basal spacing of Zr-PILCs prepared from both precursor materials: from

1.26 to 1.74 nm in the case of CM, and from 1.13 to 1.93 nm forNa-CM.Results fromFT-IR revealed

new bands ascribed to Zr-O bonds in the range of 400–500 cm�1 in Zr-pillared samples obtained from

Na-CMat Zr/clay ratios of 2.5 and 5mmol/g. The distribution and nature of Zr species in between the

silicate layerswere studied using STEM-EDXandHAADF imaging. Theywere found to be separated

by a distance of 1.5–3 nm and their thickness lies in the range of 1–2 nm. Pillared clays prepared from

pre-treatment with NaCl were more thermally stable at higher temperatures.
� 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Synthesis of inorganic pillared clays was first reported in the late 1970s

(Brindley and Sempels, 1977; Vaughan et al., 1979) by exchanging the

charge compensating cations present in the interlayer space of clay
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minerals with bulky polyhydroxy metal cations. Upon further heat

treatment, these hydroxy metal cations are converted into metal oxide

pillars because of dehydration and dehydroxylation. Oxide pillars keep

the clay sheets apart giving them stability, introducing microporosity

and surface acidity to the layered material. These newly formed micro-

porous clay structures referred to as pillared interlayered clays (PILCs)

are being of great importance due to their excellent adsorption and cat-

alytic properties (Gil and Vicente, 2020). Synthesis of pillared clays

involves four main steps; starting with preparation and ageing of the

pillaring solution followed by intercalation, washing and calcination

(Bergaya et al., 2006). During the ageing of the pillaring solution, poly-

merization of multivalent cations (such as Al3+, Zr4+, Ti4+, Cr3+,

Fe3+) (Gil et al., 2011) takes place and polycations of respective metals

are formed, which is followed by the intercalation of these polycations

into the clay sheets. The intercalation reaction requires a particular

time and temperature. After this, the clay is separated from the solu-

tion and washed thoroughly to remove the precursor anions (e.g.,

Cl-) as they prevent the homogenous distribution of oxide pillars in

the clay structure. The final step is calcination, during which polyca-

tions transforms into stable metal oxide clusters referred to as pillars.

Many researchers are working on the synthesis of PILCs and their

application for different purposes like adsorption of nutrients, heavy

metals, pharmaceutical and personal care products from water

(Chauhan et al., 2020). For the preparation of PILCs, the precursor

material is very important: smectite is typically used because of its 2:1

layer type structure, in which one alumina octahedral sheet is sand-

wiched between two silica tetrahedral sheets (Uddin, 2017). The bonding

between the two silicate sheets is very weak which permits water and

exchangeable ions to enter. This leads to a large swelling capacity. Smec-

tite is regarded as a general term referring to a group of minerals includ-

ingmontmorillonite, nontronite, saponite and hectorite (T. Zhang et al.,

2020). Montmorillonite is one of the important members of the smectite

group of clayminerals and is commonly used due to its wide abundance,

high cation exchange capacity, low cost, large specific surface area and

flexible structural properties. The surface of the montmorillonite clay

is negatively charged due to the isomorphous substitution of Mg2+

for Al3+ in the octahedral layer and Al3+ for Si4+ in the tetrahedral

layer, which is balanced by the presence of small exchangeable cations

such as Na+ and Ca2+ present in between the clay sheet (Lin et al.,

2018). A major drawback of smectite is, during dehydration (heating)

the layered structure start decomposing and the intermediate space is

no longer accessible for chemical reactions (Najafi et al., 2021). To avoid

this problem, pillaring is done which impart permanent porosity to the

clay structures.

The concept of intercalation or pillaring was given by Barrer and

Mcleod in the 1950s by exchanging inorganic cations ofmontmorillonite

with tetra alkyl ammonium species (Barrer andMacleod, 1955). But the

use of organic cations for pillaring was limited due to their low thermal

stability - only up to 250 �C. In late 1977, Brindley and Sempels interca-

lated the hydrolysis product of AlCl3 in sodium saturated beidellite.

