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Abstract: In this study, a novel dual-cation organomontmorillonites (OMt) nanocomposite
was synthesized by two kinds of modifiers cetyltrimethylammonium chloride and cysteamine
hydrochloride, and the adsorption behavior of modifiers into montmorillonite (Mt) has been
investigated. The OMt were characterized by techniques, such as X-ray diffraction (XRD), Fourier
Transform Infrared (FTIR) spectroscopy, and thermogravimetric and differential thermal (TG-DTA)
analyses. The effects of temperature, contact time, the order of addition and the concentration of
organic modifiers on the amounts of organics adsorbed were investigated. The adsorption amount
of cetyltrimethylammonium chloride (CTAC) and cysteamine hydrochloride (CSH) increased with
the increase of the added CTAC amount and contact time, while the addition order of modifiers and
modification temperature had no significant effect on the actual adsorption amount of CTAC and
CSH on Mt, as confirmed by the XRD patterns. The experimentally determined isotherms showed
a good fit with the Langmuir adsorption models. The adsorption kinetics demonstrated that the
adsorption of CTAC and CSH by Mt followed the pseudo-second-order model, and CTAC adsorption
rate on Mt was faster than that of CSH. FTIR spectrum clearly revealed the incorporation of surfactant
ions into the interlayer region. The TG-DTA analyses showed that the total mass losses of OMt
strongly depended on the molecular volume of modifiers.

Keywords: montmorillonite; modifier; adsorption; structural characteristics

1. Introduction

Montmorillonite (Mt) is a 2:1 type of layered silicate mineral composed of two silica tetrahedral
sheets (5iO4) sandwiching an aluminum octahedral sheet [Al,_yx MgyxO4(OH)4]. Mt is negatively
charged due to the isomorphous replacement of mainly Mg?* for AI** in the octahedral sheet [1-4].
Therefore, the natural Mt can attract species with opposite charges, such as heavy metal ions and
organic cations, and it also shows high specific surface area, high cation exchange capacity (CEC), and
micro and meso-porosity properties [5,6]. Based on these unique characteristics as well as their natural
abundance and cost-effectiveness, Mt is usually used as a low cost adsorbent in wastewater treatment.
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Because of its negative charge, Mt is capable of efficiently adsorbing heavy metal ions by the cation
exchange process in the interlayer space of Mt, but it shows low affinities to non-ionic and non-polar
organic compounds (NOCs) [7,8]. However, the affinity and the adsorption capacity for NOCs can be
improved by introducing organic cations, such as quaternary ammonium cations into the interlayers
of Mt, i.e., by producing organomontmorillonite (OMt). Most previous research has shown that the
OMt has high affinity toward hydrophobic organic compounds and it can be more effective in the
adsorption of organic pollutants, such as phenol, p-chlorophenol, benzene, and toluene [9-11].

However, in the real world, such as the wastewater discharge in the mineral processing of
nonferrous metals, the organic pollutants usually exist with heavy metal ions and therefore, effective
and low-cost adsorbents for removing both heavy metals and organic contaminants are highly needed.
Previous studies showed that the type and structure of organic modifiers such as various cationic
surfactants with different chain lengths and branched-structure can remarkably affect the textural
properties, thermal stability, and adsorptive behavior of OMt [12-15]. Moraru [16], Khatib et al. [17],
and Ozkan Agish et al. [18], for example, used different quaternary ammonium salts to prepare
single-cation OMt and found that the adsorption capacity of the surfactants adsorbed onto Mt, the
interlayer distance and the packing density of surfactant ions in the interlayer increased with the
increase of alkyl chain lengths. Yang et al. [19] studied the adsorption of cetyltrimethylammonium
cations by montmorillonite, indicating that the adsorption reaction was carried out rapidly at room
temperature, and the adsorption process was in accordance with the Freundlich isothermal type.
Therefore, if the organic modifier for intercalating into the interlayer of Mt contains both quaternary
ammonium cations and the chelating groups, such as -SH, -COOH, and —-NHj, the resulting OMt
might serve as an effective adsorbent for simultaneously removing organic contaminants as well as
heavy metals from wastewater [20]. Dual-cation OMLt, a relatively novel type of modified Mt prepared
by the intercalation of two types of cationic surfactants, such as trimethyltetradecyl ammonium
chloride or hexadecyltrimethyl ammonium chloride or octadecyltrimethyl ammonium chloride and
cysteamine hydrochloride (CSH) have been previously reported to effectively remove both heavy
metal ions and organic pollutants because the functional groups, including quaternary ammonium
cations and the -SH group of CSH have the ability to interact with organic compounds and heavy
metal ions by the electrostatic interaction, formation of complexes, hydrophobic interactions and /or
partitioning actions in an organic phase [20]. However, with respect to the dual-cation OMt, the
adsorption behavior of two different types of organic modifiers by Mt from aqueous solutions was
not clear from the previous studies, and further investigations are needed to explore the influence of
the types of modifiers and intercalation methods on the adsorption ability of modifiers by Mt and the
structural characteristics of dual-cation OMt.

