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Abstract

In this study, surface modification of montmorillonite with three types of cationic surfactants was investigated by adding
different levels of surfactants corresponding to the CEC (cation exchange capacity) of montmorillonite; the surfactants were
tetradecyl trimethylammonium bromide, cetyl trimethylammonium bromide, and didodecyl dimethylammonium bromide.
Moreover, montmorillonite and modified montmorillonites were characterized by X-ray diffraction, Fourier transforms
infrared spectroscopy, thermal analysis, contact angle, and zeta potential. Their surface morphologies were also determined
by using the field emission scanning electron microscopy. The basal spacing of montmorillonite increased after intercalation
of cationic surfactants, while the maximum basal spacing was influenced by increasing the molar mass of the surfactant.
Also, for the same surfactant, maximum basal spacing enhanced when the CEC increased from 1:0 to 2:0. The results of
Fourier transforms infrared spectroscopy indicated that intercalation of surfactants between montmorillonite layers leads to
changes in functional groups of modified montmorillonite. To summarize, we successfully modified montmorillonite, mak-
ing it a potential nanoadsorbent that could be used for the adsorption of valuable compounds such as phenolic compounds
from wastewaters and byproducts of food industries.
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Introduction high swelling, and a porous structure is a perspective material

in a wide variety of fields [6-8]. Mt can be applied in cos-

Nowadays, there is a growing interest toward the investiga-
tion of clay-based hybrid materials as they are promising in a
wide range of applications from catalysis [1], environmental
[2, 3], and cultural heritage preservation [4, 5].
Montmorillonite (Mt) which is a 2:1-type layered clay
mineral characterized by propensity features such as high cat-
ion exchange capacity, large specific surface area, low cost,
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metic [6, 6], environmental [9], and food industries [10]. The
structure of Mt consists of an octahedral sheet (Si0,) with
four oxygen atoms in corners sandwiched by two tetrahedral
sheets of Al,O5 with six oxygen in the corners [11, 12]. Due
to the isomorphous substitution (e.g., AI**/Si*" and Mg?* or
Fe?*/AI’* substitutions in the tetrahedral and octahedral), Mt
has negative charges that are balanced by interlayer cations,
e.g., Nat, K*, Ca2*, Mg?" [6, 13]. The interlayer cations can
be exchanged with organic cations [14, 15].

Modified Mt (m-Mt), an artificially synthesized engi-
neering material, is produced from raw Mt by using hydro-
phobic materials, such as cationic surfactants to enhance
the properties of Mt for using in contaminant adsorption
[6, 7, 16, 17]. Furthermore, cationic surfactants change the
hydrophilic surface of Mt to hydrophobic conditions and
cause high dispersion of Mt by interlayer space expansions
[18, 19]. Different cationic surfactants have been used to
synthesize m-Mt. These include no alkyl chain [20], low
alkyl chain [6], long alkyl chain [9, 21], and single, double
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or triple alkyl chain surfactants [22, 23]. Among organic
matters which are utilized in m-Mt, alkylammonium salts
are well-known and preferred options [17]. The structure and
characteristics of m-Mt depend on the type of surfactant and
the original Mt used [24].

In this study, Mt was reacted with different cationic sur-
factants in terms of the alkyl chain lengths, namely, trimethyltet-
radecyl ammonium bromide (TTAB), cetyltrimethyl ammonium
bromide (CTAB), and didodecyldimethyl ammonium bromide
(DDAB). The amount of cationic surfactant in the interlayer
space was 1 and 2 times the CEC (cation exchange capacity) of
Mt for preparation of TTAB-Mt-x, CTAB-Mt-x, and DDAB-
Mt-x (“x”=1 and 2). The aim of this research was an increase
in the adsorption capacity of Mt which leads to a synthesis of
highly efficient adsorbent for applications in the food industry
and separation of bioactive compounds such as phenolics from
byproducts and wastewaters. For investigation of interlayer
expansion and the interactions between Mt and alkylammo-
nium ions, Mt and the resultant m-Mt were characterized using

X-ray diffraction (XRD), Fourier transforms infrared (FT-IR)
spectroscopy, as well as thermal analysis (TGA/DTG). Their
surface morphologies were also investigated by field emission
scanning electron microscopy (FESEM). Contact angle and zeta
potential were also used to evaluate the hydrophilic-hydrophobic
properties and surface charges of samples, respectively.