After aluminium, zirconium polyhydroxy cations were used as pillaring

material by Yamanaka and Brindley in 1979 (Yamanaka, 1979). Coor-

dination compounds, organometallic complexes, surfactants, and poly-

mers were also used as pillaring agents by many researchers. But, the

most useful and popular pillaring species used so far are polyoxocations

as they give high thermal stability to the clays (Gand et al., 2000). In

1988, Vaughan achieved pillaring by using cationic polymers of Al, Zr

and Ti with specific surface area and basal spacing of 300 m2/g and

1.8 nm respectively and the pillared structures were stable up to 600

�C. Work on Al-pillared clays is extensively documented in literature

because the hydrolysis behaviour of aluminium cations is fully under-

stood. In 1988, Bartley threw light on the solution chemistry of zirco-

nium ions and factors responsible for the successful pillaring of

zirconium into the clay structure. Cool and Vasant also emphasized

the parameters which influence the preparation of zirconium pillaring

solution. According to them, zirconyl ion is present as a tetramer in solid

zirconium chloride with the formula of [Zr4(OH)8(H2O)16]
8+. In water,

rapid polymerization of tetramer takes place and the solution becomes
acidic due to hydrolysis of the tetramer (Cool and Vansant, 1998). The

degree of polymerization depends upon the pH, concentration, ageing

and heating temperature of the zirconium solution. Intercalation of zir-

conium species in polymerized form produces a larger surface area with

more basal spacing and thermal stability (Burch and Warburton, 1986;

Bertella and Pergher, 2017). For the preparation of pillared clays, nature

of the parent claymaterial, concentration of the pillaring solution, inter-

calation reaction and calcination temperature, ageing, stirring time are

all important factors (Valenzuela et al., 2003). For the ion exchange reac-

tion, the parent clay can be used in powder form or suspension form. In

dilute suspension, expansion of clay sheet takes placewhich further facil-

itates the entry of polyhydroxy cation into the clay structure. By adjust-

ing the operating parameters, the structural and surface properties of

pillared materials can be tuned.

The parent clay contains many small exchangeable cations such as

Mg2++, Na+, Ca2+. To get a homogeneous structure, the interlayer

space can be saturated with one such ion either by acid treatment or

with NaCl. Ghnimia and Srasra used sodium saturated bentonite for

the preparation of Zr-pillared clays with a metal/clay ratio of

10 mmol/g. They obtained a specific surface area of 199 m2/g with a

basal spacing of 1.82 nm (Mnasri-ghnimi and Frini-srasra, 2019).

Lin et al., studied the effect of calcium and sodium ions pre-

treatment on the adsorption of phosphates on zirconium modified ben-

tonites. It was found that pillared clays prepared from Ca2+-bentonite

show better adsorption results than Na+-bentonite. They also had a

higher specific surface area (108.4 m2/g) and total pore volume

(0.1163 cm3/g) (Lin et al., 2018). Yuan et al. prepared Fe-pillared

montmorillonite clays by using Ca2+-Mt and Na+-Mt as precursor

material. Na+ activated montmorillonite was prepared by an ion-

exchange reaction between Ca2+-Mt and Na2CO3. They observed that

pillared clays synthesized from Na+-Mt show higher specific surface

area and porosity than those obtained from Ca2+-Mt. They also con-

cluded that the Na+ activation process influences the structure of pow-

dered montmorillonite based on the fact that higher basal spacing was

obtained in the case of Na+-Mt than Ca2+-Mt (Yuan et al., 2008).

The objective of this research was to investigate the influence of

Na+ pre-treatment on the process of pillaring. A series of Zr-

modified clays were prepared using two precursor materials; naturally

occurring montmorillonite (CM) and sodium exchanged montmoril-

lonite (Na-CM) at different Zr/clay ratios i.e. 2.5, 5, 10 mmol/g. A

detailed comparative analysis of the prepared materials was done for

a better understanding of the nature of zirconium pillars created inside

the clay structure. In this work, a novel analysis about the dimensions

and distribution of microstructures produced by the pillaring process

was made with the help of HRTEM, STEM-EDX and HAADF imag-

ing techniques.

2. Experimental

2.1. Materials

Naturally occurring raw montmorillonite (CM) used in this
study was purchased from VWR with the brand name Alfa
Aesar. All chemical reagents including zirconium oxychloride

octahydrate (ZrOCl2�8H2O of purity 98%), potassium chloride
(KCl), ethanol, sodium chloride (NaCl), silver nitrate
(AgNO3), hydrochloric acid (HCl), copper sulphate (CuSO4),

Tris (hydroxymethyl) aminomethane, ethylenediamine
(C2H8N2 of purity 99%) used were analytical grade. Distilled
water was used to prepare all the solutions in the experiments.

