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ABSTRACT

A series of new organic-inorganic nanohybrid materials were prepared by intercalating dimethyl-
sulfoxide (DMSO) into the interlamellar space of halloysite at different contact times and DMSO/
clay ratios. The X-ray diffraction and thermogravimetry/differential thermal analysis studies
confirmed the insertion of DMSO into the interlayer space. The increase of the basal spacing to
1.12 nm was thus highlighted for an intercalation rate of 95%. All materials were used to remove
crystal violet (CV) from aqueous media. We focused particularly on the mechanism of CV inter-
action with halloysitic nanohybrids by means of an infrared spectroscopy study. Understanding
such an interaction is a fundamental approach for the effective use of halloysitic nanohybrids in
wastewater sanitation. pH influence, kinetic, isotherm, and thermodynamic data have been exam-
ined. The equilibrium and kinetic data were appropriately adjusted, respectively, by the Redlich—-
Peterson, and pseudo-second-order models. The amount adsorbed by each nanohybrid depends on
the intercalation rate. The larger the intercalated fraction, the better the amount adsorbed, so DMSO
is involved in the CV adsorption. The mechanism would involve mainly a hydrogen bond between
the electron lone pairs of oxygen of the sulfoxide function and the hydrogen of methyl bound to

the tertiary amine of the dye molecule.
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1. Introduction

A large number of organic and inorganic components
present a significant risk for environment as most are dif-
ficult to degrade. Crystal violet (CV) is a dye extensively
used for textile production or in paper factories, as a bio-
marker to inhibit the growth of moulds in poultry feed,
dermatological agent to reduce the development of diges-
tive problems and fungi,. Regardless of its extensive use,
it was identified as a mutagen dye [1].

Different adsorbents were utilized to eliminate CV such
as activated carbon [2], nanocomposite [3], and chitosan [4].

* Corresponding author.

In many of these studies, the authors were focused on the
performance of CV adsorption through the amount adsorbed
and not on the mechanism that controls the CV-material
interaction. The mechanistic approach is however a key
parameter in understanding environmental pollution.
Nanohybrid materials combining organic and inorganic
entities at the molecular scale offer the potential to create a
wide variety of new functional surfaces. The layered struc-
ture of phyllosilicates addresses this concern by inserting
organic compounds into a two-dimensional environment.
Halloysite is a quite abundant clay mineral belonging to 1:1
phyllosilicate. The intercalation of organic species into their
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interlayer spaces, such as potassium acetate [5], formamide
[6], urea [7], hydrazine [8], and hexadecyltrimethylammo-
nium bromide [9], enables to obtain nanohybrids capable of
reacting strongly with organic pollutants.

Algerian halloysite intercalated with dimethylsulfoxide
(DMSO) at different contact times and DMSO/clay ratios.
Several types of halloysite morphologies have been identi-
fied such as laminated, fibrous, spheroidal, and tubular [10],
so Algerian halloysite would differently interact with DMSO.
The resulting materials were characterized by X-ray diffrac-
tion (XRD), thermogravimetry/differential thermal analysis
(TG/DTA), and transmission electron microscopy (TEM).
Thereafter, the raw and intercalated samples were used for
the elimination of CV. Different parameters were studied
such as pH, contact time, adsorption isotherm, thermody-
namic parameters, and infrared (IR) spectroscopy. The aim
is to elucidate the mechanism of the CV-halloysitic nanohy-
brid interaction. The knowledge of such an interaction rep-
resents a key approach for the effective application of these
materials in wastewater remediation.

2. Materials and methods
2.1. Materials

The material studied is halloysite of Djebel Debbagh.
The characterization of the raw material has been previously
reported [5,11]. 5.4 g of halloysite were mixed with different
volumes of DMSO and contact times (Table 1). The mixture
was stirred at 25°C, filtered, and dried at 70°C. The samples
were abbreviated to H-DMSO(x): x being the intercalated
halloysite fraction (%).

2.2. Characterization

A Philips PW 1830 diffractometer was used for powder
XRD (CuKa radiation, 35 mA, 40 kV). Thermal analy-
sis (DTA-TG) was carried out on DT instrument Q 600 TA.