Materials and methods

The raw bentonite used in the present work was obtained from
Salafchegan bentonite mine, Esfahan, Iran. CTAB was pur-
chased from Merck, Germany, and the other surfactants includ-
ing DDAB and TTAB were purchased from Fluka, Switzerland.
Ammonium acetate (96%), sodium acetate (99%), and isopropyl
alcohol were purchased from Merck, Germany. The properties
of used surfactants in this study are provided in. Distilled water
was used in all the experiments Table 1.
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Table 1 The properties of used surfactants
Surfactant ~ Full name Molecular formula Structural formula Weight Impurities CAS number
molecular /g
mol™!
TTAB Trimethyltetradecyl C,;H;sBrN ClH3 336.39 99% 1119-97-7
ium bromid + -
ammonium bromide CHg(CHz)m_ITI_CH:3 Br
CH,
CTAB Cetyltrimethyl ammo- ~ C;(H,,BrN QHS 364.45 98% 57-09-0
. g A -
nium bromide CH,(CH,),,— ,I\I_ CH, Br
CH,
DDAB Didodecyldimethyl C,cHs(BrN CH, 462.63 98% 3282-73-3

ammonium bromide

| _
CHS(CH2)17_'?I+_(CH2)17CH3 Br

CH

3

The chemical structure adapted with permission from
https://www.tcichemicals.com/

Purification of bentonite

The purification of bentonite involved the following steps
[25]: stirring bentonite (12 g) into distilled water (400 mL)
at room temperature overnight by magnetic stirrer (Velp Sci-
entifica ARE), then separation of the supernatant by centrif-
ugation (Thermo Scientific Heraeus Multifuge 3S) at 1000
rpm for 4 min and drying at 110 °C in an oven (WTCbindco)
for 24 h. After drying, purified Mt was obtained.

Determination of CEC

CEC is an important index showing the amount of exchange-
able cations (Ca®*, Mg?*, K*, and Na*) that can neutralize
negative charges on Mt surface [26]. The CEC of Mt after
purification was 117 cmol(+)/kg, which was determined
according to Chapman (1965).

Modification of Mt for production of m-Mts

The modification of Mt was performed according to
Veiskarami et al. [25]. In order to perform this, purified Mt
(4 g) from previous stage was dispersed in distilled water
(400 mL), and the solution was stirred with a magnetic stir-
rer for 24 h at 80 °C so that Mt plates could be swelled;
then surfactant solution (based on MMT 1.0 and 2.0 x CEC)
was added to the Mt mixtures dropwise. After dropping,
the resulting mixture was stirred overnight at room tem-
perature. This process resulted in the insertion of surfactant
chains into the interlayer spaces of Mt. The amount of sur-
factant added was according to the CEC of Mt. m-Mts were

separated by centrifugation and washed with distilled water
several times to remove excess salts. The obtained m-Mt was
dried in an oven for 24 h at 110 °C.

Characterization of Mt and m-Mts

The XRD of samples were recorded on an XRD instru-
ment (Asenware—AW-XDM300, China) using Cu with
K-a1=1.54060 A. The data were collected in the range
of diffraction angle 0.5-10° (20) with a step size of 0.05°
per second [27]. FT-IR spectra were performed on FT-IR
spectrometer (Spectrum One, Perkin Elmer, Shelton, CT,
USA) in the range of 400-4000 cm™" at room temperature
using the standard KBr pellets [28]. The FESEM images
were obtained by a FESEM (Tescan-MIRAm, Czechia).
Thermogravimetry/differential thermal analysis (TGA/DTG)
was performed on a Q5000 IR apparatus (TA Instruments,
New Castle, United States) between 25 and 700 °C at a rate
of 10 °C min™! under the nitrogen flow rate of 25 mL min™!
[28]. The contact angle of samples was obtained by an OCA
20 (Data Physics Instruments, Filderstadt, Germany) [6].
The zeta potential measurement of samples in suspensions
at natural pH was performed using a Zetasizer instrument
(Malvern Instruments, Malvern, UK) [29].