2.2. Preparation of Zr-PILCs

Zr-pillared clays were synthesized using two precursor materi-
als (CM, Na-CM) at three different Zr/clay ratios (2.5, 5,
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10 mmol/g). Na-CM was prepared by saturating raw montmo-
rillonite with 1 M NaCl for 24 h. After saturation, the clay was
recovered from the salt solution by centrifugation, washed

properly and dried at 60 �C. 0.1 M pillaring solution of
ZrOCl2�8H2O was prepared and aged for 24 h at room temper-
ature. Ageing of zirconium oxychloride solution leads to an

increase in the degree of polymerization due to an increase in
the rate of hydrolysis. 2 g of montmorillonite clay was dis-
persed in 200 mL of distilled water to form clay suspension.

To ensure proper dispersion and swelling, the clay suspension
was stirred at room temperature for 2 h. Then, the Zr pillaring
solution was added to the clay suspension dropwise and kept
at 50 �C under vigorous stirring. The suspension was left for

stirring for 2 h, followed by an ageing of 12 h at 50 �C. Then,
the intercalated clay was centrifuged and washed thoroughly.
Finally, the modified clay material was dried in a hot air oven

at 120 �C. Cation exchange capacity (CEC) of CM
(56 cmol+/kg) and Na-CM (52 cmol/+kg) was determined
using adsorption of copper ethylenediamine complex, [Cu

(en)2]
+2 (Ammann, Bergaya, and Lagaly, 2005). The Zr-

modified CM and Na-CM were denoted as Zr-50-2.5, Zr-50-
5, Zr-50-10 and Na-Zr-50-2.5, Na-Zr-50-5, Na-Zr-50-10,

respectively.

2.3. Methods of characterization

X-ray powder diffraction (XRD) measurements were per-

formed with Bruker D8 Advance instrument (Cu-Ka source,
40 kV and 40 mA generator settings) in parallel beam geometry
obtained with Göbel mirror and Vantec1 position sensitive

detector (1� opening). Measurements were recorded in the
2–70� (2h) range with 0.007� (2h)/24 counting time.

The specific surface area was determined by CO2 adsorp-

tion at 273 K using the ASAP 2020 instrument (Micromeritics
Instrument Corp. USA). Dubinin Asthakov model was
applied for the CO2 adsorption isotherms. Before making the

measurements, the samples were degassed at 90 �C for 24 h.
Thermogravimetric analysis (TGA) was done using the

MOM Derivatograph C/PC instrument. Approximately,
100 mg of sample was heated from 25 to 1000 �C at a rate

of 5 �C/min under air.
Fourier transform infrared spectroscopy (FTIR, Bruker

Vortex 70) was used to investigate the structure, bonding,

and chemical properties of clay samples. Measurements were
taken in the wavenumber range of 400 to 4000 cm�1 with an
average of 50 scans and a resolution of 4 cm�1.

High-Resolution Transmission Electron Microscopy
(HRTEM) micrographs were obtained using a Hitachi
HF3300S environmental transmission electron microscope.
Digital micrographs of the clay samples were further analyzed

using Fast Fourier Transforms (FFT). An in-house developed,
open-source image analysis code was used to measure basal
spacing in HRTEM images (Toth, 2021). The thickness and

spatial distribution of the Zr-rich domains were further studied
in Scanning TEM (STEM) mode using High Angle Annular
Dark Field (HAADF) imaging and Energy Dispersive X-ray

Spectroscopy (EDX, Oxford Instruments SDD X-MaxN

80T). Non-negative matrix factorization (NMF), described in
detail by Muto, 2019) and implemented via the HyperSpy

library for python, was used to aid localization of Zr-rich
regions in the EDX spectrum images.
3. Results and discussion

The XRD patterns of raw montmorillonite (CM) and its Zr-
pillared forms (Zr-50-2.5, Zr-50-5, Zr-50-10) are shown in

