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Abstract The most potent and significant poly-
phenolic molecule from tea catechins is epigallo-
catechin gallate (EGCG); it has potential anti-can-
cer and anti-inflammatory properties. Methods are 
needed to mitigate its presence in the environment 
and protect humans from  exposure. The objective 
of the present study was to investigate a functional-
ized, low-cost clay mineral as an adsorbent for the 
tea polyphenol EGCG. Hydrophilic bentonite (Bn) 
was functionalized using Aliquat 336 (A336) and 
isobutyl(trimethoxy)silane (IBTS). The degree of 
clay functionalization depended on the extent of 
introduction of alkyl linkages between the superim-
posed clay layers. Results revealed that Aliquat 336 
functionalized clay (A336-Bn) exhibited maximum 
thermal stability at 500°C and it is a promising adsor-
bent for ECGC with a maximum adsorption capac-
ity of 196.26 mg/g at equilibrium. Experimental data 
were analyzed using pseudo-first  order and pseudo-
second  order models. Adsorption isotherms were 
interpreted from the Freundlich adsorption isotherm.

Keywords Adsorption · Epigallocatechin gallate · 
Hydrophilic bentonite · Silane coupling agent · 
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Introduction

Bentonite (Bn) is a naturally occurring mineral ore that 
contains montmorillonite (Mnt), an aluminosilicate 
belonging to the smectite group with a chemical com-
position that includes alkali metal ions (Anastácio et al., 
2008; Bai et al., 2019; Bergaya & Lagaly, 2006). When 
modified with an organic surfactant through cation 
exchange in the Mnt interlayers, small amounts of Mnt 
can be exfoliated to form clay-polymer nanocomposites 
(Beltrán et al., 2014). These materials have received a 
great deal of attention because of the beneficial prop-
erties imparted to the polymers by the presence of the 
clay mineral (Manias et al., 2001). Quaternary ammo-
nium cations are among the most common of such 
organic modifiers, but silane coupling reagents have 
also been exploited to further propagate the organic 
intercalation process specific to the use of silane com-
pounds (Raji et  al., 2018). Functionalized clays have 
also been exploited for many other purposes, includ-
ing the adsorption and/or sequestration of an abundant 
array of hydrophobic compounds (Park et al., 2011).

In general, quaternary ammonium compounds 
contain hydrophobic alkyl chains that are attached 
to the positively charged nitrogen atom (Komo-
riet al., 1999). The surfactants can be used for the 
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development of hybrid polymeric composites (Li 
et al., 2018; Moreno et al., 2006). Cationic surfactants 
can be used for the surface modification of hydro-
philic aluminosilicates and they can also be used as 
adsorbents in various adsorption processes (Asefi 
et al., 2009, 2010).

The physicochemical properties of clay miner-
als can be changed by exchange with quaternary 
ammonium cations to increase their reactivity toward 
a wide array of organic compounds (Terzic et  al., 
2017; Zhou et al., 2015). The reaction of quaternary 
nitrogen is increased by the polarization of the basal 
oxygen atoms that are embedded at the clay surface 
(Zumsteg et al., 2014). The formation of functional-
ized clay can be carried out by intercalation which 
involves cation exchange capacity, concentration 
gradient of surfactants, and diminishing surface area 
(Guo et al., 2018). By virtue of its high Mnt content, 
bentonite has a much larger cation exchange capacity 
and greater hydrophilicity than kaolinite (Kln).

Aliquat 336 is a cationic surfactant with a long 
hydrophobic alkyl chain (Kozak & Domka, 2004), 
and it also has phase-transfer capacity in clay modifi-
cation. The silane coupling agent isobutyl trimethoxy 
silane is the stable intermediate in epoxy based encap-
sulants (Leung et  al., 2001). The hydrolyzable parts 
(alkyl chain) of silane coupling agents have signifi-
cant reactive affinity with the silanol group of mineral 
surfaces. The functionalized clays have been chosen 
as an effective means of removing  hazardous met-
als from the environment (Zhang et  al., 2015). The 
large surface area of surfactant-loaded functionalized 
clay leads to a highly reactive interface with polymer 
matrices. Moreover, the hydrophobicity which occurs 
because of intercalation of  the surfactants into the 
clay mineral layers offers functionality to the clays for 
various applications (He et al., 2006).

Functionalized clay nanocomposites have various 
applications in environmental protection through the 
adsorption of chemicals  such as 2,4-dichlorophenol 
using functionalized clay/aquifer material mixtures, 
Cu(II), and dyes, etc. (Mahmoodi & Arami, 2009; 
Oveisi et al., 2019; Paiva et al., 2008; Pernyeszi et al., 
2006; Xie et al., 2018). Clay mineral interlayers can be 
transformed from being hydrophillic to hydrophobic 
by exchanging the natural inorganic cations with sur-
factant cations (Düşkünkorur et al., 2015; Tonle et al., 
2015). Functionalized clay minerals serve as efficient 
catalysts for the ring-opening polymerization reaction 

of the lipase enzyme (Ozturk et  al. 2016). In addi-
tion to this, functionalized clays are most effective in 
removing phenolic compounds from organic-solution 
mixtures (Moshe & Rytwo, 2018; Li et al., 2019).