Table 1
Experimental conditions of crystal violet adsorption

An amount of H-DMSO(x) was heated at 10°C min? with
an air flow rate of 50 mL min™. The infrared spectra were
gathered using a Shimadzu Prestige 21 spectrophotometer
(Germany) via KBr pellets containing 0.5% of the analyte.
TEM images were determined with a JEOL 2100 electron
microscope. The clay sample was previously ultrasonically
dispersed in ethanol for 5 min.

2.3. Adsorption procedure

A 200 mg L™ CV solution (A =590 nm, Biochem) was
prepared. The adsorption experiments were performed by
mixing 0.020 g of the material with 0.020 L of the dye solution
at different concentrations. The suspension was thereafter
centrifuged and analyzed by a Shimadzu 1,240 UV/vis spec-
trophotometer. Three temperatures were considered: 25°C,
40°C, and 55°C. The operating conditions are summarized
in Table 2.

2.4. Theory approach
Pseudo-first-order model [12]:

K t
1 -Q,)=1 o 1
Og(Qe Qi) OgQa 2303 ( )
Pseudo-second-order model [13]:
t 1 t
= @
Qt K2Q¢2 Qe
h=K,-Q 3)
Intraparticle diffusion model [14]:
Q=K t"+C 4)

20, 40, 60, 100, 150, and 200 mg L

C trati
oncentration (solution)/(solid): 1 L g™, time of contact: 2 h, and pH: 6

pH 2,4,6,and 8; C=40 mg L™

Kinetics 1,3, 5, 10, 20, 40, 60, 120, and 240 min; C =40 mg L

Temperature 25°C, 40°C, 55°C (solution)/(solid): 1 L g™'; time of contact: 2 h; pH: 6
Table 2
Intercalation rate according to operating conditions

Sample Halloysite Intercalating Volume of the Contact Intercalation

weight (g) agent solution (mL) time (h) rate (%)

H - - - - 0

H-DMSO (95) 5.4 DMSO 54 80 95

H-DMSO (72) 54 DMSO-H,0 86.4-3.6 80 72

H-DMSO (81) 54 DMSO 90 40 81

H-DMSO (66) 5.4 DMSO 180 40 66
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where Q, is the quantity fixed in time t (mg g7), Q, is the

quantity fixed at equilibrium (mg g™'), K is the rate constant

(pseudo-first-order) (min™), K, is the rate constant (pseudo-

second-order) (g mg™” min™), C is the intercept, and K, is

the rate constant (intraparticle diffusion) (mg g™ min™?).
Langmuir isotherm [15]:

C 1
et 5)
e Qm ’ KL Qm
Freundlich isotherm [16]:
1
logQ, =logK, +—logC, (6)
n
Redlich—-Peterson isotherm [17]:
— KRI’Ce (7)
© 1+ay,CP

where C, is the concentration at equilibrium (mg L),
K, is the affinity parameter (L mg™), Q, is the quantity
fixed in monolayer (mg g'), K, is the factor related to
the capacity of adsorption (L g™), 1/n is the factor due to
the intensity of adsorption, K., and a,, are the Redlich—
Peterson constants, and [ is the factor correlated to
surface heterogeneity.

InK, = —AH?) [AS (8)
RT R

where AH° is the enthalpy change (k] mol™?), AS° is the

entropy change (J mol™ K™).

K, = 9
=C )

where K, is the distribution coefficient (L g™).

AG°® = AH°-TAS® (10)

where AG® is the Gibbs energy change (k] mol™).

3. Results and discussion
3.1. Characterization
3.1.1. Analysis by XRD

The diffractograms of our materials are gathered in
Fig. 1. Raw halloysite shows I reflection at 7.7 A and
another of low intensity at 10 A (I,,), representing partly
hydrated halloysite. H-DMSO(x) solids show a shift of
the basal reflection to the low values of 20, synonymous
with the insertion of DMSO into the interlayer space with
an increase in basal spacing from 7.7 to 11.2 A. The high
intensity of the first-order basal reflection of the inserted
phase, I, occurs at the detriment of that at 7.7 A (I

)
001
The intensity of I, is not the same for all intercalated
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Fig. 1. Diffractograms of halloysite intercalation with DMSO.
I: intensity; hh: hydrated halloysite; I,,: basal reflections of
interspersed halloysite; I, : reflection (001) of the remaining
unmodified halloysite fraction after intercalation.

samples, which indicates that the proportion of DMSO
inserted into halloysite differs according to the operat-
ing conditions, so, we calculated the intercalation rate, IR,
using the following equation [18]:

I

IR=—-0 (11)
(Ii()()l + IrOOl)

where [, is the first-order basal reflection of the interca-

lated moiety and I, is the first-order basal reflection of

the residual moiety (unmodified phase).