Fig. 1A. In CM, a sharp diffraction peak appeared at 6.97�
corresponding to a basal spacing of 1.26 nm, and a weak peak
appeared at 19.82� corresponding to the montmorillonite (Mt)

crystal structure. Other distinct diffraction peaks at 21.95�and
26.64� were attributed to impurities of cristobalite and quartz,
respectively. In Zr-50-2.5, the intensity of the Mt peak
decreased and shifted toward lower 2h, i.e., 5.08� correspond-
ing to a basal spacing of 1.74 nm. The increase in basal spacing
by 0.48 nm implied the intercalation of zirconium polyhydroxy
cations into the interlayer space of the clay mineral, however,

the decreased peak intensity suggested a degree of aperiodicity
in the clay structure. In Zr-50-5, two weak reflections were
obtained at 2h = 5.08�, 8.8� corresponding to d001 values of

1.74 and 1 nm, respectively. Weak reflections indicate that
the layers of clays were not homogenously spaced. In Zr-50-
10, the Mt peak shifted toward 2h = 8.94�, corresponding to

d001 = 0.99 nm. The thickness of the silicate layer in montmo-
rillonite is �1 nm (Zhou et al., 2019) – this means that at
higher concentrations of zirconium, the basal spacing
decreased and the crystal structure of the clay started

collapsing.
The XRD patterns of Na-CM and its Zr-modified forms

(Na-Zr-50-2.5, Na-Zr-50-5, Na-Zr-50-10) are shown in

Fig. 1B. In Na-CM, a reflection appeared at 2h = 7.77� with
a d001 value of 1.13 nm corresponding to the Mt peak. A
remarkable shift of the Mt peak toward the lower 2h value

and higher basal plane spacing was observed in the pillared
samples. In Na-Zr-50-2.5 and Na-Zr-50-5, well defined Mt
peaks were observed at 2h = 4.84�, 4.76� (d001 = 1.82,

1.85 nm), respectively. These d001 values matched the literature
data (Gand et al., 2000; Zou et al., 2020). The increase in basal
spacing by 0.69 and 0.72 nm proves that pillaring was success-
ful in both samples. A split in the peak was observed at

2h = 4.60 �, 7.37 � (d001 = 1.93, 1.19 nm) in the case of Na-
Zr-50-10 which suggested the presence of two fractions of clay
with different basal spacing.

Textural properties of the parent clay and their Zr-modified
forms are summarized in Table 1. It shows that all the Zr-
pillared clay samples exhibit high porosity and increased sur-

face area as compared to the precursor material. The largest
surface area (280 m2/g) was exhibited by Zr-50-2.5, with a
micropore volume of 0.143 cm3/g followed by the sample
Na-Zr-50-5 with a specific surface area of 240 m2/g and a

micropore volume of 0.122 cm3/g.
The FTIR spectra of the parent precursor and the pillared

clays are shown in Figs. 2 & 3. In Fig. 2, CM exhibited a band

at 3623 cm�1 corresponding to the stretching vibration of the
O-H bond coordinated with aluminium atoms of the octahe-
dral layer (KouSun et al., 1998). In the pillared samples, this

band disappeared. Bands near 3422 cm�1 and 1635 cm�1 were
attributed to the H-O-H stretching and bending vibrations of
adsorbed water (Frost et al., 2000; Madejová, 2003). The for-

mer band is related to the presence of interlayer water. As an
effect of the modification, these bands disappeared in zirco-
nium treated samples. The Si-O stretching vibration was repre-
sented in the range of 1200–700 cm�1 (KouSun et al., 1998;

Zviagina et al., 2020). This band was shifted towards a higher



Fig. 1 XRD patterns of raw and Zr pillared montmorillonite (A); and sodium saturated montmorillonite clays (B).

Table 1 Textural properties of precursor and Zr-pillared

clays.

Sample Specific surface

area (m2/g)

Micropore

volume (cm3/g)

Average pore

diameter (nm)

CM 40.5 0.021 2.03

Zr-50-2.5 280 0.143 2.04

Zr-50-5 129 0.054 1.7

Zr-50-10 134 0.056 1.67

Na-CM 28.3 0.012 1.75

Na-Zr-50-2.5 216 0.099 1.84

Na- Zr-50-5 240 0.122 2

Na-Zr-50-10 135 0.057 1.7

Fig. 2 FTIR spectra of CM and Zr-5
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wavenumber in zirconium treated samples. The bands at

915 cm�1 and 846 cm�1 originated from the deformation of
Al-Al-OH and Al-Mg-OH, respectively (Yuan et al., 2008;
Zhou et al., 2010). The intensity of bands between 500 and

1000 cm�1 decreased in the Zr-modified samples.
In pillared forms of Na-CM (Na-Zr-50-2.5, Na-Zr-50-5),

new bands were identified in the spectral range of 400–

500 cm�1 (Fig. 3B). In Na-Zr-50-2.5, two new bands were
observed at 404 and 418 cm�1. Three new bands at 410, 420
and 442 cm�1 appeared in the case of Na-Zr-50-5 (Fig. 3B).

