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Abstract

In this work, NiAl-layered double hydroxide (NiAl-LDH) modified with dodecylsulfate was prepared by the
reaction between an aqueous solution of dodecylsulfate (DS™) and an aqueous suspension of NiAI-LDH under
hydrothermal reaction at 120 °C for 24 h. Various amounts of DS~ were studied with the controlled amount of the
LDH which referred to subscript x in DS @NiAl-LDH for the as-prepared products. The XRD patterns of all products
revealed that the interlayer space was increased with increasing the amount of DS™ up to 3.52 nm where x = 50
owing to the paraffin bilayer arrangement of DS™ molecules in the interlayer space. DS, @NiAl-LDH was used as
the representative adsorbent for elimination of methyl orange, methylene blue and alizarin from solution. The
modified adsorbent showed the highest removal efficiency of methyl orange at 97% due to the electrostatic
interaction. In addition, for every type of dye tested, the adsorption capacity of the surface-modified NiAI-LDH was

superior to the pristine NiAl-LDH due to the improved hydrophobic and hydrogen bonding interactions in the former.

Keywords : NiAl-layered double hydroxide, dodecylsulfate, adsorbent, dye

Introduction

Layered inorganic materials have been extensively interested in the roles of host and support materials with
hybridizing or compositing an inorganic and/or organic species as a result of the capacity on controlling the growth
of nanomaterial, rigid structure and many features such as charged surface, ion exchangeability, large surface area
and catalyst (Yang et al., 2019). The processes show the achievement for nanohybrid preparation, which

synergized to achieve the environmental purification and production of alternative energy fuels (Mohapatra &

Parida, 2016). Based on positively charged layer, M"M —layered double hydroxide (abbreviated as M"M"-LDH) is
one of the dominant host materials especially as anion exchanger and adsorbent. Structure of the LDH is composed
of isomorphic substitution of divalent metal (M") ions in some sites of M(1I) hydroxide nanosheets (brucite-like
structure) by trivalent (M") one, generating the net positive charge on surface and then the solid is formed layer by
layer in the presence of counterbalanced anionic (A"™) species and water (H,0) molecule having general formula
of [M" M",_(OH),I*-[A™],, mH,O (Yang et al., 2019). Two dimensional layered structure of the LDH makes such
characteristic properties as capacities of anion exchange and adsorption, swelling ability, large surface area,
catalyst and so on. In addition, the diverse of divalent and trivalent cations in the compositions of LDH can be
varied that promotes the different and unexpected functionalities such as adsorbent, catalyst, catalyst support,
drug deliver and so on (Sun et al., 2015: Mohapatra & Parida, 2016: Kong et al., 2018a). In the present work,
NiAI-LDH was used as the host material due to easy preparation with large amount, low cost and high stability.

A big problem of environmental issue is wastewater contaminated by industrial and agricultural chemicals, and

so forth. One of these effluents consists of organic dye molecules mostly originated from industries relating to textile
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(handicraft), paints, cosmetics, food and so forth. Menacingly, dye can be toxic (mutagenicity, genotoxicity, etc.)
and carcinogenic even in tiny amount. The quality of water is an important factor on health, consequently, the
removal of dyes and other organic contaminants from water resources is a task of the utmost importance for
researchers.  Conventionally, purification process of wastewater is transferring dye molecules onto a solid
adsorbent, however, the adsorbent must be rigid and versatile for all species of dye molecules. Especially, methyl
orange, methylene blue and alizarin are the representative of anionic, cationic and neutral dyes, which difficult to
degrade because of high stabilities of their structure ( Scheme 1). Adsorption process using positively
charged-layered inorganic adsorbent shows efficient removal of negatively charged dye in wastewater with the
electrostatic interaction, however, the species that contaminated are molecules of different charge like negative,
positive and/or neutral. Therefore, the adsorbent is needed to modify for multipurpose adsorption of various
charge-dye molecules. The modification of layered materials with surfactants as organo-adsorbent has been
investigated so far and the tailor of removal efficiency of dye from solution was obtained (Sun et al., 2015: Kong
et al., 2018a). Besides, thermal stability and flame retardancy of polymer/intumescent flame retardant are improved
by the protection of NiAI-LDH modified with dodecylsulfate (Kong et al., 2018b). As we known, the intercalation of
dodecylsulfate in the interlayer space of NiAl-LDH under hydrothermal reaction as the adsorbent for eliminating
dye (methyl orange, methylene blue and alizarin) molecules from solution has not been studied so far. It may be
thought that the enlargement of the interlayer space with surfactant may accommodate the toxic species more with
many attractive forces. Herein, the intercalation of dodecylsulfate in the interlayer space of NiAI-LDH was
investigated by hydrothermal method, and the difference in the loading amounts of dodecylsulfate was also studied.