From Table 1, Algerian halloysite was intercalated with
DMSO and 72 h were sufficient to attain a rate of 95%. A rate
of 62.4% was obtained in the case of kaolinite intercalated
by DMSO [19].

3.1.2. TG/DTA analysis

The TG/DTA pattern of the H-DMSO (95) material are
shown in Fig. 2. The DTA curve reveals three endothermic
peaks at 55°C, 196°C, and 492°C, and an exotherm at 278°C,
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Fig. 2. DTA and TG curves for H-DMSO (95).

in the range 25°C-560°C. The three endothermic peaks are
the result of the removal of physically adsorbed water,
the release of DMSO from the interlamellar space, and the
dehydroxylation of the residual and intercalated phases,
respectively. The exothermic peak at 278°C embodies the
combustion of the deintercalated DMSO [20], the analysis
being conducted under an air flow. These thermal effects
are accompanied by a mass loss of 28.5%, correspond-
ing to the loss of physically and chemically bound water,
but mostly DMSO.

3.1.3. Transmission electron microscopy

TEM images of the parent halloysite and H-DMSO (95)
are shown in Fig. 3. The parent halloysite, H, reveals cylin-
drical-shaped particles and has a transparent central zone
that extends longitudinally along the cylinder, suggesting
that the nanotubes are hollow and open. The nanotubes
have lengths and diameters quite different. Their outer
diameter ranges from 50 to more than 100 nm, while their
inner diameter is around 10 nm. This inner diameter coats
an open cylindrical cavity called lumen. These rolled tubes
consist of several layers of aluminosilicate, bent, and closely
packed. In each halloysite nanotube, HNT, the outer sur-
face is composed of siloxane groups (Si-O-S5i), while the
inner surface is composed of aluminol groups (Al-OH).
After intercalation, the H-DMSO (95) image shows nano-
tubes of different length and diameter. The nanotubes have
outer and lumen diameters of 30-100 and 10-20 nm, respec-
tively. Larger diameter tubes have also been identified. The
enlargement of the lumen diameter up to 20 nm has a favor-
able effect on the properties of halloysites in adsorption,
immobilization of enzymes, encapsulation of drugs [21].

3.2. Adsorption of crystal violet
3.2.1. pH effect

The effect of pH is displayed in Fig. 4, the concentration
being 40 mg L. The uptake increases until pH 6 beyond

which it remains practically constant. The same evolu-
tion was achieved by Masoumi et al. [22] in the adsorption
of CV onto a biomaterial. For H-DMSO (95), it increases
from 7.1 to 39.5 mg g™, between 2 and 6.

CV is a basic dye and has a pKa value of 0.8. Due to
this low pKa value, it is ionized in the pH range studied
and exists as a cationic species. The ionic state and color of
CV in aqueous solutions varies with pH. Up to 2, the CV
form changes from CV?* (yellow color) to CV* (blue color).
Between 2 and 9, it changes from CV* to CV"* (violet color),
the latter color occurring at pH around 7. The aqueous solu-
tion of CV turns colorless and is in the form of CV-OH at
pH > 9 [23]. In a previous paper [5], we showed that the
zeta potential of crude halloysite decreases from —43.54
to -56.44 mV when the pH increases from 6 to 8. A more
negative surface is expected to adsorb a greater amount of
CV*, the only form existing in the 6-8 range (+1). Since the
amount adsorbed is fairly constant in this range (Fig. 4), the
electrostatic interaction is unlikely to be the main compo-
nent governing the CV*-halloysitic clay interaction, at least
for organohalloysite samples. Based on the structure of
the adsorbate and the surface properties of the adsorbent,
the mechanism of removal of CV* by the organoclay could
involve hydrogen bonding [24]. Due to its lack of labile
hydrogen atoms, DMSO acts only as a proton acceptor [25].
As a result, hydrogen bonds would be formed between the
oxygen atoms of DMSO and a proton donator moeity of
CV*, which will be discussed in the mechanism section.