Results and discussion

The interlayer distance and scattering angle of Mt
and m-Mts

The intercalation of surfactants into Mt was investigated
through XRD, which gives information about basal spacing
and the arrangement of sorbed surfactants in m-Mt layers.
Figure 1 shows the small angle X-ray diffraction patterns
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Table 2 XRD results of Mt and m-Mts

Sample Position / °20  Basal Possible arrangement
spacing/ type in interlayer
nm region
Mt 7.68 1.15 -
TTAB-Mt-1  4.51 1.95 Pseudo-trilayer
TTAB-Mt-2  2.43 3.61 Paraffin-type bilayer
CTAB-Mt-1 451 1.95 Pseudo-trilayer
CTAB-Mt-2  2.29 3.82 Paraffin-type bilayer
DDAB-Mt-1  3.11 2.83 Paraffin-type bilayer
DDAB-Mt-2  2.67 3.30 Paraffin-type bilayer

of both Mt and m-Mts. The typical XRD reflection band
and d-value of MT were 20=7.68 and 1.15 nm, respec-
tively, which is identical to other studies; 1.48 nm [30],
1.16 nm [28]. As shown in Table 2, the basal reflection of Mt
(20=17.68°) shifted to lower 26 values (2.43—4.51°), and the
basal spacing increased compared to Mt due to the surfactant
intercalation. The distance of 1.95, 1.95, and 2.83 nm for
TTAB-Mt-1, CTAB-Mt-1, and DDAB-Mt-1, respectively,
indicates that surfactants with longer hydrophobic lengths
had more benefits at expanding the interlayer space of Mt.

From Table 2, it can be concluded that the increase of
CEC for all three surfactants from 1.0 to 2.0 was effective in
expanding the interlayer space of Mt; intercalation of TTAB,
CTAB, and DDAB increased the basal spacing from 1.95,
1.95, and 2.84 to 3.61, 3.82, and 3.31 nm, respectively. It
is similar to the results in the literature about modification
of Mt with cationic surfactants: CTAB, TTAB, tetrabutyl-
ammonium bromide, dodecyl trimethylammonium bromide,
decyl trimethylammonium bromide, octyl trimethylammo-
nium bromide [6], CTAB, tetramethylammonium bromide
(TMA) [18], and DDAB [31]. Similar to our findings, they
reported that the basal spacing of Mt increased from 1.23 nm
to 1.76 nm with rise in the alkyl chain length from 8 to 16.
Also, the adsorption level of surfactants onto Mt surface is
correlated with surfactant loading. In contrast, there were
no changes in the basal spacing of Mt modified with short
alkyl chain (TMA) according to different CEC (0.5, 1, and
1.5), compared to Mt.

Based on previous studies, there is a correlation between
length and height of a surfactant, and basal spacing as well
as surfactant concentration which correspondingly affect
the alkyl chain arrangements [21]. According to some
researches [32, 33], the heights of TTAB and CTAB are
0.4 or 0.45 nm based on their orientation and their length
are 1.58 and 2.14 nm, respectively. The interlayer spacing
of TTAB-Mt-1 and CTAB-Mt-1 was 1.95 nm suggesting
that there are parallel alkyl chains into Mt layers, forming
pseudo-trilayer structures. Also, basal spacing of TTAB-
Mt-2 and CTAB-Mt-2 that were 3.61 and 3.82 reveals that

@ Springer

with the increase in layer spacing and surfactant loading,
the structure of TTAB-Mt-2 and CTAB-Mt-2 became prob-
ably paraffin-type bilayers. DDAB-Mt-1 and DDAB-Mt-2
probably have paraffin-type bilayer structures close to values
observed by Flores et al. [22], Lazorenko et al. [34], and Sun
etal. [31].

