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Adsorption of Fluorescein
on Zr-Pillared Montmorillonite Clays:
Studied by Time-Resolved Fluorescence Spectroscopy
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Department of Chemistry, Ziane Achour University of Djelfa, BP 3117, ALGERIA

ABSTRACT: In the present study, the adsorption capacities of two intercalated smectites, Na*-PMt
and Ca?*-PMt with the Zr pillar were investigated on fluorescent dye adsorption. The modified clay
sample was characterized in detail using X-Ray Diffraction (XRD), and Fourier Transform InfraRed
(FT-IR) spectroscopy. The values of interlayer spacing are similar about 16 A for all samples.
The adsorption isotherms fit well with the non-linear Langmuir isotherm model and the maximum
adsorption capacities of all materials are determined. For all samples interlayer spacing after
interactions between the dye and the modified clay are similar about 18 A as measured by X-ray
diffraction. The pillar improves the adoption capacity to wards fluorescein due to its location inside
interlayer space. Interestingly, the time-resolved fluorescence shows that the dye is not released
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in solution as it is the case for the pristine clay.
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INTRODUCTION

Industries are the main source of water pollution due to
release of toxic pollutants that are harmful to humans,
animals and water bodies. One of such important pollutant
is dyes that are widely used in many industries such as
textiles. Some dyes can be carcinogenic and not
biodegradable [1]. It is thus needed to find solutions for
their removal. Various physicochemical and biological
treatment methods have been reported to remove organic
dyes from waste water. Adsorption is proven to be
a practical way for the treatment of dye waste water
due to its efficiency, selectivity and cost-effective nature [2].
The clay minerals have layered structure composed of
octahedral and tetrahedral sheets consisting of fine
particles of size <2 um. Due to their abundance and their

low cost, they have been employed in numerous
applications such as adsorbents, catalysts or design
membranes [3 - 5].

Among the properties of clay minerals, their ability to
swell in water and the presence of both Bronsted and
Lewis acidity make them excellent host materials for the
full wide diversity of organic molecules [6 ,7].

To enhance of porosity and active sites and thus the
adsorption capacity, surface and structural modifications
are required. To do so, various modification processes
were reported such as modification with acids [8],
polymers [9] alcohols [10]. surfactants [11],
nanocomposite [12], or doping with metals [13]. Pillared
interlayered clays or pillared clays have higher porosity
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than the raw clays due to addition of pillars inside layer the
structure, this permanent porosity improving the adsorbent
ability. Basically, pillar comes from the rigid cross-linked
materials that are obtained by strong binding of metal
oxides and aluminosilicate layers using oxygen edges.

Currently, much research interest for inorganic pillared
montmorillonites due to more superior porosities [14],
thermal stabilities and catalytic activities[15]. The
principle of pillaring consists of large inorganic
polyhydroxocation species of Al, Zr, Ti, Fe, and Cr (either
pure or modified with other cations) intercalated into
the clay interlayer, followed by thermal treatment in the
temperature range of 300-700 °C [16]. Calcination
consisted the important step to prepare pillared clays
materials, it results to the dehydroxylation of intercalated
pillaring species and their transformation into oxide
pillars, thus propping apart the layers of the clays and
producing thermally stable rigid cross linked materials
with a large surface area, a certain porous texture and
acidity [17].

The Zr pillared Mt usually has a large basal spacing
and microporous structure, and shows better thermal
stability and performance of adsorption for organic
compounds and metals than Al pillared one [18], although
the chemistry of zirconium in aqueous medium and the
factors ruling the species in equilibrium appear somewhat
more constraining than for aluminium [19].

The aim of the present work is to investigate the
efficiency of different pillared smectite for adsorption of
fluorescein (FS). The latter is molecules of Xanthene
family are commonly used for broad applications due to
the very good quantum efficiency and their photochemical
stability. First, the structural properties of pillared clay will
be investigated. Then the organic ion location has been
studied by XRD. The adsorption isotherms will investigate
to evaluate the adsorption mechanism and the adsorption
capacities of the pillared clays. For the FS, we also
investigate the photophysical properties in aqueous
solution by the time resolved fluorescence in order to
discuss the releasing processes.

EXPERIMENTAL SECTION
Materials

The raw montmorillonite from a Crook County
(Wyoming) was purchased from the Source Clays
Repository. (Clay mineral Society ref: Srce_Clay SWy-
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2), for more details see (http://www.clays.org/). This clay
mineral has the chemical formula [20]. (Sizge Alsas
Feo42Mdoss Cagsz Nap1a Kogr). Its Cation Exchange Capacity
(CEC) was reported to be about 75 meg/100 g* [21]. It
was used as received without further purification. The
majority of the fine particles were mostly smaller than 2
microns in diameter. Homoionic clay of Na* and Ca?* was
obtained as previously reported using 1 M solution of pure
(NaCl, 99.8 %), (CaCl, , 99.7 %), in deionized
water[22].Sodium fluorescein (FS) (CzH100sNaz, My
376.27 g.mol; 99.8%, Lot#BCBJ6039V) was purchased
from Sigma—Aldrich and used without any further
purification.