Previous studies have reported the use of function-
alized clay for the adsorption of dyes or other con-
taminants. The use of hexadecyltrimethylammonium 
(HDTMA) chloride-modified bentonite as an adsor-
bent for basic dyes such as methylene blue, crystal 
violet, and rhodamine B was studied by Anirudhan 
& Ramachandran (2015) who achieved a maximum 
adsorption of methylene blue of 399.74 μmol/g. The 
surfactant functionalization of clay minerals and its 
use for the adsorption of p-chlorophenol and p-nitro-
phenol was studied by Park et al. (2013); the amounts 
adsorbed were reported as 14.286 and 12.870 mg/g, 
respectively. The sorption of benzene and met-
als by functionalized clays (HDTMA-bentonite and 
BTEA-bentonite) was studied by Oyanedel-Craver 
et al. (2007). Some researchers suggested the use of 
functionalized clays for the adsorption of non-ionic 
organic compounds (NOC) (Oyanedel-Craver et  al., 
2007; Park et al., 2013).

The advantages of functionalized clays as adsor-
bents include  the following: (1) regeneration can be 
quick and easy; (2) desorption is chemically simple; 
(3) non-toxic by-products are produced; (4) they can 
work at low temperatures; (5) their large adsorp-
tion capacity for organic compounds such as EGCG 
reduces the amount that must be used as adsorbent 
and helps to minimize disposal volumes (Mahmoodi 
et al., 2010a); and (6) they are cheap.

The main goal of the current study was to create reac-
tive platforms within the clay layers by functionalizing 
the bentonite using Aliquat 336 or isobutyl(trimethoxy)
silane (IBTS) and then comparing their characteristics. 
A further objective was to demonstrate the effect of 
alkyl linkage on the clay functionalization process and 
to present a novel modification method for clay-based 
material for the purpose of polyphenol separation.

Experimental

Materials

Hydrophilic bentonite (≤25  μm) and cationic sur-
factant Aliquat 336 (>97% purity) were purchased 
from Sigma Aldrich (Bangalore, India). The cation 
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exchange capacity of this clay is 92 meq/100 g. The 
high-purity isobutyl(trimethoxy)silane [(CH3)2CHC
H2Si(OCH3)3, 97%] coupling reagent was purchased 
from Merck (Bangalore, India). The polyphenol epi-
gallocatechin gallate  (C22H18O11, > 98%, HPLC) was 
procured from Sigma Aldrich (Bangalore, India) and 
used in the adsorption study. The distilled water used 
throughout the experiments was obtained from the 
Milli-Q water system. The commercially available 
standard Oakton pH buffer solution was purchased 
from Cole-Parmer (Mumbai, India). The composition 
of the standard acidic buffer solution was a mixture 
of deionized water  (H2O) and potassium hydrogen 
phthalate  (C8H5O4K), whereas the basic buffer stand-
ard had a composition of deionized water  (H2O) and 
sodium phosphate  (Na2HPO4).

Purification of the Bentonite Clay

In order to separate the Mnt  from bentonite, the par-
ticles were centrifuged at 1500  rpm (378 ×  g) for 
15 min, followed by ultrasonic treatment to separate 
montmorillonite fractions from raw bentonite. 5 g of 
raw bentonite was dispersed in 100 mL of deionized 
water and sonicated for 30 min. The suspension was 
then centrifuged at 1500  rpm (378 ×  g)  for 15  min 
to settle the solid particles. The upper fraction of the 
dispersed material was collected and poured into a 
beaker for evaporation of water under oven drying at 
150ºC which was complete after 12 h. Acid treatment 
of the raw bentonite was carried out to remove iron 
oxide and carbonate adsorbed on the clay. 5 g of raw 
bentonite was treated with 0.05% of acetic acid solu-
tion at pH 5 by adding sodium acetate. The mixture 
was further centrifuged at 1500  rpm for 15  min to 
collect the clay.

Other organic matter in the Bn clay was removed 
by adding 0.05  mol   L–1 sodium acetate and 85  mL 
of  H2O2. The centrifugation process was done at 
1500  rpm  (378×g) for 10  min to separate the solid 
phase. The purified bentonite was washed with 
sodium chloride to obtain sodium-saturated bentonite.