Functional groups of the surface of Mt and m-Mts

FT-IR technique is used to probe the confirmations of the
structural changes in Mt after intercalation of surfactant
into Mt. Moreover, representative FT-IR spectra of Mt and
m-Mts are presented in Fig. 2. Two bands are at 521 cm™!
and 465 cm™! owing to layered Al-O—Si and Si—O-Si bend-
ing vibration, while that at 1040 cm™' and 1641 cm™" are
attributed to the Si—O stretching vibration and OH bending
vibration, respectively [35, 36]. The bands at 3629 cm™!
correspond to the O-H stretching vibration of Al-OH
and Si—OH groups Mt [37, 38]. The presence of bonds
2920 cm™! and 2850 cm™! corresponding to C-H stretch-
ing of CH, and CH; alkyl chain of surfactant can confirm
the intercalation of surfactant ions into the interlayers of
Mt or adsorption on the surface of Mt, as well as a band
around 1470 cm™! which corresponds to the C—H bending in
methyl and methylene groups [36, 39]. The results of XRD
and FT-IR indicated that the surfactant ions were present in
Mt. The main adsorption bands are summarized in Table 3.

The morphology of Mt and m-Mts

FESEM analysis was carried out to evaluate surface mor-
phologies of Mt and m-Mts and the images with various
magnifications are given in Fig. 3. FESEM imaging showed
that Mt had a typical lamellar and heterogeneous, aggre-
gated, and bulky morphology. Mt had fine particles with
non-uniform size distribution [6]. From the FESEM images
of m-Mts, it was observed larger structures with uniform size
distribution due to surfactant ions insertion into the layer and
agglomeration of m-Mt particles resulted in the removal of
electrostatic repulsive forces with modification as confirmed
by zeta potential and XRD results [17, 40, 41]. Similarly,
Abolhasani et al. [42] and Widjonarko et al. [43] reported
that when cationic surfactant ions were absorbed into the
interlayer space, they not only expanded the interlayer spac-
ing, but also Mt with bulky shape changed to larger particles
with a porous surface.

The thermal properties of Mt and m-Mts

TGA is an essential technique for studying the general
thermal behavior of Mt and m-Mts at certain temperatures
[44-46]. Figure 4 reports the changes in the sample mass
(TGA) and the rate of changes in the mass (DTG) with the
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Table 3 Positions and assignments of FT-IR vibration bands in raw Mt and m-Mts

Assignment Wavenumber/cm™!
Mt CTAB-Mt-1 CTAB-Mt-2 TTAB-Mt-1 TTAB-Mt-2 DDAB-Mt-1 DDAB-Mt-2

Al-O-Si stretching 520 523 520 520 521 524 520

CH, rocking 796 795 796 797 796 797 796

Si-O stretching 1037 1036 1037 1036 1036 1037 1036
H-O-H bending (12) 1639 1639 1639 1640 1639 1641 1642
Structural OH stretching 3627 3627 3628 3628 3628 3624 3625

CH, scissoring - 1470 1472 1489 1488 1468 1468
Symmetric CH, stretching - 2851 2850 2852 2851 2853 2853
Asymmetric CH, stretching - 2921 2919 2923 2920 2926 2924

Large flakes

Small flakes with a porous surface

View fleld: 20.8 pm _ Date(m/dly): 12/07/21

TTAB-Mt-1 CTAB-Mt-1

SEM MAG: 10.0 kx Det: InBeam
WD: 4.74 mm BI: 7.00
View fleld: 20.8 pm _ Date(midly): 12107721

SEM MAG: 10.0 kx Det: InBeam
WD: 5.03 mm BI: 7.00
View field: 20.7 ym | Date(m/dly): 12107721