Apparatus

Powder XRD analyses were performed on a
Panalytical empyrean diffractometer (Netherlands) using
Ni-filtered Cu Ka as the source of radiation. The samples
were all scanned from 3° to 80° with scanning speed of 6°
mint. The interlayer distance was calculated, for each
sample, from the position of the doo: ray. FT-IR spectra
were analyzed with BIO-RAD FTS-40 Fourier transform
infrared in a wave number range of 4000 — 400 cm™. The
pressed Potassium bromide (KBr) discs employed for this
purpose were prepared using 0.6 mg of sample and 300 mg
of KBr.

Time-resolved  fluorescence  spectroscopy  was
obtained by the time-correlated single-photon counting
technique. The fluorescence decay of FS loaded in
different materials was performed in water after removing
the FS desorbed in the material. The excitation wavelength
was achieved by using a SuperK Extrem high-power white
super continuum laser (NTK Photonics, model EXR-15)
as a pulsed continuum source. The wave length (A=520
nm) was selected using super KVaria module (NTK
Photonics). The repetition rate was set to 38.9 MHz; the
excitation pulse duration on this device is around 6 ps (full-
width-at-half-maximum, FWHM). For the analysis
the fluorescence decay law at the magic angle Iy (t)
was analyzed as a sum of exponentials:

n

Iv(0) = %Z aie(_%i) (1)

i=1

where I(t) is the fluorescence intensity, ai the pre-
exponential factor, 1 the fluorescence lifetime,
fluorescence lifetimes were calculated from data collected
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at the magic angle by iterative adjustment after
convolution of a pump profile (scattered light). with a sum
of exponentials as described previously [23].

Preparation of PMt

The pillaring process consists of two steps. In the first step
occur the intercalations of the pillaring agents between host
clay layers. In the next stage, these precursors are converted
into stable pillars through calcination to reach the final
structure of pillared clay is formed in this step-inducing and
increase of the interlayer distance.

Zirconium oxychloride (ZrOCl,.8H,0, 99.8 %, S.D.
Fine-Chem Ltd.) in aqueous solution (0.1 M, pH 1.43) was
first aged at 40 °C for 1 h. In a typical procedure to
intercalated Zr, 3 g of the homoionic Mt (Mt-Na or Mt-Ca)
was dispersed in 300 mL of deionized water. The amount
of pillared clays with Zr solution required to obtain a Zr/Mt
ratio of 10 mmol/g was then added drop wise to the clay
slurry [24].Then, the mixture was kept under constant
stirring for 1 h. The suspension was centrifuged and
washed with distilled water until reaching free of chloride
ions. The pillared clay was noted Na*-PMt and Ca?*-PMt
according to the exchangeable cation.

Dye adsorption on Material

Sodium fluorescein. It was adsorbed on the materials
as follows:10 mg (or 30 mg for the kinetic study) of
zirconium pillared montmorillonite Na*-PMt-or Ca*-PMt
was dispersed in 10 mL (or 30 mL for the kinetic study) of
fluorescein sodium solution (FS) with concentrations from
60 to 300 umol.L* for the isotherm study (or 50 umol.L™!
for the kinetic study). The mixture was stirred for 20 min
at 240 rpm at room temperature. For Kinetic study, the
contact time was from 5 to 60 min by 5 min step. After
that, the mixture was centrifuged in 2000 rpm for 5 min to
separate the adsorbent. The fluorescein concentration in
the supernatant was measured by absorbance at 489 nm
using UV-visible spectrophotometer (UviLine 9400-
SECOMAM).The calibration was performed using
standard solutions of fluorescein concentration range 7.5
to 30 uM with a regression coefficient of 0.997.

RESULTS AND DISCUSSION
X-ray Diffraction Analyses

The starting host clay Na*-Mt, Ca?*-Mt exhibited an
interlayer spacing of 12.22 A and 14.96 A respectively,
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Fig. 1: XRD patterns of Mt samples :befor and after ntercalated
with Zr-pillaring , a) Na*-Mt, and b) Ca?*"Mt.

confirming that the Ca and Na, were major cations that
were exchangeable in the starting clay [25]. After reaction
with Zirconium oxychloride Fig.1), interlayer spacing of
the samples Na*-PMt and Ca?*-PMt increased to 16.05 A
and 16.56 A respectively due to the presence of zirconium
pillaring species [26,27] .