Preparation of the Functionalized Clay (Modified 
Bentonite)

For the functionalization of the clay, 1  g of acid-
activated raw bentonite was added to a mixture of 

20% distilled water and 80% methanol, which was 
stirred continuously at 75°C. The clay dispersion 
was sonicated for 30  min at 25°C to disperse  the 
stacked layers. After the dispersion, the solution 
was separated into two parts;1 mL/g of Aliquat 336 
(organic modifier) was added to one part, 1 mL of 
isobutyl(trimethoxy)silane was added to the other. 
Afterward, both mixtures were stirred for 4 h, then 
centrifuged at 1500  rpm (378 ×  g)  for 5  min so 
that separation of the solid and liquid phases was 
achieved. The modified clay was dried in an oven 
at 60ºC for 24 h. The dried solids were ground for 
further use.

Characterization of Raw, Purified, and Functionalized 
Clay

The structural differentiation between raw clay, and 
functionalized clay was determined using various 
experimental techniques. The FTIR spectra were 
recorded over the range 400 to 4000   cm–1 using a 
Perkin-Elmer Spectrum 100 spectrophotometer 
(Kenilworth, New Jersey, USA). A Zeiss Sigma 
Field-Emission Scanning Electron Microscope 
(Oberkochen, Germany) was used to analyze the 
surface morphology and energy dispersive X-ray 
analysis (EDX) to determine the elements present in 
the raw and purified bentonite. The interlayer mor-
phology of the clays was characterized by high-res-
olution transmission electron microscopy (HRTEM) 
using a JEM 210 Plus electron microscope (JEOL, 
Tokyo, Japan). The interlayer spacing of the clay 
layers was also determined by X-ray diffraction 
using a Rigaku ULTIMA-IV instrument (Tokyo, 
Japan). The elemental compositions of the function-
alized clay were analysed using an X-ray photoelec-
tron spectrometer, ESCALAB Xi + (Thermo Fisher 
Scientific, East Grinstead, UK). A  chemisorption 
and physisorption instrument (Anton Paar, Ost-
fildern-Scharnhausen, Germany) was used to deter-
mine the BET (Brunauer Emmett Teller)  surface 
area of the sample. In the BET adsorption experi-
ment, the volume of gas adsorbed on the surface 
was measured at discrete pressures over the rela-
tive equilibrium adsorption pressure (P/P0) range of 
0.075–1.0, where P and P0 are the absolute equilib-
rium pressure and condensation pressure of nitro-
gen, respectively.

Clays Clay Miner. 432

https://doi.org/10.1007/s42860-023-00246-4 Published online by Cambridge University Press

https://doi.org/10.1007/s42860-023-00246-4


1 3
Vol.: (0123456789)

Adsorption Experiment

A batch experiment was performed to investigate 
the adsorption capacity of raw bentonite and its 
functionalized form for adsorption of EGCG from 
its aqueous solution. The initial concentration of the 
EGCG solution was taken as 1  mg/L. The amount 
of adsorbent used for every adsorption experiment 
was 5 mg. The adsorbent was dispersed in an aque-
ous solution of EGCG under continuous agitation 
for 12  h. After shaking properly, the mixture was 
centrifuged for 10 min, and the supernatant was col-
lected and analyzed using a Spectroquant® Prove 
600 UV/Vis spectrophotometer (Darmstadt, Ger-
many). The pH-dependent adsorption of raw ben-
tonite and functionalized clays were determined by 
evaluating the amount of EGCG adsorbed under 
five different pH values (3, 5, 7.5, 8, and 9).  The 
aqueous solution of EGCG was added to five dif-
ferent conical flasks to each of which one of the 
pH buffer solutions was added. For each solution, 
0.1 g of functionalized clay was added and the mix-
ture was stirred at 500  rpm for 6  h. The superna-
tant of each solution was collected and analyzed 
using a UV–Vis spectrophotometer (Spectroquant® 
Prove 600 UV/Vis spectrophotometer (Darmstadt, 
Germany)).

To test and compare the adsorption performances 
of the functionalized clays, the adsorption capacity 
(qe, mg/g) of pure and functionalized clays for poly-
phenol was calculated using Eq. (1)

where C0 (mg/L) and Ce (mg/L) are the concentra-
tions of the polyphenol in solution before and after 
adsorption equilibrium, V (L) is the volume of the 
polyphenol solution, and m (g) is the mass of the 
adsorbent used.

The removal efficiency (R%) of the polyphenol 
was calculated by

where Ct (mg/L) is the concentration of the solution 
obtained at various time intervals.

The adsorption kinetics (Mahmoodi et al., 2018) 
of EGCG onto functionalized clay can be studied 

(1)qe =
C
0
− Ce

m
× V

(2)R% =
C
0
− Ct

C
0

× 100

using pseudo-first order and pseudo-second order 
kinetics models.