3.2.2. Kinetics

The influence of contact time on adsorption is shown
in Fig. 5. Kinetics is fast in the first 10 min, decreases then,
and tends toward zero after 2 h of contact. The equilibrium
of adsorption is thus reached after 2 h of stirring. A similar
evolution was obtained by Belkassa et al. [26] in the case
of the removal of crystal violet by modified halloysite.

The rate of CV uptake can be described using various
kinetic models. The results are listed in Table 3. The
pseudo-first-order equation is inappropriate because the
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Fig. 3. Transmission electron microscopy images of the crude
halloysite, H, and H-DMSO (95).

determination coefficient values are less than 0.90. The
pseudo-second-order equation is the most appropriate
based on high R? values. Also, the experimental (Qe,exp) and
calculated (Q, ) adsorption capacities are closely related,
confirming once again its validity [27]. When batch adsorp-
tion is used, the assumption that intraparticle diffusion
governs the adsorption mechanism is conceivable. If this
happens, the curve Q, against Jt must be a straight line,
and if it passes by origin, intraparticle diffusion is the sole
process that controls the adsorption mechanism. Knowing
that R? is 30.94, this model is also applicable. Since the val-
ues of C are different from 0, namely 18.2 and 29.8 mg g
for H and H-DMSO (95), respectively, intraparticle diffusion
is not the unique limiting stage, another process such as
external diffusion may also be involved.

45 -
40 -
35 4
30 4
'g 25
E
> 20 4
=4
15 - —e— Halloysite
—8— H-DMSO(95)
10 - —a— H-DMSO(72)
—— H-DMSO(81)
5 —*— H-DMSO(66)
o T T T T T 1
2 3 4 5 6 7 8

pH

Fig. 4. Effect of pH on CV adsorption by unmodified and
DMSO-intercalated halloysites.

42 -
—
36 =
30
-
)
op 24
E
s 18
12 —&e— Halloysite
—&— H-DMSO0(95)
6 —=—H-DMSO(72)
—»—H-DMSO(81)
—%— H-DMSO(66)
0 T T T )
0 60 120 180 240
Time (min)

Fig. 5. Adsorption kinetics of CV on unmodified and DMSO-
intercalated halloysites.

3.2.3. Isotherms at equilibrium

The isotherms of the adsorption of crystal violet estab-
lished at different temperatures are illustrated in Fig. 6.
For the purpose of this study, we have presented only
those of H-DMSO (95). The amount adsorbed declines
with increasing temperature, independently of the mate-
rial examined. As an illustration, H-DMSO (95) adsorbs,
at 25°C and 55°C, 94 and 70 mg g™, respectively. So, an
increase in temperature significantly reduces the efficiency
of H-DMSO(x). The interaction mechanism of the CV/H-
DMSO(x) systems would be of physical nature.

3.2.4. Affinity

The affinity of our materials vis-a-vis crystal violet at
25°C is presented in Fig. 7. The evolution is as follows:
H-DMSO (95) > H-DMSO (81) > H-DMSO (72) > H-DMSO
(66) > crude halloysite, that is, in accordance with the inter-
calated fraction. A similar sequence was observed at 40°C
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Kinetic parameters for CV adsorption onto modified halloysites

Intraparticle diffusion model
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(mgg™)
18.19
29.76
20.53
25.24
21.25

(mg g™ min'"?)
1.048
0.946
1.614
1.228
1.038

(mg g ' min™)
391
7.37
6.34
552
5.24

(g mg™" min™)

0.0037
0.0044
0.0042
0.0039
0.0045

(mgg")
32.46
40.65

(min™)

(mgg™)
22.66
2

(mgg™)
31.3

0.9362
0.9996
0.9981
0.9354
0.9999

0.9970
0.9986
0.9985
0.9984
0.9984

0.7949
0.8773
0.9093
0.8996
0.8553

0.0297
0.0472

8.3

39.5
3
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38.61
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0.0347

27.49
28.03
23.83

6.4

37.59

37.6
33.2

34.13

100 -
*
80 -|
A
*
~ 60 -
bo
on
£
o 40 » *25°C
o
A440°C
20 - x 55°C
0 - - . ,
0 40 80 120 160