These values are in good agreement with the one
reported in the literature for Zr-pillared clays [23]. When
the pillared clays adsorbed anionic dye,an expansion
of 18 A was achieved (Fig.2).

This confirms that the fluorescein is intercalated inside
interlayer space. Tablel gives the basal spacing values
characterising for all samples.

FT-IR analysis

The infrared spectra of pillared clay are shown in Fig.3.
The most distinctive feature of the Mt spectrum is the
broad absorption band that ranges from 3400 to 3600 cm.
The band at 3617 cm™ is characteristic of OH vibration
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Table 1: Basal spacing of all samples.

4 basal spacing (A) Ca*-Mt Na*-Mt N
Homoionic- Mt 14.96 12.22
PMt 16.56 16.05
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Fig. 2: X-ray diffraction patterns of PMt samples before and
after adsorption of fluorescein, a) Na*-PMt and b) Ca*- PMt.

of smectite. The band at 3426 cm™ was due to OH
stretching of water molecules adsorbed in the interlayer
region of the clay. The adsorption band at 1637 cm™ is
attributed to the deformational vibrations of adsorbed
water molecules [28].

The large band observed at 1044 cm™ all the spectra,
were attributed to the Si-O stretching vibration of
montmorillonite [29].The angular deformation bands at
522 and 459 cm™ are attributed to the Si-O-M type bonds
(M =Mg, Al or Fe) [30,31].The intensity of the peak
observed at about 3426 cm™ was higher than that of the
homoionic clays due to the presence of hydroxy-Zr species
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pillaring process.

Adsorption Kinetics

The kinetic study aims to investigate the time needed
to reach equilibrium for adsorption of FS onto modified
clays so that future studies could be unified into a fixed
time by which equilibrium would be established. For Ca?*-
PMt and Na*-PMt, the time to reach equilibrium was 20
minutes. The experiment data were fitted to several kinetic
models and the pseudo-second order kinetic is confirmed
by fitting t/q: (where g: is amount of FS removed, t denotes
time) into a straight line. The pseudo second-order kinetic
model is given by the following equation:

d
—— =k(qe — q)? (2)

Where K (g/mg.min) represent the rate constant
of the pseudo-second-order Kinetic model,q: (mg/g)
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and g. (mg/g) are the amounts of solute adsorbed
per gram of adsorbent at any time and at
equilibrium, respectively. Integration for boundary
conditions t=0 to t=tand q,=0 to q,=q;
follow by rearrangement gives:

Kq3.t
Qe = H—qTeqet 3)
The equation (2) can be rearranged linear forms as:
t 1 1
q—t = k_qg + q—et 4

The results obtained in (Fig.4), show that the
adsorption kinetics conforms to a pseudo-second-order
equation. From Table 2, the calculated values of
coefficient R? is up to 0.99. From these results, we can
deduce that the studied adsorption system well meets
the pseudo-second-order Kinetic model.

Isotherm Studies
Adsorption isotherm models play an important role in
the determination of the maximum capacity of adsorption,
and clearly depict the relationship of the amount of dyes
adsorbed by a unit weight of the clays at equilibrium.The
equilibrium adsorption isotherm explains how the dye
interacts with the clay, and how the adsorbate distributes
between the solution (C.) and the solid phase () when the
adsorption process reaches the equilibrium state.
Adsorption isotherm models such as Langmuir [33],
and Freundlich [34] .were commonly used to describe the
experimental data [35]. The Langmuir adsorption isotherm
is based on the assumption that the monolayer adsorption
onto a surface containing a finite number of adsorption
sites. It also assumes uniform energies of adsorption
as well as no mutual interaction between the adsorbed
molecules. The non-linear equation of the Langmuir
isotherm model is expressed by Eq (5):
_ KLqmce

= _Lm>e 5
de = T7K,.C. ®)

where gm is the maximum monolayer adsorption
capacity, K_ the Langmuir equilibrium constant.
The essential characteristics of the Langmuir isotherm
parameters can be expressed in terms of a dimensionless
constant called the separation factor, or a dimensionless
equilibrium parameter, R_. [36]. The dimensionless
constant R is the essential characteristic of the Langmuir
isotherm and it can be expressed by Eqg. (6):
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Table 2: Parameters obtained from the analysis of adsorption
kinetics by the Pseudo-second-order model.

/ Pseudo-second-order model \
Sample Qeq (MY/Q) K (g/mg.min) R?
Ca**-PMt 15.673 0.905 0.999
kNa*-PMt 10.438 1.996 0'991/
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Fig. 4: The effect of contact time on dye adsorption by modified
montmorillonite. Inserts are plot of t/qt against t.