These new vibration bands were attributed to the presence of
Zr-O bonds (Bačić, 2017; NerisMeireles et al., 2020;
Onyango et al., 2007). A possible explanation for this could
be when CM was treated with NaCl, sodium ions entered

the interlayer space and interlayer water was removed as an
0-2.5, Zr-50-5 and Zr-50-10 (A, B).
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effect of heating. This makes the clay structure homogenized
and the sodium ions facilitate the subsequent exchange with
zirconium ions. Also, the mobility of the interlayer ions
Fig. 3 FTIR spectra of Na-CM a

Fig. 4 Thermogravimetric curves of Na-CM (A); Na-Z
depends on the stability of the hydration shell around them.
Sodium ions have a less stable hydration shell therefore they
have more mobility. In CM, sodium ions are present along
nd Zr pillared Na-CM (A, B).

r-50-2.5 (B); Na-Zr-50-5 (C) and Na-Zr-50-10 (D).
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with other cations such as calcium and potassium therefore the
moving region of Na+ ions is constrained by the hydration
shell of other cations (L. Zhang et al., 2014). The FTIR results

supported the XRD results which confirm successful intercala-
tion of zirconium species in between the clay sheets.

The thermogravimetric and the derivative curves are

depicted in Fig. 4. The percentage mass loss in the material
over a range of temperature is represented by the TG curve;
the derivative of which with respect to temperature (DTG)

was used to study the steps of thermal transformation. In
Fig. 4, the thermogravimetric curves of Na-CM and pillared
clay samples show that the stability of clay structure increased
after pillaring. This can be attributed to the fact that during the

process of pillaring, stable metal oxide pillars are formed
between the silicate sheets that impart rigidity to the clay struc-
ture. Previous studies revealed that the thermal decomposition

of clay takes place in two steps: in the range of 35–150 �C,
physically adsorbed water is lost, and in 450–800 �C, dehy-
droxylation of silicate structure takes place (Baloyi et al.,

2019; Chae et al., 2001). In consistence with this, the first step
of thermal decomposition could be seen between 25 and 110
Fig. 5 The similarities between the STEM-HAADF (A) and STEM

fringes in the HAADF images can be correlated to areas rich in Zr. The

ZrO2 layers are parallel to the electron beam. (C) The NMF-componen

the Al and Si from the surrounding clay. Additionally, higher resoluti

inset line profiles exemplify the relative size and spacing of the fringes
�C, while the second step was observed between 400 and 800
�C. Pillared samples exhibited higher relative mass loss than
Na-CM at lower temperature and lower mass loss at a higher

temperature corresponding to removal of hydroxyl groups
from the internal and external surface of the PILCS. In the
case of Zr-modified samples, additional mass loss in the first

step can be expected due to zirconium species. In the case of
CM and its pillared forms, similar results were obtained which
is shown in Fig. S1 provided in the supplementary document.

The nature of the ZrO2-pillaring and intercalation was fur-
ther investigated using STEM-HAADF imaging and EDX
spectroscopy. A comparison of a HAADF image and the Zr-
rich component from the corresponding EDX spectrum image

(Fig. 5A and B), acquired in a viewing direction parallel to the
clay basal planes, reveals that the bright areas in the former
can be ascribed to intercalated ZrO2. This interpretation is also

supported by the high HAADF-intensity of these areas, which
stems from the much larger atomic number of Zr compared to
the other elements present in the clay. Higher-resolution

HAADF images (Fig. 5D, E) display thin Zr-rich layers evenly
distributed throughout the material. Due to this very even
-EDX map of Zr-rich areas (B) in Zr-50-10 show that the bright

inset in (A) illustrates the viewing direction, where the intercalated

t used to construct B is dominated by Zr, but additionally contains

on HAADF images of Na-Zr-50-2.5 (D) and Na-Zr-50-5 (E) with

. The scale bars in each image represent 20 nm.
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distribution of ZrO2 in the Na-treated samples, it was not pos-
sible to distinguish individual layers over large field-of-view at
higher Zr loading (i.e., in Na-Zr-50-10). For both Na-Zr-50-