Ce (mg L)
Fig. 6. Adsorption isotherms of crystal violet, according to the

experimental data (...) and RP model (—), by H-DMSO (95).
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Fig. 7. Adsorption affinity of CV on unmodified and DMSO-
intercalated halloysites.

and 55°C. Unmodified halloysite adsorbed 50.9 mg g™ of
CV™ at 25°C. As discussed from TEM analysis, the external
surface is composed of siloxane groups (Si—O-Si), while
the internal lumen surface is composed of aluminol groups
(Al-OH). As the isotherms at equilibrium was performed
at pH 6, the external surface is negatively charged, while
the inner one is positively charge [25]. Thereby, the adsorp-
tion of CV* on the crude halloysite is primarily influenced
by the electrostatic attraction between positively charged
molecules and negatively charged external surface sites.
The adsorption of malachite green, a cationic dye, on raw
halloysite has also been explained via similar interactions
[28]. At 25°C, H-DMSO (95) adsorbs almost twice that
the non-intercalated halloysite. In other words, in addi-
tion to electrostatic attraction, the intercalating agent,
DMSO, would be involved in some way in the dye binding.
It adsorbs 94 vs. 50.9 mg g for crude halloysite. Other pub-
lications highlighted the influence of transforming halloysite
into organohalloysite, on adsorption capacity [29,30].
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3.2.5. Adsorption capacity of different materials

Table 4 highlights the quantities of crystal violet adsorbed
at saturation for different adsorbents. H-DMSO (95) is
proving to be a better adsorbent than materials like nano-
composite, kaolin, hydrogel, and charcoal.

3.2.6. Fitting the experimental data with various models

Table 5 presents the fitting parameters of the Langmuir,
Freundlich, and Redlich-Peterson models. A model is vali-
dated from the parameters determination coefficient (R?),
average relative error (E%), and the adequacy between
experimental and theoretical maximum adsorbed quantities.
The Langmuir equation does not describe the experimen-
tal isotherms of the intercalated samples, because the E(%)
values are >10%.

The Freundlich model does not apply to non-interca-
lated halloysite, due to the values of R*> and E(%), unlike
H-DMSO(x). For the latter, they are >0.94% and <10%, respec-
tively. The parameter K, reflects the adsorption capacity.
It decreases as temperature rises, whatever the sample, in
accordance with the experiment results. The exponential
coefficient, 1, remains fairly constant with temperature. As it
characterizes the intensity of adsorption, its relative change
proves that the interaction of CV with H-DMSO(x) uses
the same components, probably the functional groups that
compose DMSO.

The Redlich-Peterson equation includes three factors
and uses non-linear regression. It is applicable to homo-
geneous and heterogeneous adsorption. As seen from
Table 5, this equation provides a satisfactory description
of the crystal violet adsorption onto H and H-DMSO(x).
The experimental and theoretical isotherms derived
from the Redlich-Peterson equation are given in Fig. 6.

Table 5
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At 25°C, the K, values decrease according to the sequence:
H-DMSO (95) > H-DMSO (81) > H-DMSO (72) > H-DMSO
(66) > unmodified halloysite, that is, in full agreement with
the affinity series. Note that the values of K, decline as
temperature increases for H-DMSO(x). The values of the
[ parameter range from 0 to 1 for H-DMSO(x), indicating
favorable adsorption.

3.2.7. Thermodynamic parameters

The thermodynamic factors are presented in Table 6.
Negative values of AG®° highlight the spontaneous char-
acter of adsorption. Whatever temperature, spontaneity
varies as follows: H-DMSO (95) > H-DMSO (81) > H-DMSO
(72) > H-DMSO (66) > unmodified halloysite. Negative val-
ues of AH® show that the elimination of CV is exothermic.
Adsorption is then unfavored by a temperature elevation.
In addition, the adsorbate-adsorbent system is much more
orderly (AS° <0). The combination of the parameters AG° <0,

Table 4
Comparison of uptake capacities of CV* for various adsorbents

Adsorbents Q,(mgg™) Reference
Nanocomposite 1.9 [31]
Polyacrylamide-kaolin 23.8 [32]
Hydrogels 35.1 [33]
Kaolin 47.3 [34]
Charcoal 58.1 [35]
Magnetic nanocomposite 81.7 [36]
H-DMSO (95) 94 This study