SEM MAG: 10.0 kx
WD: 472 mm

SEM MAG: 10.0 kx Det: InBeam | SEM MAG: 10.0 kx SEM MAG: 10.0 kx Det: InBeam

Fig. 3 FESEM micrographs of Mt and m-Mts
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temperature for Mt and m-Mts. In Table 4, TGA results
are displayed and they indicated that there were several
step mass losses in the decomposition process of Mt and
m-Mts during the heating: the mass loss of adsorbed water
for all samples at ca. 70 °C [47]; finally, the significant
mass loss at 214-309 °C due to the decomposition of the
cationic surfactants and the dehydroxylation of Mt for tem-
peratures above 530 °C [28]. The differences between the
water content of Mt and m-Mt is related to the interca-
lation of surfactants into Mt [28] that generated a water
displacement. Decomposition temperature of pure cationic
surfactants (DDAB: 214.49 °C, CTAB:260.11 °C, and
TTAB: 275.75 °C) was moved toward larger temperatures
for m-Mts (218.17- 308.95 °C) because of the interaction
with Mt that hinders mass transport and thermally stabi-
lize the surfactant moiety.As evident from DTG curves, the
peak of m-Mts between 200 and 400 °C corresponding to
surfactant molecules in m-Mts with CEC =2.0 was much
higher than m-Mts with CEC = 1.0 due to the presence of
a large number of surfactants in m-Mt [28]. On the other
side, the maximum mass loss rate temperature of the m-Mt
increased with decreasing the length of the alkyl chain of
surfactant and CEC (TTAB-Mt-1>TTAB-Mt-2 > CTAB-
Mt-1> CTAB-Mt-2 > DDAB-Mt-1 > DDAB-Mt-2). Sup-
posedly, higher decomposition temperature is related to the
stronger interactions between cationic surfactants and Mt
and arrangement type of cationic surfactants in interlayer
region due to changes of required decomposition energy
[48, 49].

The hydrophilicity/hydrophobicity of Mt and m-Mts

The contact angle was used for checking the hydrophilicity/
hydrophobicity of samples determined by placing a drop
of water on their surface. The values of contact angles are
shown in Fig. 5. These findings helped us to investigate the
interaction between Mt and cationic surfactant in two levels.
The hydrophilicity of Mt, which is affected by the diffu-
sion of water molecules into the interlayer space of Mt and
the presence of hydrophilic ions and groups, causes a small
contact angle (30.65°) as described previously [50]. How-
ever, with the addition of surfactants, due to the hydropho-
bicity of the surfactant chains, the hydrophilicity of m-Mts
was decreased, and therefore, the contact angles of m-Mts
were larger than that for Mt. It was observed that the con-
tact angle of CEC =2.0 equivalent surfactants were lower
than that at CEC = 1.0 equivalent surfactants (CTAB-Mt-1:
67.20 > CTAB-Mt-2:55.45, TTAB-Mt-1: 66.40° > TTAB-
Mt-2: 51.90°, DDAB-Mt-1:69.10° > DDAB-Mt-2: 67.40°).
This situation has pointed to form the paraffinic bilayer

structure. Due to the repulsion between similar charges of
the hydrophobic tail of the surfactants, this formation leads
to partial interlayer expansion [50]. Furthermore, the con-
tact angle was increased by increasing the hydrophobic alkyl
chain length and number of alkyl chains (DDAB-Mt with
two alkyl chains > CTAB-Mt > TTAB-Mt), which indicates
that m-Mt became more hydrophobic [6, 51]. These results
are in agreement with the data obtained from zeta potential
(Sect. Surface charge of Mt and m-Mts).

Surface charge of Mt and m-Mts

For investigation of the surface characteristic of samples,
surface charges of Mt and m-Mts were measured using zeta
potential. Mt had a negative zeta potential =—-21.6 mV
which was similar to results (—=31+ 1 mV) from Kumar
et al. (2020). The negative charge of Mt is related to the
isomorphic substitution of Fe?* and Mg?* ions for AI**
in the octahedral sites and AI** for Si™* in the tetrahedral
sites [35, 52, 53]. With the addition of surfactants to Mt,
the surface charge tends to be positive. It was seen that
CEC=1.0 equivalent TTAB cannot completely neutral-
ize the negative charge on the Mt surface (—2.54 mV),
whereas CTAB-Mt-1 and DDAB-Mt-1 had positive sur-
face charges (+4.63 and 13.36 mV, respectively) [29, 54].
In addition, the negative value of zeta potential for TTAB-
Mt-1 and positive value of zeta potential for other m-Mts
may imply that the ion exchange and electrostatic interac-
tions were more effective, respectively, in the adsorption
of surfactants [6].