2.5 and Na-Zr-50-5, the thickness of the bright layers, mea-
sured at FWHM, varied between approximately 1–2 nm. The
domains were separated from peak to peak by approximately

1.5–3.0 nm. The measured layer thicknesses and separations
approximately match the basal distance of the expanded clay
(or a multiple of the same), indicating that the intercalation

occurs at every or every second layer, which agrees with the
XRD results (Fig. 1).

The hybrid, partial nature of intercalation was confirmed
by basal spacing measurement using image analysis as shown

in Fig. 6. As seen, the modification procedure increased the
basal spacing in all samples. The distributions of basal spacing
of the precursor clays were unimodal, with a mode at 1.1 nm.

The modification process introduced a second mode that cor-
responded to intercalated layers at a basal spacing of approx-
imately 1.5 nm. The extent of pillaring appeared to have been

affected by the concentration of Zr and the type of precursor:
Na-saturated clay exhibited a higher extent of pillaring and
slightly longer basal spacing. The optimum concentration of

Zr appeared to be 5 mmol/g – above this concentration,
Fig. 6 Detailed analysis of basal spacing based on HRTEM imagi

colour-coded maps of the basal spacing and modulation strength (m

spacing histograms obtained by manual measurement (orange) and im

normal distributions to the data obtained by image analysis: the dashed

the continuous line is attributed to the component of intercalated laye

measurements (orange), the mean of the basal spacing obtained by ima

intercalated layers (green).
pillaring appeared weaker since the basal spacing distributions
exhibited a weaker second mode, corresponding to intercalated
layers.

Since no increased basal spacing was detected by XRD for
Zr-50-10, yet some interlayer expansion was detected by
HRTEM (Fig. 6), further STEM-HAADF and EDX analysis

was performed. The HAADF image (Fig. 7A) shows sparse
Zr-rich domains which are unevenly distributed with large sep-
arations. At larger fields-of-view, the Zr-rich domains appear

in partially agglomerated structures that have no clear relation
to the surrounding layered CM structure, as shown in the
HAADF and EDX images (Fig. 5A, B). This lack of even, reg-
ular intercalation is consistent with the XRD results, which

detects only the periodic 1 nm spacing between the CM basal
planes.

The very sparse pillaring in Zr-50-10 means, however, that

the separation between individual pillars is sufficient for
HRTEM imaging. To determine the structure and morphology
of the intercalated ZrO2 pillars, representative HRTEM

images of the precursor and Zr-intercalated clays were
acquired in a viewing direction perpendicular to the clay basal
planes. To better be able to distinguish individual pillars, the

images were acquired at the very edges of the clay agglomer-
ng. The left column shows a representative HRTEM image with

easurement quality). The right column shows a matrix of basal

age analysis (blue). Green curves show components of fit bimodal

curve indicates the component attributed to the precursor clay and

rs. Circles and horizontal error bars show the mean of the manual

ge analysis (blue) and the mode of the component attributed to the
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ates to reduce the number of overlapping layers. Fig. 7B and C
show representative images and their corresponding, radially
averaged Fourier transform. The strong peak at 3.9 nm�1 seen
Fig. 7 HAADF image of Zr-50-10 (A) showing the presence of large

50-10 (C), both with their respective Fourier transforms and radially

indicating the peak at 3.9 1/nm corresponding to the [110] or [200] refl

The scale bar in the Fourier transforms insets in B-C correspond to 2

Fig. 8 EDX analysis of Na-CM
in pillared samples (Fig. 7C inset) – missing from precursor
materials (Fig. 7B inset) – can be attributed to the [110] reflec-
tion of tetragonal ZrO2 (Igawa and Yoshinobu, 2001) or the
ZrO2-domains. Representative HRTEM images of CM (B) and Zr-

averaged Fourier transforms as insets, the red rectangle and circle

ection of ZrO2. The scale bars in images A-C correspond to 10 nm.

nm�1.

(A) and Na-Zr-50-2.5 (B).



Table 2 Elemental analysis of raw and Zr- pillared clays.