Therefore, in this work, the dual-cation OMt was synthesized with cetyltrimethylammonium
chloride (CTAC) and cysteamine hydrochloride (CSH) using three different intercalation methods with
different molar ratios of CTAC/CSH: (1) CSH was intercalated into Mt after CTAC, (2) CTAC was
intercalated into Mt after CSH, and (3) CTAC and CSH were used simultaneously for the intercalation.
The influence of intercalation methods and molar ratio of modifiers on the amount of modifiers
adsorbed by Mt was investigated. The interlayer spacing, aggregation form of the adsorbed organic
cations and the thermal stability of the dual-cation OMt were analyzed with X-ray diffraction (XRD),
Fourier transform infrared spectra (FTIR), and thermogravimetric and differential thermal (TG-DTA)
analysis experiments. The adsorption mechanism of modifiers on Mt was also discussed from the
aspects of adsorption kinetics and thermodynamics.

2. Experimental Part

2.1. Materials

The raw montmorillonite (Mt) that was used in this study was obtained from Tiandong bentonite
deposit in Guangxi province of China. The sample was purified by natural sedimentation and the
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<10 pm fraction was collected and dried at 95 °C. The collected montmorillonite contains very low
concentrations of feldspar and quartz. The sample was ground and sieved through 200 mesh and then
Na* exchanged by treating with NaCOj3. The obtained Na* exchanged Mt (denoted as Na*-Mt) sample
was used in all subsequent experiments for the preparation of organic modified montmorillonite (OMt).
The cation exchange capacity (CEC), methylene blue adsorption, and the swelling volume of Na*-Mt
were measured to be 120.0 mmol/100 g, 37.0 g/100 g, and 56.0 mL/g, respectively. The following
reagents were used for modification of the montmorillonite: cetyl (hexadecyl) trimethylammonium
chloride (CTAC, 97%, analytical grade), and complexant, cysteamine hydrochloride (CSH, 98%,
analytical grade).

2.2. Adsorption of Organic Modifiers into Mt and Preparation of OMt

Batch experiments, including the influence of heating temperature, contact time, added amount,
and order of addition of modifiers were conducted to determine the adsorption characteristics of
montmorillonite towards organic modifiers. In a typical run, different amounts of CTAC and CSH were
added into the Na*-Mt dispersion in iodine flask under fast stirring and then the mixture was heated
at 40-60 °C for 2-120 min to facilitate the intercalation of organic modifiers into the interlayer spaces
of Na*-Mt. The treated dispersions were centrifuged and washed with distilled water several times,
and then the products were dried, ground, and sieved to obtain <74 pum size prior to characterization
and analyses of organic carbon (f,.) and sulfur (fos) contents.

Three different intercalation methods were explored to synthesize OMt and investigate the effects
of added amount and order of addition of modifiers, as follows: (1) Different amounts of CTAC were
first added into the Na*-Mt dispersion with continued stirring for 2 h, and then the controlled amount
of CSH equal to the CEC of Na*-Mt was added into the dispersion for intercalation; (2) Different
amounts of CSH were first added into the Na*-Mt dispersion, and then the controlled amount of
CTAC equal to the CEC of Na*™-Mt was added into the solution for intercalation; (3) CTAC and CSH
with different amounts were simultaneously added into the Na*-Mt dispersion to synthesize OMt
by intercalation. When the amounts of CTAC was fixed at 1.0 CEC of Na*-Mt, the amounts of the
other modifiers CSH were selected as 0, 0.25, 0.5, 1.0, 1.5, and 2.0 CEC of Na*-Mt to obtain different
molar ratios of modifiers and vice versa. For each case, the stirring speed was 180 r/min, and the
modification temperature was 40 °C. The OMt obtained from the former two methods were denoted
as CTAC,-CSH-Mt and CSH,-CTAC-Mt, respectively, and those OMt obtained using the third method
were designated as CTAC,-CSH-coMt or CTAC-CSHy-coMt (here “x” indicates the added amounts of
CTAC or CSH for synthesizing OMt, which were 0.25, 0.5, 1.0, or 2.0). For the purpose of comparison,
the CSH modified montmorillonite (CSH-Mt) and CTAC intercalated montmorillonite (CTAC-Mt)
were also synthesized. The heating temperature was controlled at 40 °C, 50 °C, and 60 °C using only
the third intercalation method and at predetermined time intervals of 2, 4, 6, 10, 30, and 120 min to
investigate the adsorption isotherms and kinetics, respectively. The adsorption of organic modifiers
onto Mt was characterized by the CTAC or CSH loading amounts, which was calculated from the
obtained f, and f,g values.

2.3. Desorption of Organic Modifiers from OMt

The desorption experiments of OMt were conducted, as follows: 0.5 g of CTAC-CSH-coMt powder
sample was dispersed in 250 mL conical flasks to which 50 mL distilled water solution with the initial
pH ranges of 3.0-11.0 were added. The dispersions were shaken at 25 °C under fast stirring for 2 h,
and then centrifuged to separate solution from solid. The obtained solid products were dried, ground,
and sieved to obtain <74 um size prior to the analyses of organic carbon (f,c) and sulfur (fs) contents.
The desorption rates (1) of organic modifiers from the CTAC-CSH-coMt sample were calculated using
the following equation:

n(%) = [(Qr — Qo)/Q:] x 100% )
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where Q; and Qg (mmol- g’l) are the loading amounts of CTAC or CSH before and after the desorption
of OMt.