The results of zeta potentials (Fig. 6) show that the
surface charge of m-Mts increased as the CEC ratio
increased. However, the zeta potential and positively
change of TTAB-Mt-2 and CTAB-Mt-2 (18.4 and 13.56)
were > TTAB-Mt-1, CTAB-Mt-1 (—2.45 and 4.63 mV,
respectively) due to the adsorption of more surfactants on
the external surface of Mt [22, 55, 56]. This situation is
related to the transformation of some surfactant ions in Mt
layers from the pseudo-trilayer structures to the paraffinic
bilayer structure. The decrease in contact angle and XRD
observations (Table 2) supports this result. On the other
side, the zeta potential of m-Mt increased at higher length
of surfactants (DDAB-Mt> CTAB-Mt>TTAB-Mt) since
Mt modified with longer length surfactants can be expected
to be more hydrophobic. The finding of zeta potential was
supported by contact angle measurements. The results of
[6, 6] who used six cationic surfactants with different chain
lengths (Cy4, Cyy, Cyy, Cy, and Cy) for modification of Mt
revealed the adsorption of the surfactants on Mt surface
increased as confirmed with zeta potential data.
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Fig.4 TGA and derivative curves of Mt and m-Mts
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Table 4 TGA results of Mt and Sample Mass loss/% Step one dehydration  Step three de-surfactant  Step four
m-Mts (Temp /°C) (Temp /°C) dehydroxyla-
tion
(Temp /°C)
Mt 9.05 75.37 - 638.40
TTAB-Mt-1 28.21 77.68 308.95 -
TTAB-Mt-2 38.43 66.13 304.96 548.20
TTAB 99.72 - 275.75 -
CTAB-Mt-1 30.42 76.52 276.30 536.91
CTAB-Mt-2 46.77 74.36 264.99 537.66
CTAB 99.92 - 260.11 -
DDAB-Mt-1 34.69 75.11 260.35 578.32
DDAB-Mt-2 47.07 76.84 218.17 529.50
DDAB 99.55 - 214.49 -
Fig.5 Contact angle (CA) of
Mt and m-Mts Mt
CA: 30.65°
CTAB-Mt-1 CTAB-Mt-2
CA: 67.20° CA: 55.45°

TTAB-Mt-1
CA: 66.40°

DDAB-Mt-1
CA: 69.10°

Conclusions

In this study, we modified Mt using cationic surfactants with
different alkyl chain lengths. The results of XRD confirmed
that modification of Mt with all three cationic surfactants was
done successfully, and the basal spacing increased at higher
alkyl chain lengths, and CEC correspondingly affected the
alkyl chain arrangements. From FT-IR spectra of samples,

TTAB-Mt-2
CA: 51.90°

DDAB-Mt-2
CA: 67.40°

the incorporation of three types of surfactant ions in the Mt
layer and the change of hydrophilicity of Mt after modifi-
cation was approved. FESEM images revealed agglomera-
tion of m-Mt particles after modification. Zeta potential and
contact angle data, respectively, showed the surface of Mt
to be hydrophilic, and the zeta potential shifted to a positive
value after intercalation of surfactant ions; also both values
increased at higher length of surfactants. The loaded cationic
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Fig.6 The zeta potential of Mt 25

and m-Mts
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TTAB-Mt-1
—-2.54

Mt
-21.6

surfactants were studied by TGA/DTG analysis that iden-
tified four mass loss steps as a result of water desorption,
dehydration, surfactant decomposition, and dehydroxylation.
These m-Mt s have the potential for recovery of valuable
compounds from wastewater such as phenolic compounds
or removal of environmental pollutants such as phenol, dyes,
and heavy metals.
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