Pseudo-First Order Model

This model was used to express the rate of adsorp-
tion of adsorbate from a liquid phase and is known 
as the Lagergren rate equation, given by Mahmoodi 
et al. (2018):

where qe and qt (mg·g−1) are the adsorption capacities 
at equilibrium and at time t, respectively;  k1  (min−1) 
is the rate constant. Integrating Eq. 3,

The adsorption rate constant  (k1) is determined from 
the plot of log(qe − qt) vs. t.

Pseudo-Second Order Model

In this model, the rate of adsorption is given as 
(Mahmoodi et al. 2018):

where  k2 (g   mg−1   min−1) is the rate constant for the 
pseudo-second order adsorption reaction.

Integrating this for the boundary conditions t = 0 to 
t = t and qt = 0 to qt =  qt, gives

The values of qe and  k2 can be calculated using Eq. 6.

Equilibrium Study

Equilibrium adsorption isotherms were measured by 
performing the experiment using 0.021 g of adsorbent 
in 250 mL of aqueous alcohol solution. The equilib-
rium time for adsorption isotherms was 300  min as 
confirmed by kinetic data. Adsorption data were mod-
eled using the Langmuir and Freundlich equations.

The Freundlich isotherm is typically used to 
model energetically heterogeneous surfaces, using the 
expression:

(3)
dq

dt
= k

1
(qe − qt)

(4)log
(

qe − qt
)

= log qe − k
1
t∕(2.303)

(5)
dq

dt
= k2(qe − qt)2

(6)t∕qt = 1∕k2qe2 + 1∕qet
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where  KF is the Freundlich constant (mg  g−1), n is the 
adsorption intensity, Ce is the equilibrium concentra-
tion of the adsorbate (mg  L−1), and qe is the amount 
of EGCG adsorbed per gram of the adsorbent at equi-
librium (mg  g−1).

The linear form is

The Langmuir hypothesis states that, once a satu-
ration point is achieved, no further adsorption can 
occur. At this time, the saturation monolayer is repre-
sented by the following expression:

where, qe (mg   g−1) is the equilibrium amount of 
adsorbate, Ce (mg  L−1) is the equilibrium concentra-
tion of adsorbate,  qL (mg  g−1) and  KL are the Lang-
muir constants for monolayer adsorption capacity and 
energy of adsorption, respectively.

Desorption and Regeneration Studies

The desorption and regeneration study of the adsorp-
tion process was carried out to determine the nature 

(7)qe = KFCe
1∕n

(8)log qe = logKF + 1∕n log
(

Ce

)

(9)qe = (qLKLCe)∕(1 + KLCe)

of the adsorbate–adsorbent interaction (Mahmoodi 
et al. 2010c). In this process, the functionalized clay 
was recovered by the desorption of EGCG using 
dilute NaOH. The regenerated functionalized clay 
was again tested for further adsorption of EGCG. 
Both the adsorption and desorption procedures were 
done four times.

Results and Discussion

Determination of Functional Groups

The vibrational frequencies of the various moieties 
in the clay layers were determined by FTIR spec-
troscopy (Borah et  al. 2022). Shifts in vibrational 
frequencies differentiated the raw, purified, and func-
tionalized clays (Fig.  1a-d). The peak at 1015   cm–1 
was present in all clay samples and indicated the 
presence of Si–O–Si stretching vibrations. The low 
intensity of this peak in the purified clay reflected 
the decrease in  SiO2 content (Fig.  1b). The band at 
3523   cm–1in all spectra was due to structural O–H 
stretching. The peak at 3170   cm−1(Fig.  1c) was due 
to –CH2 vibrations. The broadening of this peak 
was due to intercalation of the alkyl-chain into the 
clay interlayer space in the case of the surfactant 

Fig. 1  FTIR spectra of a raw bentonite, b purified bentonite, c A336-Bn, and d IBTS-Bn
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functionalized clays. In Fig. 1d, a low-intensity peak 
at 3170  cm–1 was observed which was perhaps due to 
the intercalation of isobutyl linkage in the clay layer. 
In Fig. 1c two peaks were obtained at 3170  cm−1 and 
3050  cm−1 due to the presence of the long alkyl chain 
of Aliquat 336 in the functionalized clay. More exfo-
liation of clay layers occurred in A336-Bn compared 
to IBTS-Bn.

Determination of the XRD Pattern

X-ray diffraction patterns of the raw, purified, and 
functionalized clays (Fig.  2) showed peaks at 20.5, 
28.3, 35.8, and 54.7°2θ due to the presence of (110), 
(210), (124), and (144) planes, respectively. These 
XRD patterns are in good agreement with the stand-
ard JCPDS file (01–008-0891) (Ouellet-Plamondon 
et al., 2014). Here, the diffraction intensities differed 
in raw and functionalized clays. The raw clay con-
tained feldspar (Fsp), quartz (Qz), and cristobalite 
(Crs) at 32.5°, 56.1°, and 40.5°2θ, respectively. In the 
case of surfactant-functionalized clay, the intensity of 
the diffraction peak increased due to the intercalation 
of long alkyl chains within the clay layers.