2.4. Characterization

Powder X-ray diffraction (XRD) data were recorded with a RigaKu D/max-rB diffractometer
(Rigaku Corporation, Akishima-shi, Japan) using Cu K« radiation at 40 kV and 100 mA. The functional
groups present in the montmorillonite samples were identified by using the NICOLET 5700 Fourier
infrared spectrometer (Thermo Nicolet Corporation, Madison, SD, USA) with the KBr pellet method.
Thermogravimetric and differential thermal analysis (TG-DTA) were performed on a TAQ600 thermal
analyzer (TA Instruments, Newcastle, PA, USA) at the heating rate of 20 °C/min from 30 to 1000 °C.
Organic carbon (f,c) and sulfur (f,s) contents of the original and modified Mt were examined with a
Vario EL III elemental analyzer (Elementar Analysensysteme, Hanau, Germany).

3. Results and Discussion

3.1. Effect of the Order of Addition and Amount of Added Modifiers on Their Adsorption by Mt

For all the above prepared CTAC-CSH-Mt, CSHy-CTAC-Mt, CTACy-CSH-coMt, and
CTAC-CSHy-coMt samples, the CTAC or CSH adsorption amounts (Q) by Mt are shown in Figure 1.
The Q; was calculated from the organic carbon (f,c) and sulfur (fos) contents, which were determined
by the elemental analyzer (Elementar Analysensysteme, Hanau, Germany).
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Figure 1. Effect of the order of addition and the mount of added modifiers on the CTAC or
CSH adsorption amounts (Q;) by different samples: (a) CTAC-CSH-Mt, (b) CSH-CTAC-Mt,
(c) CTAC-CSH-coMt, and (d) CTAC-CSHy-coMt.

As can be seen from Figure 1, for the OMt samples that were prepared by three different methods,
when the addition amount of CSH was fixed to 1.0 CEC of Na*-Mt, the adsorption amount of CTAC on
Mt remarkably increased as the CTAC dosage increased, while the CSH adsorption amount decreased.
Also, as for the CTAC,-CSH-Mt samples, when the addition amount of CTAC increased to 1.5 CEC of
Na*-Mt, the maximum adsorption amount of CTAC occurred and there was almost no further increase
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in adsorption beyond this addition amount (Figure 1a). However, when the addition amount of
CTAC was fixed to 1.0 CEC of Na*-Mt, the CSH and CTAC adsorption amounts on Mt did not change
significantly, but the CTAC adsorption amount was much larger than that of CSH. This suggested that
the effects of the CTAC and CSH amounts on the adsorption amount of the modifiers was dominated
by the added amount of CTAC. Moreover, when the amount of the two modifiers was 1.0 CEC of
Na*-Mt, for CTAC-CSH-coMt, CTAC; o-CSH-Mt, and CSH; -CTAC-Mt samples, the CTAC adsorption
amounts on Mt were about 0.936, 0.936, and 0.960 mmol/g, respectively, while those of CSH were 0.06,
0.02, and 0.048 mmol/g, respectively (Figure S1), which indicated that the different addition order
of modifiers had no significant effect on the actual adsorption amount of CTAC and CSH on Mt. It
appears that the CTAC with longer alkyl ammonium chains could easily enter into the interlayers than
CSH. The pre-intercalated CTAC could easily “block” the interlayer spaces with its relatively large
adsorption amounts, and therefore, CSH could not be further intercalated easily into the interlayers [21].
Also, the pre-intercalated CSH in the interlayer spaces could be replaced by post-intercalated CTAC
because of its larger volume/charge ratio than that of CSH, and thus the amount of CSH entering
into the interlayers of montmorillonite was relatively small. When considering that, among all of the
adsorbents CTAC-CSH-coMt, CTAC (-CSH-Mt, and CSH; o-CTAC-Mt, the actual adsorption amounts
of CTAC or CSH on Mt were similar, CTAC-CSH-coMt was chosen to investigate in detail with further
adsorption experiments.

3.2. Effect of Modification Temperature and Time on Adsorption of Organic Modifiers by Mt

For sample CTAC-CSH-coMt, the effects of the modification temperature and contact time on the
actual adsorption amounts of CTAC and CSH by Mt are presented in Figures 2 and 3, respectively.
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Figure 2. Effect of modification temperature on the adsorption amount (Q;) of cetyltrimethylammonium
chloride (CTAC) (a,b) and cysteamine hydrochloride (CSH) (c,d) under the condition of different
dosages of modifiers.
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Figure 3. Effect of time on the adsorption amount (Q;) of modifiers.

It can be seen from Figure 2 that the modification temperature had little effect on the uptake of
CTAC and CSH on Mt under the conditions of different CTAC or CSH dosages. However, Figure 3
showed that the modification time could evidently influence the adsorption amount of CTAC and
CSH on Mt, and the process of themodifier entering into the montmorillonite interlayer can be divided
into three stages. In the first stage, the adsorption amount of the modifiers on Mt increased rapidly
and the adsorption rate was very fast. At 2 min, the adsorption amount of CTAC onto Mt reached
0.92 mmol/g, which was equal to 0.77 CEC of Na*-Mt. The adsorption amount of CSH also reached
the maximum of 0.084 mmol/g, but the adsorption efficiency was relatively low in comparison with
that of CTAC. This could be attributed to the competitive adsorption between the two modifiers of
CTAC and CSH with different molecular volumes. At the second stage of 2-10 min, the adsorption
amount of CTAC showed a slow growth trend with the increase of equilibration time, while the uptake
of CSH changed only a little. After 10 min, the adsorption amounts of the organic modifiers of CTAC
and CSH on Mt had no significant change and they apparently reached equilibrium.