Adjustable parameters of the Langmuir, Freundlich, and Redlich-Peterson models

Samples Langmuir model Freundlich model Redlich-Peterson model
T Q Q, K, R? E K, n  R? E K, B Aep R? E
(°C) (mgg") (mgg") (Lmg™) (%) (Lgh (%) (Lgh (mg L) (%)
25 50.90 53.5 0.12 0999 6.1 134 34 0844 151 6.53 1.01 0.12 0974 7.0
H 40  41.65 433 0.14 0999 52 126 3.8 0813 144 4.84 1.07 0.08 0992 41
55  35.63 38.2 0.05 0991 8.0 7.7 33 0941 62 515 083 0.34 0971 54
25  93.55 94.3 0.14 0.974 234 242 35 0947 141 47541 073 17.95 0971 9.1
H-DMSO (95) 40  77.06 80.6 0.09 0975 232 197 3.6 0974 58 38224 0.72 19.00 0.984 57
55  69.53 73.0 0.09 0986 171 170 34 0967 59 35550 0.73 19.08 0.983 59
25 7742 79.4 0.11 0982 221 210 37 0951 71 12421 0.77 5.04 0.980 7.2
H-DMSO (72) 40  64.09 67.1 0.01 0987 199 194 42 0992 34 11590 0.77 571 0.991 5.4
55  55.05 57.8 0.11 099 138 167 40 098 4.2 4324 081 2.00 0.990 3.1
25 8416 86.2 0.12 0977 279 241 39 0948 8.0 46573 0.76 18.17 0974 9.2
H-DMSO (81) 40 71.61 73.0 0.09 0978 221 192 3.8 099 41 36940 0.74 1881 0.993 4.4
55  60.07 62.1 0.12 0995 153 181 40 098 44 5160 081 220 0.990 2.2
25 69.96 72.5 0.11 0987 192 208 41 0998 1.9 11510 0.77 5.14 0.993 4.1
H-DMSO (66) 40  57.35 59.2 0.11 0992 174 18.8 44 0991 17 10750 0.79 5.27 0984 3.9
55  47.46 49.5 0.12 099 151 17.0 42 0983 41 9570 081 5.03 0981 3.0
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Table 6

Thermodynamic parameters for the CV adsorption onto raw and intercalated halloysites

Samples AH° AS° AG® (k] mol™)

(kJ mol™) (kJ mol K) 25°C 40°C 55°C
H 29.69 ~0.088 335 2.0 ~0.69
H-DMSO (95) 2838 ~0.073 ~6.69 5.60 451
H-DMSO (72) 29.43 ~0.080 547 427 -3.06
H-DMSO (81) ~35.00 ~0.096 —6.54 511 -3.68
H-DMSO (66) ~13.65 ~0.033 385 -3.35 286

AH° < 0, and AS° < 0 shows that the removal of crystal
violet by H-DMSO(x) is spontaneous at low temperatures.

3.3. FTIR analysis

The infrared spectra are depicted in Fig. 8. The unmod-
ified clay (Fig. 8, Halloysite) shows the 3,704 and 3,632 cm™
bands, due to the vibration of the internal-surface- and inter-
nal hydroxyl groups [37]. The 3,436 and 1,626 cm™ bands
are caused by the interlayer water stretch and hydration
of dAIOH, respectively. The 1,042 and 1,081 cm™ bands are
assigned to Si-O-Si and apical Si-O stretches, respectively.
The peak at 760 cm™ is ascribed to Si-O-Al stretching, while
those at 922, 682, 484, and 548 cm™ are caused by Al-OH,
Al-OH, Si-O-Si, and Al-O bends, respectively [38].