The low intensity of the d110 reflection 
was observed in silane coupling with the clay because 
of the methyl fragment (Abeywardena et  al. 2017). 
The d spacings were 1.55, 1.52, 1.40, and 1.38  nm 

for the surfactant-modified, silane-modified, puri-
fied, and raw bentonites, respectively. The lower 
angle in the modified clay compared to raw bentonite 
indicated the widening of a peak with an increase in 
interlayer spacing. The elongation of the silane-group 
hydrophobic fragments was attributed to the compar-
atively weaker intercalation within the clay-polymer 
skeleton (Avella et  al. 2005). The stacked layers of 
the clay were more exfoliated in the case of the sur-
factant functionalized clay due to the longer alkyl 
chain. The intensity of the corresponding diffraction 
peaks increased therefore (Fig. 2c).

Elemental Analysis

The use of XPS is a prerequisite for analyzing the ele-
ments involved in intermolecular attractions which 
leads to different binding energies due to factors such 
as electronegativity, electron affinity, and polarizabil-
ity. Survey XPS spectra of the raw, surfactant func-
tionalized, and silane-coupled clay (Fig. 3) showed in 
the raw clay (Fig. 3E) binding energies for Si, C, and 
O at 102, 270, and 532  eV, respectively. The high-
resolution XPS scan of the C1s peak for the raw clay 
showed a peak at 284 eV which confirms the presence 
of the C–C bond (Fig. 3A.1). Further, for the O1s high-
resolution scan, two distinct peaks were obtained at 
binding energies of 531 and 532 eV which correspond 

Fig. 2  Powder XRD patterns of a raw bentonite, b purified bentonite, c A336-Bn, and d IBTS-Bn
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Fig. 3  High-resolution 
XPS spectra of C1s 
(A.1, A.2, A.3), O1s 
(B.1, B.2, B.3), Si2p 
(C.1, C.2, C.3), and N1s 
(D), and survey scans 
(E) of raw bentonite, 
A336-Bn, and IBTS-Bn
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to metal carbonate and metal hydroxide, respectively 
(Fig.  3B.1). In addition to this, the high-resolution 
scan of Si resulted in three peaks at binding energies 
of 102.5, 103, and 103.3  eV which correspond to 
O–Si–O, Si–OH, and Si–C, respectively (Fig. 3C.1).

The XPS survey spectra of surfactant functional-
ized bentonite (Fig. 3E) indicated the presence of Si, 
C, N, and O at binding energies of 102, 270, 401, and 
532 eV, respectively. A high-resolution C1s spectrum 
showed binding energies at 284.7 and 285.2  eV for 
C–C and C–N, respectively, as shown in Fig.  3A.2. 
Furthermore, from an N1s high-resolution scan, three 
peaks were obtained at 399, 401, and 402  eV, for 
N–Si, C–N, and C–N–Si, respectively (Fig. 3D). The 
O1s high-resolution scan gave three peaks at binding 
energies of 531, 533, and 532 eV, which correspond 
to O–Si, O–C, and Si–O–C (Fig. 3B.2). In addition to 
this, the high-resolution scan of Si revealed in three 
peaks, at binding energies of 102, 102.5, and 103 eV, 
which corresponded to Si–C, Si–N, and O–Si–O, 
respectively (Fig. 3C.2).

The survey spectra of silane-coupled bentonite 
(Fig.  3E) indicated the presence of Si, C, and O at 
binding energies of 102, 270, and 532  eV, respec-
tively. The high-resolution XPS survey scan of C1s 
showed clearly two peaks at binding energies of 
284.5 and 287 eV, which were attributed to the C–C 
and C–O bonds (Fig. 3A.3). Further, for O1s, in the 
high-resolution scan, four peaks were obtained at 
binding energies of 531,  532, 532.5, and 533.5  eV 
due to C–O, Si–O–Si, O–H, and Si–OH, respectively 
(Fig.  3B.3). The high-resolution scan of Si resulted 
in two peaks at binding energies of 102.5 and 103 eV 
corresponding to C–Si and Si–O, respectively, 
(Fig. 3C.3).

Determination of Thermal Stability

The thermal stability of the bentonite and function-
alized clays were studied before and after adsorp-
tion by thermogravimetric analysis (TGA) (Fig.  4A 
and B). The first step in the mass loss from the raw 
clay (Fig.  4A(a)) below 100°C was due to the des-
orption of water molecules from the bentonite. In 
the second step (Fig. 4A(b)), the mass loss occurred 
at ~ 130–150°C due to the dehydration of clay inter-
layers. degradation of aluminosilicate interlayers. The 
third mass-loss at ~ 600–800°C was due to the dehy-
droxylation of the aluminosilicate.