1

R,=——
LT14KLC,

(6)

The Freundlich isotherm is based on the assumption
that adsorption occurs on a heterogeneous adsorption
surface with different energies of adsorption and is given
by the Eq (7):

1

ge = KpC? (7)

Where K; and n are the Freundlich constants related to
the adsorption capacity and adsorption intensity
respectively. The value of 1/n that varies between 0.1 to
1.0 indicates the favourable adsorption of molecule. nis a
measure of the deviation of the adsorption isotherm
linearity.

According to the R?, the Langmuir model is the most
suitable to describe the experimental data. The calculated
R. values based on the Langmuir adsorption isotherm are
close to 0.1 indicating that the adsorption process is
strongly favourable.In addition, the maximum adsorption
capacities and the best affinity are obtained for Na*-PMt.
Indeed the FS adsorbed on PMt were 21.53 mg/g
,8.72 mg/g for Na*-PMt and Ca?*-PMt respectively
(Table 3, Fig.5).
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Table 3: Fitting parameters obtained for Langmuir and Freundlich isotherms.

K Langmuir model Freundlich model \
Adsorbent gm(Mg.g?Y) Ky (L/mg") R? RL Ke (mg.g?) n R?
Ca?*-PMt 8.721 0.461 0.998 0.087-0.022 5.395 10 0.987
k Na*-PMt 21.53 0.075 0.994 0.371-0.124 4.544 3.225 0.973j
: 10
5 Na“-PMi b
e Ca”-PMt u = =
18- . e . o . . B - . ;
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Fig.5: Adsorption isotherm of fluorescein on PMt and fit using Langmuir and Freundlich model, a) Na*-PMt and b) Ca®*-PMt.
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Fig.6: Fluorescence decay of fluorescein loaded on: Na*-Mt
(red), Ca?*-PMt (blue) and Na*-PMt (black).

These values of adsorption capacity are higher
than the one previously reported for FS in same
montmorillonite (2.713 mg.g') [37]. On the other
hand, for the anionic dye such as rhodamine or
sulforhodamin the clay is not satisfactory because
the dye is more easily released [38,39]. At this stage,
the pillared clays seem to be a good candidate for removal
fluorescein.
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Impact of Clays on Photophysical
Fluorescein Dye

In order to characterize the clay-fluorescein
interactions, the photophysical properties of dye were
studied by time resolved fluorescence in aqueous solution.
The fluorescence decay was reported in (Fig.6) and
the results are summarized in Table 4.

Free in solution, the fluorescence decay of fluorescein
can be fitted with a single exponential function
with a lifetime t=3.82 ns. When the fluorescein loaded
on Na-Mt where 65 % of the fluorescence come
from a lifetime about 3.70 ns (closer than the one free in
solution).

This suggests that the dye is surrounded by water
molecules and thus not adsorbed on the clay surface. Such
releasing of the dye was also previously reported for the
Mt-BMIM [37].

For the fluorescein loaded on the pillared clay, a
decrease of the average life time to 1.19 ns and 1.02 ns
were observed for Ca?*-PMt Na*- PMt respectively. The
modification of the fluorescence emission can be assigned
to the strong interaction between the pillared clay and the
dye [40].This could confirm the location of the dye inside
the interlayer space of the clay.

Properties of
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Table 4: Fluorescent lifetime (i) and yield for dye adsorbed in Mt Al (Yield = 100 aiti/Zaiti represents the contribution
of each emission to the total emission).

4 70 (ns) (Yield) 1 (ns) (Yield) 5 (ns) (Yield) Ty (S) 2
Free (1%(?;) ) 3.82 1.05
Mt-Na (62'_;8@ 0.733 (21.1%) (&22) 2.60 11
Na'-PMt-FS (35333@ ( ﬁg% (201'.112;)) 119 1.07

\__ C&"- PMLFS %) w00) 20.9%) 102 L J

CONCLUSIONS

Two different pillared interlayered clays Na*-PMt and
Ca?*-PMt were prepared using a conventional method
consisting in two steps.The adsorption isotherm results
showed that the affinity of dye is limited for adsorption
capacities range from 9 mg g* to 22 mg g*.The XRD
patterns indicate an intercalation of the Zr agent in the
interlayer space.In addition,the pillar enhances the
adsorption capacity fluorescein due to its location inside
interlayer space. Interestingly, the time resolved
fluorescence show that the dye is not released in solution
as it is the case for the pristine clay. Our work
demonstrates that the pillared clay could be a good
candidate to remove anionic dyes from water without the
releasing effect previously demonstrated for clay minerals.
In addition, the modification of the fluorescence lifetime
due to the interaction with the material could also find
applications as new pigment. Regardless the application,
we believe that the intercalation of anionic dye inside
pillared clay is interesting and exciting field to investigate.
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