Furthermore, the modified NiAI-LDH was examined removal efficiency of various dye molecules in solution.

Methods

Materials

Hydrated salts of nickel chloride (NiCl,-6H,0) and aluminium chloride (AICI,-6H,0) were purchased from Carlo
Erba Reagenti. Urea ((NH,),CO) was purchased from Asia Pacific Specialty Chemicals LTD. Sodium
dodecylsulfate (NaC,,H,,SO,) was purchased from Ajax Finechem Pty LTD. Methyl orange (C,,H,,N,NaQ,S),

methylene blue (C (H,,CIN,S) and alizarin (C,,H,0,) were purchased from Acros. All chemicals are the reagent

grade and were used directly without any further purification.

Synthesis of NiAI-LDH and DS @NiAI-LDH

NiAI-LDH was prepared by hydrothermal method using urea hydrolysis (pH 9.0 £ 0.5). An agueous solution of
metal chlorides containing NiCl, (10 mM) and AICI, (5 mM), and an aqueous solution of (NH,),CO (35 mM) were
mixed under magnetic stirring for 10 min. Then, the as-prepared solution was transferred into Teflon-line autoclave

and hydrothermally treated at 150 °C for 48 h. The apple green colored solid due to NiAI-LDH was obtained by
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centrifugation, washed several times with deionized (DI) water, and then ethanol, finally dried at 60 °Cfor24 h. The
modification of NiAI-LDH with dodecylsulfate (DS™) was carried out by the reaction of an aqueous solution of sodium
dodecylsulfate (SDS) and the aqueous suspension of NiAI-LDH under magnetic stirring for 10 min, and then
transferred into Teflon-line autoclave at hydrothermally heating of 120 °C for 24 h. The loading amount of DS~ was
varied by 20, 30, 40 and 50 times of the theoretical anion exchange capacity (AEC) where it is about 300 meq/100
g of the LDH. The modified NiAI-LDH powder was isolated by centrifugation, and then washed several times with
DI water and then ethanol, finally dried at 60 °C for 24 h. The obtained products were abbreviated as
DS @NiAI-LDHSs, where subscript x was referred to the ratio of DS™ amount to the AEC.

Adsorption of dye solution

To assess the potential ability of the modified NiAI-LDH in comparison with pristine NiAI-LDH in wastewater
treatment, the adsorption rate of methyl orange, methylene blue and alizarin molecules on DS_ @NIAI-LDH was
evaluated at room temperature in the dark area. Each 50 mL dye solution with 20 ppm concentration and 15 mg of
adsorbent powder were added in beaker (150 mL) under magnetically stirring for 3 h in the dark. The aliquot parts
of the residual solution without adsorption were collected every 30 min until 3 h to examine the removal efficiency

by using UV-visible spectrophotometer followed as the eq. 1.
Removal efficiency (%) = ((C,— C)/C) x 100 (1)

Where C, (mg/L) and C, (mg/L) are the dye concentration at initial (no adsorbent) and any (t) time (min).