The second mass loss step for surfactant-func-
tionalized clay was observed at ~200ºC as shown 
in Fig.  4A(c) which revealed the dehydration of the 
hydrated sphere surrounding metal cations (Naranjo 
et al., 2013). The third weight loss was attributed to 
the removal of organic filler as reported by Tian et al. 
2017. Curve (c) in Fig. 4A did not show the distinct 
peak of thermal decomposition of the surfactant 
fraction.

The thermal stability of surfactant functional-
ized clay was observed up to 550°C after adsorp-
tion, whereas before adsorption, thermal stability was 
observed at 600°C.

The derivative thermogravimetric (DTG) curve 
of the bentonite and functionalized clays (Fig.  4C) 
revealed four mass-loss steps in the surfactant-func-
tionalized (Fig.  4C(b)) sample but only two in the 
silane-functionalized (Fig.  4C(c)) sample. The first 
one occurred at ~70ºC in both, due to the desorbed 
water. The silane-functionalized samples experienced 
a second mass loss at higher temperature (~430°C) 
than the other clays. This is attributed to the chemical 
change that occurred within the clay layers due to the 
silane-grafting ability of isobutyl(trimethoxy)silane 
with the hydroxyl group at the edges of the tetrahe-
dral sheet, which stabilized the functionalized clay 
structure.

Surface Morphology

Surface morphology of raw and functionalized clays 
were analysed by SEM  (Fig.  5a-d) which showed 
prominently stacked layers in the raw bentonite 
(Fig.  5a,b). In the  case of functionalized clays, dis-
tinct exfoliation of stacked clay layers was observed 
and it was even more evident in the surfactant-modi-
fied clays (Fig. 5b,c). SEM–EDX analysis of the clays 
gave the picture of the elements present in the clays 
as shown in Table 1.

The morphology of raw and functionalized clays 
was also analysed by TEM (Fig. 6a–c) and, in the case 
of raw clay (Fig. 6a), revealed a lamellar arrangement 
of the clay layers, whereas in case of functionalized 
clays, delamination of clay structures was observed 
(Fig.  6b,c). The delamination occurred due to the 
incorporation of alkyl chains present in the surfactant 
and silane. The findings also revealed smooth sur-
faces in  the case of functionalized clays (Pandey  & 
De 2018; Zampori et al., 2010).
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Surface Roughness

Atomic force microscopy (AFM) analysis was used 
to assess the dispersion of surfactant or silane in 
the clay matrix and the external surface roughness 
(Fig. 7). The rougher the surface, the greater the dis-
persion of long hydrophobic chains within the clay 
matrices. The non-homogeneous dispersion with 
a cluster of clay on the outer surface of the clay 
composite was also observed. The surface rough-
ness of the raw bentonite and functionalized clays 
was determined by AFM characterization in tapping 
mode. The average roughness (Ra) of raw benton-
ite,  surfactant- and silane-functionalized bentonite 
was 11.782, 51.087, and 12.253  nm, respectively. 
Upon functionalization, the roughness of the clay 

increased, and this improvement also increased the 
surface area and, thus, the potential for more efficient 
mass transfer.

Surface Area

Surface area analysis of the clays based on  N2 
adsorption experiments (Fig. 8) found the BET sur-
face area to be 43.374  m2  g–1 for the raw bentonite. 
After functionalization, the surface area decreased 
to 13.14   m2   g–1 for surfactant-functionalized clay 
and 16.42  m2  g–1 for silane-functionalized clay.

In the surfactant-functionalized bentonite, the 
long alkyl chains were intercalated between the 
superimposed clay layers and increased reactive 

Fig. 4  TGA representation A before adsorption, B after adsorption, and C derivative TG curves of (a) raw bentonite, (b) A336-Bn, 
and (c) IBTS-Bn
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Fig. 5  SEM and EDX images of a raw bentonite, b purified bentonite, c A336-Bn, and d IBTS-Bn
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sites over the clay surface for adsorption. Moreo-
ver, in the case of silane-functionalized clay, the 
isobutyl chain had less intercalation due to the 
shorter hydrophobic alkyl chain and fewer pores 
occupied on the clay surface. This could increase 
the BET surface area. The intercalation of sur-
factant could obstruct the clay interlayer space 

and be arranged as a monolayer over the outer 
surfaces by occupying the pores in the clay parti-
cles. This could explain why the BET surface area 
decreased with an increased degree of modifica-
tion over the clay surface and increased surface 
roughness (Fig. 9).