3.3. Adsorption Kinetics

The adsorption kinetics were mainly used to evaluate the adsorption efficiency between the
adsorbent and the adsorbate [22], and it describes the relationship between adsorption time and
adsorption rate. The pseudo-second-order kinetic equation that was used in this study was derived by
Ho [23] from adsorption of divalent metal ions. The equation was given, as follows [23]:

d
S = ka(ge — 1)’ @

t 1 t

i = 3
gt koge*  qe ®)

where g1, g, (mmol-g ') was the adsorption amount at time t and equilibrium time, respectively. k,
(g'mol~!-min~') was pseudo-second-order kinetics rate constant.

In order to determine the adsorption mechanism of modifier CTAC and CSH on Mt, the
pseudo-second-order kinetics model was used in this study to simulate the adsorption data of CTAC
and CSH on Na*-Mt at different contact times (Figure 3). The parameters k; and g, can be obtained
by the intercept and slope of t/g; versus t. The fitting results that were obtained from this kinetics
equation are shown in Figure 4, and the corresponding kinetic parameters g,, k» and the correlation
coefficient R? are summarized in Table 1.
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Figure 4. Pseudo-second-order model plots of CTAC (a) and CSH (b) onto Mt.

Table 1. Kinetic parameters of CTAC and CSH adsorption onto Mt.

Organic Modifiers qe,exp/mmol-g—1 e car/mmol-g—1 ka/g-mol~!-min—! R?
CSH 0.05989 0.05945 0.04748 0.995
CTAC 0.93772 0.93758 0.13285 0.999

As can be seen from Figure 4 and Table 1, the correlation coefficients, R? values calculated from
the fitting of the kinetics equation were >0.99, and the experimental value of equilibrium adsorption
ge (exp) showed good agreement with the calculated ones g, (cal), which indicated that the adsorption
and intercalation process of CTAC and CSH onto Mt can be well fitted with the pseudo-second-order
model. Additionally, the adsorption rate constant k; of CTAC and CSH on Mt were 0.13285 and
0.04748 g-mol~!-min~!, respectively. The former was found to be three times as large as the latter,
indicating that the CTAC adsorption rate on Mt was faster than that of CSH, which may be related to
the carbon chain length and hydrophobicity of the organic modifiers.

3.4. Adsorption Isotherms

In order to gain better understanding of the interaction mechanism between modifiers and Mt,
both Langmuir and Freundlich adsorption isotherm models in their non-leaner forms were applied to
the loading amounts of CTAC and CSH on Mt. The Langmuir and Freundlich adsorption models are
expressed, as follows [24-26]:

QbC,
p— 4
e 1+ bC, )
Je = KFCel/n (5)

where g, (mmol-g~!) represents the adsorption capacity of unit molar adsorbent, Q (mmol-g~1) is the
maximum adsorption capacity of adsorbent to form a complete monolayer coverage on the surface,
and C, (mmol-L™!) is the concentration of the adsorbate ion solution at equilibrium. b (L-mmol~1)
is the Langmuir constant related to the energy of adsorption, Kr and 7 are the Freundlich constant
related to the adsorption capacity and adsorption strength of the adsorbent, respectively.

The experimental data in Figure 2a,d were fitted using the Formulas (4) and (5) given above, and
the corresponding isotherm plots and parameters are shown in Figure 5 and Table 2, respectively.
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Figure 5. Adsorption isotherms of CTAC (a) and CSH (b) at 40 °C for Mt.

Table 2. Langmuir and Freundlich isotherm parameters for adsorption of CTAC and CSH onto Mt.

. Langmuir Model Freundlich Model
Modifiers
Qum/mmol-g=!  b/L-mmol ! R? Kr n R?
CTAC 1.0862 0.1855 0.99 0.33281 3.8104 0.86
CSH 0.06082 0.00069 0.99 0.02484 5.14034 0.56

It can be seen from Figure 5 and Table 2 that the adsorption isotherms of CTAC and CSH by Mt
can be well fitted with Langmuir model, which is in agreement with the high correlation coefficients
(R? > 0.99). This indicated that the available active sites on the surface of organic modified Mt were
homogenously distributed and the adsorption process of CTAC onto OMt was of the monolayer type.
According to Table 2, the calculated maximum adsorption capacity (Qm) of CTAC and CSH by Mt
were 1.0862 and 0.06082 mmol-g~!, respectively, which was slightly larger than the actual adsorption
amount of CTAC and CSH onto Mt when the molar ratio of CTAC/CSH was 2:1.

3.5. Desorption Studies of Modified Mt

To investigate the stability of OMt and the interaction extent between the organic modifiers and
Mt, the desorption experiments of CTAC and CSH from OMt were carried out and the effects of the
initial pH of the water solution on the desorption rates of CTAC and CSH from the CTAC-CSH-coMt
sample are presented in Table 3.

Table 3. The desorption results of organic modifiers from organomontmorillonite (OMt) under different
initial pH value.