Characterization

Powder X-ray diffraction (XRD) patterns were measured on a Bruker D8 ADVANCE diffractometer using
monochromatic CuKg, radiation with A = 1.5418 A operated at 40 kV and 40 mA. The data were collected at the
scanning rate of 0.5 degree per minute over the region of 2-50 degrees. Fourier transform infrared spectra of the
samples were recorded on a Perkin Elmer Spectrum One FT-IR spectrophotometer by KBr disk method.
Thermogravimetric—differential thermal (TG-DTA) curves were recorded on Perkin Elmer Pyris Diamond TG-DTA
instrument under a dry air flow at a heating rate of 10 °C min~' using a-alumina (a-Al,O,) as the standard material.
Diffuse reflectance absorption (UV-visible) spectra of the solid samples in the range of 200-800 nm were carried
out on a Shimadzu UV-VIS-NIR3101PC scanning spectrophotometer using an integrated sphere. UV-visible
absorption spectra of the dye solutions were conducted in the wavelength range of 200-800 nm using a Shimadzu

UV-1700 Pharmaspec UV-VIS spectrophotometer.
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Scheme 1 Dye structures of methyl orange (a), alizarin (b) and methylene blue (c)

Table 1 Basal spacing, interlayer expansion and/or absorption bands of all products

Product Basal spacing Interlayer A (Nm), Ay (NnM),
(dyos) due to DS~ expansion due to Ay = °T (P Ay = °T o (F)
(nm) DS™ (nm)
DS, @NiAI-LDH 4.00 3.52 379 655
DS, @NiAI-LDH 2.96 2.48 379 655
DS, @NiAI-LDH 2.96 2.48 379 655
DS, @NiAI-LDH - - 379 655
pristine NiAI-LDH - - 377 650
Results

The XRD patterns of DS @NiAl-LDHs and pristine NiAI-LDH are shown in Figure 1. The XRD pattern of pristine
NiAl-LDH (Figure 1e) showed the (003) reflections with the basal spacing (d|,,) of ca. 0.8 nm that are a characteristic
crystal plane of hydrotalcite-like structure (JCPDS No. 22-0452) together with the presence of COaz_ ion in the
interlayer space. So the d,, about 0.8 nm for the products with x = 20-40 was corresponding to COS2_ intercalated
in the interlayer space. After the modification of NiAI-LDH with DS~ ion under hydrothermal reaction, the XRD
patterns of the products with x = 30-50 were changed significantly, meanwhile the XRD pattern of DS, @NiAl-LDH
was nearly similar to that of NiAI-LDH. This resultinterpreted that the amount of DS™ was important role on achieving
the intercalation with substitution of COS% ions in the interlayer space. It was clearly seen as increasing the loading
amount of DS™ (x = 30-40), the additional XRD peaks were appeared at lower position of 26 = ca. 7° and 3° on

which were (006) and (003) reflections, respectively, meanwhile the XRD peaks of DS, @NIAI-LDH due to (003),
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(006) and (009) reflections (Figure 1a) were shifted to lower 26 position (Ogawa & Hiramine, 2014: Kong et al.,

2018a).
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Figure 1 XRD patterns of DS, @NIAI-LDH (a), DS, @NiAl-LDH (b), DS, ,@NiAl-LDH (c), DS, @NiAI-LDH (d)

and pristine NiAI-LDH (e)

By subtracting the thickness of the LDH nanosheet (0.48 nm) from the d,, (2.96, 2.96 and 4.00 nm) that calculated
from Bragg’'s equation, the interlayer space of the products was expanded to be 2.48, 2.48 and 3.52 nm for
DS, @NiAI-LDH, DS, @NiAI-LDH and DS, @NiAI-LDH, respectively (Table 1). This confirmed the intercalation of
DS~ in the interlayer space of the LDH, besides all CO,” ions in the interlayer space of DS, @NiAI-LDH were

eliminated with the substitution by DS™ ions corresponding to the FTIR result (discussed later).
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Figure 2 FTIR spectra of DS @NIAI-LDH (a), DS, @NiAlI-LDH (b), DS, @NiAlI-LDH (c) DS, ,@NiAl-LDH (d),
pristine NiAI-LDH (e) and sodium dodecylsulfate (SDS) (f)