Adsorption Study

Adsorption of EGCG was studied on raw ben-
tonite, surfactant-functionalized bentonite, and 
silane-coupled bentonite and the results are shown 
in Fig.  9. The EGCG molecules were distributed 
in a relatively dispersed condition, and functional-
ized clay quickly adsorbed it due to the interac-
tion through hydrogen bonding. At equilibrium, 
the amount adsorbed was obtained as 10.7 mg/g 
for raw clay, 196.26 mg/g for surfactant-func-
tionalized clay, and 140 mg/g for silane-function-
alized clay. With increases in concentration of 

Fig. 6  TEM images of a raw bentonite, b A336-Bn, and c IBTS-Bn

Table 1  Amounts of various elements present in the raw and 
purified clays, by EDX analysis

Serial 
Number

Element % Raw bentonite Purified bentonite

1 C 30.08 5.20
2 O 54.86 34.69
3 Na 0.09 1.10
4 Mg 1.71 3.01
5 Al 5.56 8.13
6 Si 24.58 17.60
7 Ca 1.17 0.09
8 Fe 1.76 1.53
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EGCG, the molecular motion resistance increased 
and the adsorption rate decreased gradually. The 
enhanced adsorption performance of functional-
ized clay may be due to the hydrophobic hydrogen 

and electrostatic interaction between the clay 
and EGCG (Xie et  al., 2018). The functional 
groups of functionalized clay can strengthen the 
hydrogen-bonding interactions between modified 

Fig. 7  AFM images of a raw bentonite, b A336-Bn, and c IBTS-Bn

Fig. 8  N2 adsorption-desorption isotherms of a raw bentonite, b surfactant-functionalized bentonite, and c silane-coupled bentonite
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clay and the adsorbate (EGCG), which increases 
the adsorption affinity toward EGCG. The long 
hydrophobic alkyl chain provided a better adsorp-
tion rate for EGCG due to the intermolecular 
attraction between the hydroxyl group and posi-
tively polarized nitrogen of Aliquat 336, whereas 
interaction of EGCG with IBTS was relatively 
weak.

Adsorption Kinetics

The adsorption kinetics of the EGCG were stud-
ied on raw and functionalized clays. The value of 
the pseudo-first order adsorption rate constant, 
 KF, was determined by plotting the graph of log(qe 
– qt) vs. t. The adsorption isotherm of EGCG in 
an aqueous solution was a linear plot and shown 
in Fig.  10a. To optimize the adsorption system, 
it was essential to establish the adsorption kinet-
ics and equilibrium (Baruah et  al., 2015). There-
fore, the adsorption equilibria from the Freundlich 
adsorption isotherm were interpreted. The adsorp-
tion density of EGCG as a function of time onto 
the raw, surfactant functionalized, and silane-func-
tionalized clays is shown in Fig. 10b. The pseudo-
first order and pseudo-second order plots for the 
adsorption of EGCG on raw, surfactant-function-
alized, and silane-functionalized clay are shown in 
Fig. 10c and d.

Adsorption Mechanism

The clay surface has potential adsorption sites due 
to the presence of hydroxyl groups at their edges. 
The adsorption mechanism of EGCG on functional-
ized clay was interpreted through various interactions 
(Mahmoodi, 2013; Mahmoodi et al., 2010a, b, 2018) . 
The presence of Aliquat 336 within adjacent clay lay-
ers can interact electrostatically with EGCG through 
a positively charged nitrogen atom. In contrast, the 
oxygen of the methoxy group interacted through an 
n–п* interaction with the aromatic ring of EGCG. It 
generally involved the delocalization of the lone pair 
of O atoms into the π orbital of aromatic EGCG. The 
adsorption mechanism also included intermolecu-
lar hydrogen bonding in both cases. The availability 
of hydroxyl groups at the edges of the clay layers can 
mean H-bonding interactions with the –OH of EGCG. 
A diagrammatic representation of the adsorption 
mechanism is given in Fig. 11.

The surfactant and the silane-coupling agent both 
contain hydrophobic alkyl chains, whereas the sur-
factant Aliquat 336 contains long alkyl chain of  C8 
and the isobutyl(trimethoxy)silane contains  C4 with 
branches. The greater exfoliation of stacked clay layers 
occurred in the clay-Aliquat 336 sample due to the long 
 C8 chain. So, more adsorption of polyphenol can be 
considered in clay-Aliquat 336 due to the greater exfo-
liation than that of clay-isobutyl(trimethoxy)silane.