Element wt % CM Zr-50-2.5 Zr-50-5 Zr-50-10 Na-Zr-50-5 Na-Zr-50-10

O 50.5 ± 1.6 51.7 ± 1.40 50.3 ± 0.91 53.7 ± 0.68 49.4 ± 0.78 49.6 ± 0.58

Na 1.40 ± 0.40 0.66 ± 0.28 0.50 ± 0.21 0.90 ± 0.10 1.06 ± 0.98 0.60 ± 0.26

Mg 1.70 ± 0.30 1.10 ± 0 1.20 ± 0.05 1.10 ± 0.05 1.21 ± 0.34 0.96 ± 0.05

Al 10.9 ± 0.30 8.9 ± 0.25 9.20 ± 0.26 8.60 ± 0.20 9.20 ± 0.15 9.50 ± 0.11

Si 29.8 ± 0.30 24.16 ± 1.1 25 ± 0.30 23.2 ± 0.45 25.3 ± 0.3 26 ± 0.20

Cl – – 0.36 ± 0.05 0.80 ± 0 0.76 ± 0.11 0.90 ± 0

K 0.30 ± 0.17 0.20 ± 0.10 0.10 ± 0 0.10 ± 0.10 0.46 ± 0.30 0.93 ± 0.41

Ca 1.20 ± 0.30 0.17 ± 0.05 0.16 ± 0.11 0.16 ± 0.05 0.23 ± 0.05 0.16 ± 0.05

Fe 2.10 ± 0.05 1.80 ± 0.10 1.90 ± 0.05 1.60 ± 0.05 2.00 ± 0.36 2.00 ± 0.10

Zr – 9.00 ± 0.36 10 ± 0.35 10.8 ± 0.47 8.70 ± 0.97 8.90 ± 0.17
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[200] reflection of monoclinic ZrO2. Upon filtering the images
at these frequencies, distinct 5–10 nm size domains were

observed, corresponding to the pillar diameter and further
demonstrating the very sparse pillaring in the Zr-50–10 sam-
ple. This supports both the successful formation of crystalline

ZrO2 under the present reaction conditions and demonstrates
the crucial role of the Na pre-treatment of the CM for achiev-
ing an even intercalation.

Elemental analysis of the raw and Zr- pillared clays deter-
mined by EDX is shown in Fig. 8 and Table 2. After the
sodium ion exchange with raw montmorillonite (CM), the
weight percentage of Na+ ion got increased from 1.4 to

3.25%. Furthermore, the percentage content of Ca+2 and
Na+ ions got decreased in all the zirconium modified clays
which shows that zirconium has entered into the clay structure

via the ion exchange process.

4. Conclusion

In this work, a detailed study was carried out to investigate the effect

of the precursor material (montmorillonite clay, CM, and Na-

saturated montmorillonite clay, Na-CM) and concentration of zirco-

nium on the structure of Zr-pillared clays. The obtained materials were

characterized using a range of techniques. Pre-treatment of montmoril-

lonite clay with NaCl improves the pillaring process. Better XRD and

FTIR results were obtained in the case of pillared clays prepared from

Na-CM which confirms the successful intercalation of zirconium in

between the clay sheets. On the other hand, partial pillaring was

observed in the case of CM which was further confirmed with the help

of HRTEM. The concentration of zirconium also plays an important

role during the process of pillaring. The lower concentration in the

range of (Zr/Clay = 2.5 to 5 mmol/g) favours the process of interca-

lation. The dimensions and distribution of zirconium pillars created

were also studied using STEM-EDX and HAADF images. The thick-

ness of these ZrO2 structures was found to be in the range of 1–2 nm

and they were separated by a distance of 1.5 to 3 nm. The intercalation

was found to be more evenly distributed throughout the material in the

Na-pre-treated clay as compared to the untreated one, indicating the

importance of the pre-treatment. Partial pillaring was observed in

the case of CM which was further confirmed with the help of HRTEM

whereby crystalline ZrO2 domains were observed. Zr-PILCs showed

high specific surface area, porosity, and thermal stability as compared

to precursor material. The development of these nanoporous clay-

based materials has great application in the field of material science.

The porosity and specific surface area of these materials can be tuned

so that they can be used as catalysts or adsorbents. There are numer-

ous interesting areas where the application of these materials has not

yet been explored such as the elimination of nutrients or biological

pathogens from wastewater.
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