Initial pH Value Desorption Rate of CSH/% Desorption Rate of CTAC/%
3.0 0.87 1.15
7.0 1.29 0.91
11.0 0.85 0.72

As shown in Table 3, when the initial pH values of the water solution were 3.0, 7.0, and 11.0, the
desorption rates of CTAC and CSH from the CTAC-CSH-coMt sample were at the range of 0.72-1.29%,
indicating that the composite modified Mt was relatively stable under different pH value, and there
were the strong interaction between the organic modifiers and Mt. Additionally, in the pH range
of 3.0-11.0, and the minimum desorption rates of CTAC and CSH were found at pH 11.0, which
suggested that the alkaline environment was helpful for the stability of OMLt.
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3.6. Characterization Results

Powder X-ray diffraction results of composites of modified montmorillonite products under
different CTAC or CSH dosage conditions and three different preparation methods are shown in
Figure 6.
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Figure 6. X-ray diffraction (XRD) patterns of OMt obtained under three different preparation methods:
different order of addition using the same amount of CTAC and CSH (a), with different amounts of
CTAC (b) and CSH (c).

As can be seen from Figure 6, the layer spacing d (1) values of all the Mt samples that were
modified by CTAC and/or CSH were larger than that of unmodified Na*-Mt, which indicated that the
basal spacing was enlarged by the intercalation of organic cations into the interlayer region of Mt. Also,
the basal spacing generally depended on the loading amount and orientation in the interlayer galleries
of the organic cations [27,28]. Figure 6a shows that the d gy diffraction peaks of CTAC; o-CSH-coMt,
CTAC o-CSH-Mt and CSH; (-CTAC-Mt samples obtained under three different preparation methods
showed similar d(001) values of 2.01 nm, 2.09 nm, and 2.06 nm, respectively. This means that the
addition methods of two modifiers had little effect on the intercalation of CTAC and CSH into Mt,
which was in good agreement with the results of the CTAC and CSH adsorption amounts for the above
three samples (Figure S1).

Figure 6b presents the XRD results of CSH-Mt and CTAC-CSH-coMt samples that were prepared
under different used amounts of CTAC. It showed that the peak in the patterns of CTAC 25-CSH-coMt
corresponded to 1.37 nm interlayer spacing value, which was a little larger than that of the CSH-Mt
sample. While with the increase of the added amounts of CTAC, the peaks with larger 20 value
gradually shifted to smaller 20 value, and the corresponding layer spacing dgo1) values increased
from 1.37 nm to 2.01 nm. As the used amounts of CTAC increased to 2.0 CEC of Na*-Mt, the
CTAC; p-CSH-coMt samples showed double peaks in the patterns, corresponding to the layer spacing
d(oo1) values of 1.97 nm and 3.91 nm, respectively, which indicated that at the added CTAC amounts
of 2.0 CEC of Na*-Mt, the interlayer of Mt could be expanded to a large extent and the layer spacing
d(oo1y values highly depended on the used amounts of CTAC.

The XRD patterns of CTAC-Mt and CTAC-CSH-coMt samples that were synthesized under
different added amounts of CSH are presented in Figure 6¢c. It showed that all of the samples had
similar layer spacing and the added CSH did not expand the interlayers of CTAC-Mt further, which
was consistent with the results of similar CSH adsorption amounts for CTAC-CSH-coMt samples that
were synthesized under different added amounts of CSH (Figure 1d).

FTIR is a useful way to investigate the aggregation form of the adsorbed organic cations on Mt.
The FTIR spectra of compoud OMt samples prepared using different amounts of organics and using
different addition order of CTAC and CSH are shown in Figure 7.
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Figure 7. Fourier transform infrared spectra (FTIR) spectra of Na*-Mt and different OMt.

The CTAC-Mt, CSH-Mt and all CTAC o-CSH-Mt complexes displayed characteristic vibrations at
about 2930 cm ! for asymmetric CH, stretching mode and 2850 cm~! for symmetrical CHj stretching
mode (Figure 7) [29-31]. It can be seen that the intensities of the vibrations strongly depended on
the amounts of CTAC used and the order of additions of the two modifiers. With the increase of the
added CTAC amounts, the asymmetric and symmetrical CH; stretching mode became well resolved
and their intensities clearly increased. The bands around 1630 cm ™! are assigned to the v, (H-O-H)
bending vibration and the frequency shifts from 1623.29 cm~! (CTAC ,5-CSH-coMt) to 1639.98 cm !
(CTAC; -CSH-coMt) (Table S1), which is similar to that of organomontmorillonite that was reported in
previous studies [18,31,32]. This indicates that the hydrophobicity of the CTAC-CSH-coMt complexes
increases with the increased amount of surfactant adsorption.

The thermogravimetric and differential thermal (TG-DTA) analyses of CTAC, CSH, Na*-Mt, and
OMt are shown in Figure 8.