When DMSO is inserted into the interlayer space of
halloysite, important modifications take place. The inter-
calation reaction breaks the original hydrogen bond and
reveals a new one, which modifies the intensity and fre-
quency of vibration (Fig. 8, H-DMSO (95)). Based on the red-
shift of the bands to 3,701 and 3,626 cm™ and their decrease
in intensity, new hydrogen bondings are created between
the sulfoxide groups of DMSO and inner surface OHs. The
broadband at 3,448 cm? is caused by the OH-stretching
mode of adsorbed water. The insertion of DMSO into the
interlayer is supported by the redshift of the band of AI-OH
interlamellar groups to 910 cm™ [39]. Ditto, the redshift of
the bands to 752, 677, and 540 cm™ indicates the involve-
ment of the internal surface AI-OHs in the intercalation
of DMSO. The reduction in the 1,085 cm™ peak intensity
suggests that the intercalated DMSO molecules bind to
tetrahedpral silicon through their methyl groups [40].

The crystal violet molecule spectrum is shown in
Fig. 8, CV. The 1,587 cm™ band is due to the C=C stretch
of the benzene ring. The presence of different bands in the
range 1,500-500 cm™ reveals mono and para-disubstituted
benzene nuclei in the CV dye [41]. The 1,176 cm™ band
is ascribed to N-CH, stretch [42], while the vibration of
aromatic tertiary amine C-N is observed at 1,361 cm™ [36].

After adsorption of crystal violet, significant changes
are observed (Fig. 8, CV-loaded H-DMSO (95)). Some
peaks shift while others vanish. The bands at 3,701 and
3,626 cm™ reduce in intensity and redshift after adsorp-
tion of CV. The intensity of 3,452 cm™ band becomes strong
and broad after adsorption, indicating intermolecular
H-bonds [6]. The bands at 1,361 and 1,030 cm™ decrease
in intensity and shift slightly after adsorption, indicating
a strong involvement of the C-N (tertiary amine) and 5=O

CV-loaded H-DMSO(95)

3689
3622

3452

550

3
3479

3701
3626
3448

3704
3632
3436

1200 800 400

Wavenumbers (cm’)

Fig. 8. FTIR spectra of H, H-DMSO (95), CV, and CV-loaded
H-DMSO (95).

species. In this line, the disappearance of the 1,176 cm?
band (N-CH,) after adsorption of CV also confirms the
involvement of tertiary amine via the methyl group.

3.4. Adsorption mechanism

Based on the FTIR analysis performed before and after
adsorption of this triphenylemethane dye, the interaction
mechanism would most likely involve a hydrogen bond.
Another feature that supports this type of interaction is
the physical nature of adsorption with an exothermic and
spontaneous process. Also, hydrogen bond is disrupted
and weakens with increasing temperature, which is the case
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Fig. 9. Mechanism of CV* adsorption on H-DMSO (95) via
hydrogen bond.

in this study where the adsorbed amount decreases with
increasing temperature.

The spectroscopic study also revealed DMSQO’s involve-
ment in the interaction mechanism via the S=O groups.
The adsorption mechanism of CV onto intercalated hal-
loysite with DMSO (95) is given in Fig. 8. DMSO is not a
donor but an acceptor of hydrogen [43], a consequence of
the strong acceptor character of the hydrogen bonding of
DMSOQ, through the lone pairs of electrons on the oxygen
atom [44]. The mechanism of crystal violet adsorption by
H-DMSO (95) would involve a hydrogen bonding between
the hydrogen of the methyl group bound to the tertiary
amine and the oxygen of the sulfoxide group. The same
evolution was observed during the adsorption of CV by
layered double hydroxides [45]. This interaction is proba-
bly not unique but would be associated, to a lesser extent,
with electrostatic attraction between positively charged
molecules and negatively charged external surface sites, as
shown from the pH study. The mechanism of CV* adsorp-
tion on H-DMSO (95) via hydrogen bond is given in Fig. 9.

4. Conclusion

The intercalation of halloysite with DMSO under dif-
ferent operating conditions was checked by XRD and ther-
mal analysis. The inserted moiety achieved 95% for a basal
spacing of 11.2 A. Adsorption of crystal violet followed
the sequence: H-DMSO (95) > H-DMSO (81) > H-DMSO
(72) > H-DMSO (66) > unmodified clay, that is, in accor-
dance with the intercalated fraction. H-DMSO (95) adsorbed
almost twice that the unmodified halloysite. The process
revealed a physical interaction of spontaneous nature at
low temperature. The interaction mechanism would involve
mainly a hydrogen bond between oxygen from the sulfox-
ide group and hydrogen from the methyl group belonging
to crystal violet.
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