Fig. 9  a Amount of adsorption of EGCG and b removal efficiency of EGCG from raw bentonite, surfactant-functionalized benton-
ite, and silane-coupled bentonite
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values. EGCG acts as a weak acid in an aqueous solu-
tion, having a dissociation constant  (pKa) of 7.68 
(Park et  al. 2013). The effect of pH on the adsorp-
tion capacity of functionalized clay was investigated 
over the pH range of 3, 5, 7.5, 8, and 9 (Fig. 12). The 
adsorption increased with increasing pH, and the 
maximum adsorption observed was at pH 9. In case 
of silane-functionalized clay, the maximum adsorp-
tion was obtained as 120  mg/g. Both functionalized 
clays showed better adsorptive capacity of the EGCG 
in basic solutions. The continuous increase in adsorp-
tion of EGCG was observed in the case of Aliquat 
336-modified clay, which showed the homogeneous 
increment corresponding to each pH value, and maxi-
mum adsorption was obtained at a pH of 9. In that 
case, the amount of EGCG adsorbed was 160 mg/g. 
The presence of organic filler in the interlayer space 
of bentonite acted as an efficient adsorbent for EGCG. 

The greater degree of adsorption in case of surfactant 
modified clay can be explained in terms of hydro-
phobic interaction and Van der Waals interaction. 
At high pH, the –OH groups available on the edge 
of the clay surface become deprotonated and, there-
fore, exhibit negative polarity. When the hydroxyl 
groups of EGCG come in contact with a basic envi-
ronment, they also become deprotonated and undergo 
further stabilization through an aromatic ring current 
within the molecule. In addition to this, steric repul-
sion between negative polarities was also observed. 
Therefore, the adsorption of EGCG did not occur 
effectively for an acid-activated solution due to the 
predominant steric effect.

Interestingly, the functionalized clay intercalated 
with long hydrophobic alkyl chains laying adjacent 
to one another acted as an effective adsorbent. The 
increase in carbon content can contribute effectively 

Fig. 10  a Freundlich adsorption isotherm for EGCG, b adsorption density as a function of time, c pseudo-first order plot, and d 
pseudo-second order plot for adsorption of EGCG on raw bentonite, surfactant-functionalized bentonite, and silane-coupled bentonite
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to the lateral interaction of hydrophobic alkyl seg-
ments (Xie et  al. 2018). No prominent adsorption 
of EGCG was observed (Fig. 9a) in the case of raw 
bentonite, its adsorption performance was, therefore, 
not studied in terms of pH.

Desorption and Regeneration Studies

The regeneration of adsorbent is necessary to make 
the adsorption process more economical (Hayati 
& Mahmoodi, 2012) and industrially feasible. The 

Fig. 11  Schematic diagram of adsorption of EGCG on functionalized clay, clay-Aliquat 336, and clay-IBTS

Fig. 12  Time-dependent adsorption of EGCG on functionalized clay a clay-Aliquat 336 and b clay-IBTS at various pH levels

Studies of pH-dependent Adsorption of 
Epigallocatechin Gallate (EGCG)

The modified clays were used as adsorbents to study the 
pH-dependent adsorption of EGCG. The pH-depend-
ent adsorption behavior of the organically modified clays  
showed that the amount adsorbed from 1 mg/L aqueous 
solution was estimated at 99% in 12 h (data not shown).

The polyphenols are highly sensitive under vari-
ous pH environments (Hosseini et  al., 2018), thus 
pH-dependent adsorption was studied at various pH 
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pH-dependent adsorption experiments here revealed 
that further increases in pH above 9 causes EGCG 
adsorption to decrease, so this principle was exploited 
to desorb the EGCG from the adsorbate surface as a 
means to regenerate the adsorbent. NaOH solution 
was used in various concentrations (0.01, 0.05, 0.1, 
0.5, and 1 M) to desorb the EGCG, and the respec-
tive concentrations gave desorption capacities of 
74.3, 81.2, 90.5, 91.2, and 94.1%. The desorption of 
EGCG, thus, increased with increasing concentration 
of NaOH due to the formation of the sodium salt of 
EGCG, which could be removed easily. Desorption 
and regeneration experiments were performed with 
0.1  M NaOH for four cycles and the percentage of 
adsorption and desorption is given in Table 2.

Conclusions

In the present study, organic modification of hydro-
philic bentonite was studied using Aliquat 336 and 
isobutyl(trimethoxy)silane as modifying agents. The 
Aliquat 336 formed a reactive junction with bentonite 
through a nucleophilic substitution reaction at 1  atm 
pressure and ambient temperature. The modification 
of clay provided better intercalation of alkyl chains 
between the superimposed clay layers. The charac-
terization of raw and functionalized clays revealed 
improved performance of surfactant-functionalized 
clay over raw bentonite. The surfactant functionalized 
clay acted as a good adsorbent for EGCG and adsorbed 
up to 196.26  mg/g, which was dependent on the pH 
of the medium. The kinetic data were analyzed using 
pseudo- first order and pseudo-second order models.
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