(2)
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Mass(%)
3
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Figure 8. Differential thermal analyses (DTA) (a) and thermogravimetric (TG) (b) curves of CTAC,
CSH, Nat-Mt, and OMt.
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It can be seen from Figure 8 that the mass loss at the 30~135 °C temperature range corresponded to
the evaporation of adsorbed water from the Mt surfaces and water molecules around the exchangeable
cations [33]. As for the pure organic modifiers CSH and CTAC, the main mass loss occurred at 185, 255,
and 278 °C, respectively (Figure 8). For CTAC-Mt, CSH-Mt, and CTAC; y-CSH-Mt samples, the mass
loss occurred between 150 and 500 °C and this was mainly due to the thermal decomposition of CTAC
and CSH. The mass losses for all the samples in the temperature range of 500~900 °C, were attributed
to the dehydroxylation of OH groups in the aluminosilicate structure of Mt [34,35]. Moreover, it can
be found that the total mass losses of all the above OMt samples were larger than that of Na*-Mt
by itself, and the total mass losses of OMt increased in the following order: CTAC-Mt (34.45%) >
CTAC-CSH-coMt (33.85%) > CSH-Mt (16.38%), which indicated that the total mass losses of OMt
strongly depended on the molecular volumes of organic modifiers.

4. Conclusions

Cetyltrimethylammonium chloride and cysteamine hydrochloride were used to modify
montmorillonite (Mt), and the effects of temperature, contact time, the addition order of modifiers and
modification temperature were investigated by using a batch process-type of experiments. The results
showed that the adsorption amounts of the organic modifiers and layer spacing d o) values were
highly dependent on the amounts of CTAC used. The addition order of modifiers and modification
temperature had no significant effect on the actual adsorption amount of CTAC and CSH on Mt. The
pre-intercalated CTAC could “block” the interlayer spaces with its relatively large adsorption amounts,
and therefore, CSH could not be further intercalated easily into the interlayers. The adsorption
equilibrium was achieved in 10 min, as determined by kinetics experiments. The adsorption kinetics
demonstrated that the adsorption and intercalation process of CTAC and CSH onto Mt can be well
fitted with the pseudo-second-order model, and CTAC adsorption rate on Mt was faster than that
of CSH. The adsorption isotherms were determined and simulated using Langmuir and Freundlich
models, and Langmuir model could represent the experimental data well, which indicated that the
available active sites onto the surfaces of modified Mt with organic were homogenously distributed and
the adsorption process of CTAC and CSH onto OMt was of the monolayer-type. The thermogravimetric
and differential thermal (TG-DTA) analysis of Na*-Mt and OMt showed that the total mass losses
of OMt were larger than that of Na*-Mt, and the total mass losses of OMt strongly depended on the
molecular volumes of organic modifiers.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/1996-1944/11/11/2320/
s1, Figure S1: Effect of the order of addition and the amount of modifiers on the CTAC or CSH amount adsorbed
onto the OMt samples prepared by the three different intercalation methods when the amounts of STAC and CSH
was fixed at 1.0 CEC, Table S1: Positions and assignments of the FTIR vibration bands in the range of 400-4000

em L.
Author Contributions: G.W.,, HX., H.L. and M.Y. conceived, performed the experiments and wrote the manuscript.
SM., S.Z,].Q. and S.K. performed the data analysis and revised the manuscript.

Funding: The research was funded by the National Natural Science Foundation of China (No. 51464004,
No. 51764003, No. 51774200), the Cooperation Foundation of Guangxi Key Laboratory of Processing for
Non-ferrous Metals and Featured Materials (No. GXYSSF1806), Innovation Project of Guangxi Graduate Education
(YCSW2018052) and the college of Agricultural Sciences under Station Research Project No. PEN04566.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Zhu, L; Wang, L.; Xu, Y. Chitosan and surfactant co-modified montmorillonite: A multifunctional adsorbent
for contaminant removal. Appl. Clay Sci. 2017, 146, 35-42. [CrossRef]

2. Yang, S.; Wu, P; Yang, Q.; Zhu, N.; Lu, G.; Dang, Z. Regeneration of iron-montmorillonite adsorbent as
an efficient heterogeneous fenton catalytic for degradation of bisphenol a: Structure, performance and
mechanism. Chem. Eng. ]. 2017, 328, 737-747. [CrossRef]


http://www.mdpi.com/1996-1944/11/11/2320/s1
http://www.mdpi.com/1996-1944/11/11/2320/s1
http://dx.doi.org/10.1016/j.clay.2017.05.027
http://dx.doi.org/10.1016/j.cej.2017.07.093

Materials 2018, 11, 2320 12 of 13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Almasri, D.A.; Rhadfi, T.; Atieh, M.A.; Mckay, G.; Ahzi, S. High performance hydroxyiron modified
montmorillonite nanoclay adsorbent for arsenite removal. Chem. Eng. J. 2017, 335, 1-12. [CrossRef]

Chen, H.H.; Thirumavalavan, M.; He, R.Z.; Shi, Y.T.; Lee, ].F. Feasible preparation and characterization of
tunable novel montmorillonite/block-copolymers based composites as potential dual adsorbent candidates.
Appl. Clay Sci. 2017, 137, 192-202. [CrossRef]

Ruiz-Hitzky, E.; Aranda, P; Darder, M.; Rytwo, G. Hybrid materials based on clays for environmental and
biomedical applications. J. Mater. Chem. 2011, 42, 9306-9321. [CrossRef]

Adebajo, M.O.; Frost, R.L.; Kloprogge, ].T.; Carmody, O.; Kokot, S. Porous materials for oil spill cleanup: A
review of synthesis and absorbing properties. J. Porous Mater. 2003, 10, 159-170. [CrossRef]

Shen, Y.H. Phenol sorption by organoclays having different charge characteristics. Colloids Surf. A 2004, 232,
143-149. [CrossRef]

Park, Y.; Ayoko, G.A.; Horvath, E.; Kurdi, R.; Kristof, J.; Frost, R.L. Structural characterisation and
environmental application of organoclays for the removal of phenolic compounds. ]. Colloid Interface
Sci. 2013, 393, 319-334. [CrossRef] [PubMed]

Sarkar, B.; Megharaj, M.; Xi, Y.; Naidu, R. Surface charge characteristics of organo-palygorskites and
adsorption of p-nitrophenol in flow-through reactor system. Indian Pediatr. 2004, 41, 559. [CrossRef]
Alkaram, U.F; Mukhlis, A.A.; Aldujaili, A.H. The removal of phenol from aqueous solutions by adsorption
using surfactant-modified bentonite and kaolinite. ]. Hazard. Mater. 2009, 169, 324-332. [CrossRef] [PubMed]
Nourmoradi, H.; Khiadani, M.; Nikaeen, M. Multi-component adsorption of benzene, toluene, ethylbenzene,
and xylene from aqueous solutions by montmorillonite modified with tetradecyl trimethyl ammonium
bromide. J. Chem. 2013, 2013, 89-94. [CrossRef]

Dentel, S.K.; Jamrah, A.L; Sparks, D.L. Sorption and cosorption of 1,2,4-trichlorobenzene and tannic acid by
organo-clays. Water Res. 1998, 32, 3689-3697. [CrossRef]

Wang, G.; Miao, Y.; Sun, Z.; Zheng, S. Simultaneous adsorption of aflatoxin B; and zearalenone by mono-and
di-alkyl cationic surfactants modified montmorillonites. J. Colloid Interface Sci. 2018, 511, 67-76. [CrossRef]
[PubMed]

Celis, R.; Hermosin, M.C.; Cornejo, ]. Heavy metal adsorption by functionalized clays. Environ. Sci. Technol.
2000, 34, 4593-4599. [CrossRef]

Xue, G.; Gao, M.; Gu, Z.; Luo, Z.; Hu, Z. The removal of p-nitrophenol from aqueous solutions by adsorption
using gemini surfactants modified montmorillonites. Chem. Eng. J. 2013, 218, 223-231. [CrossRef]

Moraru, V.N. Structure formation of alkylammonium montmorillonites in organic media. Appl. Clay Sci.
2001, 19, 11-26. [CrossRef]

Khatib, K.; Pons, C.H., Bottero, ]J.Y.; Frangois, M.; Baudin, I. Study of the structure of
dimethyldioctadecylammonium-montmorillonite by small angle x-ray scattering. J. Colloid Interface Sci. 1995,
172, 317-323. [CrossRef]

Acisli, 0.; Karaca, S.; Giirses, A. Investigation of the alkyl chain lengths of surfactants on their adsorption by
montmorillonite (Mt) from aqueous solutions. Appl. Clay Sci. 2016, 142, 90-99. [CrossRef]

Yang, R.; Li, J.; Chen, K,; Fu, G. Investigation of adsorption behavior of layered silicate montmorillonite.
J. Lanzhou Univ. Technol. 2007, 33, 17-20.

Wang, G.; Zhang, S.; Hua, Y,; Su, X.; Ma, S.; Wang, J.; Tao, Q.; Wang, Y.; Komarneni, S. Phenol and/or Zn?t
adsorption by single- or dual-cation organomontmorillonites. Appl. Clay Sci. 2017, 140, 1-9. [CrossRef]
Zhu,R.L.; Wang, T,; Ge, F.; Chen, W.XX,; You, Z.M. Intercalation of both CTMAB and Al13 into montmorillonite.
J. Colloid Interface Sci. 2009, 335, 77-83. [CrossRef] [PubMed]

Yan, L.G,; Yang, K.; Shan, R.R.; Yan, T.; Wei, J.; Yu, S.J.; Yu, H.Q.; Du, B. Kinetic, isotherm and thermodynamic
investigations of phosphate adsorption onto core-shell Fe30,@LDHs composites with easy magnetic
separation assistance. J. Colloid Interface Sci. 2015, 448, 508-516. [CrossRef] [PubMed]

Ho, Y.S. Adsorption of Heavy Metals from Waste Streams by Peat. Ph.D. Thesis, The University of
Brimingham, Brimingham, UK, 1995; pp. 681-689.

Langmuir, I. Constitution and Fundamental Properties of Solids and Liquids: I, Solids. J. Am. Chem. Soc.
1916, 183, 102-105. [CrossRef]

Langmuir, I. The adsorption of gases on plane surfaces of glass, mica and platinum. J. Chem. Phys. 2015, 40,
1361-1403. [CrossRef]

Freundlich, H. Uber die adsorption in Losungen. Z. Phys. Chem. 1906, 62, 121-125. [CrossRef]


http://dx.doi.org/10.1016/j.cej.2017.10.031
http://dx.doi.org/10.1016/j.clay.2016.12.028
http://dx.doi.org/10.1039/c0jm00432d
http://dx.doi.org/10.1023/A:1027484117065
http://dx.doi.org/10.1016/j.colsurfa.2003.10.014
http://dx.doi.org/10.1016/j.jcis.2012.10.067
http://www.ncbi.nlm.nih.gov/pubmed/23207051
http://dx.doi.org/10.1016/j.cej.2011.05.062
http://dx.doi.org/10.1016/j.jhazmat.2009.03.153
http://www.ncbi.nlm.nih.gov/pubmed/19464105
http://dx.doi.org/10.1155/2013/589354
http://dx.doi.org/10.1016/S0043-1354(98)00148-1
http://dx.doi.org/10.1016/j.jcis.2017.09.074
http://www.ncbi.nlm.nih.gov/pubmed/28972897
http://dx.doi.org/10.1021/es000013c
http://dx.doi.org/10.1016/j.cej.2012.12.045
http://dx.doi.org/10.1016/S0169-1317(01)00053-9
http://dx.doi.org/10.1006/jcis.1995.1258
http://dx.doi.org/10.1016/j.clay.2016.12.009
http://dx.doi.org/10.1016/j.clay.2017.01.023
http://dx.doi.org/10.1016/j.jcis.2009.03.033
http://www.ncbi.nlm.nih.gov/pubmed/19394028
http://dx.doi.org/10.1016/j.jcis.2015.02.048
http://www.ncbi.nlm.nih.gov/pubmed/25778739
http://dx.doi.org/10.1021/ja02268a002
http://dx.doi.org/10.1021/ja02242a004
http://dx.doi.org/10.1515/zpch-1907-5723

Materials 2018, 11, 2320 13 of 13

27.
28.

29.

30.

31.

32.

33.

34.

35.

Lagaly, G. Layer charge heterogeneity in vermiculites. Clays Clay Miner. 1982, 30, 215-222. [CrossRef]
Schampera, B.; Tunega, D.; Solc, R.; Woche, S.K.; Mikutta, R.; Wirth, R.; Dultz, S.; Guggenberger, G. External
surface structure of organoclays analyzed by transmission electron microscopy and X-ray photoelectron
spectroscopy in combination with molecular dynamics simulations. Colloid Interface Sci. 2016, 478, 188-200.
[CrossRef] [PubMed]

Kung, K.HS.; Hayes, K.E Fourier transform infrared spectroscopic study of the adsorption of
cetyltrimethylammonium bromide and cetylpyridinium chloride on silica. Langmuir 1933, 9, 263-267.
[CrossRef]

Xue, Y.B.; Tang, Z. Density Functional Study of the Structure of SnO; (110) Surface and the Property of
Oxygen Adsorption. Chin. |. Sens. Actuators 2007, 11, 2364-2368.

Xue, W.; He, H.; Zhu, J.; Yuan, P. FTIR investigation of CTAB-Al-montmorillonite complexes. Spectrochim.
Acta Part A 2007, 67, 1030-1036. [CrossRef] [PubMed]

Xu, W.Z,; Johnston, C.T.; Parker, P.; Agnew, S.F. Infrared study of water sorption on Na-, Li-, Ca-, and
Mg-exchanged (swy-1 and saz-1) montmorillonite. Clays Clay Miner. 2000, 48, 120-131. [CrossRef]
Rathnayake, S.I.; Xi, Y.; Frost, R.L.; Ayoko, G.A. Structural and thermal properties of inorganic—organic
montmorillonite: Implications for their potential environmental applications. J. Colloid Interface Sci. 2015,
459, 17-28. [CrossRef] [PubMed]

Xi, Y.; Frost, R.L.; He, H.; Kloprogge, T.; Bostrom, T. Modification of Wyoming montmorillonite surfaces
using a cationic surfactant. Langmuir 2005, 21, 8675-8680. [CrossRef] [PubMed]

Park, Y.; Ayoko, G.A.; Frost, R.L. Application of organoclays for the adsorpon of recalcitrant organic
molecules from aqueous media. J. Colloid Interface Sci. 2011, 354, 292-305. [CrossRef] [PubMed]

@ © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1346/CCMN.1982.0300308
http://dx.doi.org/10.1016/j.jcis.2016.06.008
http://www.ncbi.nlm.nih.gov/pubmed/27295321
http://dx.doi.org/10.1021/la00025a050
http://dx.doi.org/10.1016/j.saa.2006.09.024
http://www.ncbi.nlm.nih.gov/pubmed/17289428
http://dx.doi.org/10.1346/CCMN.2000.0480115
http://dx.doi.org/10.1016/j.jcis.2015.07.071
http://www.ncbi.nlm.nih.gov/pubmed/26254868
http://dx.doi.org/10.1021/la051454i
http://www.ncbi.nlm.nih.gov/pubmed/16142947
http://dx.doi.org/10.1016/j.jcis.2010.09.068
http://www.ncbi.nlm.nih.gov/pubmed/21040928
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Experimental Part 
	Materials 
	Adsorption of Organic Modifiers into Mt and Preparation of OMt 
	Desorption of Organic Modifiers from OMt 
	Characterization 

	Results and Discussion 
	Effect of the Order of Addition and Amount of Added Modifiers on Their Adsorption by Mt 
	Effect of Modification Temperature and Time on Adsorption of Organic Modifiers by Mt 
	Adsorption Kinetics 
	Adsorption Isotherms 
	Desorption Studies of Modified Mt 
	Characterization Results 

	Conclusions 
	References