To confirm the presence of DS™ ions in the products and the substitution of COSZ’ ions that counterbalanced in
the interlayer space, the FTIR spectra of all products together with NiAI-LDH and SDS were investigated (Figure 2).
All FTIR bands of NiAI-LDH (Figure 2e) were according to the hydrotalcite-like structure of the LDH in the presence
of COSQ’ ion with the characteristic band at 1361 cm™ (Liu et al., 2006: Zhang et al., 2014). The FTIR bands of all
products reveled the asymmetric and symmetric CH, stretching vibrations at 2921 and 2852 cm™, respectively
(Liu et al., 2006), and these observed bands were shifted to higher frequency in comparison with those of pure SDS
(at 2918 and 2849 Cm_1, Figure 2f). The FTIR result indicated the presence of DS™ in the hybrids, meanwhile, the
decarbonation from the interlayer space was also occurred with gradual disappearance of the FTIR band at 1361
cm ' due to CO32’ as increasing the loading amount of DS™ up to 50 times of the AEC (DS, @NiAl-LDH) where that

band was vanished (Figure 2a) that could confirm the success of the intercalation of DS™.
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Figure 3 TG-DTA curves of pristine NiAI-LDH (a, ¢) and DS, @NiAI-LDH (b, d)

Figure 3 shows TG-DTA curves of DS, @NiAI-LDH and NiAI-LDH. The thermal behavior of NiAI-LDH displayed
two stages of mass loss. The first mass loss stage (Figure 3a) took place from room temperature up to 206 °C
corresponding to the endothermic DTA peak at 195 °C (Figure 3c), interpreting to the evaporation of surface and
interlayer water molecules and the partial elimination of CO, molecules (from intercalated COaz_), respectively. The
second mass loss stage occurred from 206 °C to 350 °C that associated with the endothermic DTA peak at 333
°C, indicating to the decomposition of the intercalated CO;’ and the dehydroxylation of brucite-like layers as CO,
and water molecules, respectively. Meanwhile, the TG curve of DS, @NIAI-LDH was divided into 4 stages. The
first one of mass loss showed the same thermal behavior in that of NiAI-LDH. The latter mass loss stage occurred
from 206 °C to 289 °C was attributed to the removal of the organic species (the intercalated DS~ molecule),
supporting to the exothermic DTA peak at 286 °C due to the formation of SO, molecule. The third mass loss stage
was appeared between 289 °C and 477 °C that corresponded to the endothermic DTA peak at 454 °C assigning

to the dehydroxylation of the LDH sheets. The last stage of mass loss above 477 °C was due to further
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decomposition of the intercalated DS™ molecules and occurrence of dehydroxylation. This result could further
confirm the presence of DS™ in the hybrids.

The diffuse reflectance absorption spectra were also investigated for understanding the optical property of the
products in comparison with NiAI-LDH as shown in Figure 4. The absorption spectrum of pristine NiAl-LDH
displayed two characteristic absorption bands due to d-d transition of Ni** ions (Figure 4e). The first absorption
band was observed at ca. 380 nm attributing to the 3AQQ(F) — 3TWQ(P) transition, and the second one was located
at ca. 650 nm corresponding to the 3A29(F) - 3T1g(F) transition (Wang et al., 2010). As characterized, the absorption
spectra of all products showed the similar d—d transitions to those of NiAI-LDH. All of the data are listed in Table 1.
However, the intercalation of DS™ in the interlayer space of NiAI-LDH slightly differentiated the electronic spectrum
of the LDH with extending the absorption wavelength from 377 nm to 379 nm and that from 650 nm to 655 nm, and
promoting the increment of the light absorption as increasing the loading amount of DS™. This results might be due

to the host—guest interaction (Ontam et al., 2012).

(), DS, @NIA-LDH
—— (b), DS, @NIAI-LDH
(c), DS, @NiAI-LDH
— (d), DSQO@Ni/—\I—LDH
g (e), pristine NiAl—LDH
3
B
c
9
£
377 nm 7
T T T T T T T T T T T
200 300 400 500 600 700 800

Wavelength/ nm

Figure 4 UV-visible spectra of DS, @NiAI-LDH (a), DS, @NiAI-LDH (b), DS, @NiAl-LDH (c) DS, @NiAI-LDH (d),

and pristine NiAI-LDH (e)
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The removal efficiency of dye molecules with various charge of methyl orange, methylene blue and alizarin, was
examined by using DS @NiAI-LDH as the representative of the adsorbents due to the largest interlayer space and
the absence of CO32’ ion. After the adsorption process was reached the equilibrium within 60 min, the methyl
orange molecules were mostly adsorbed by 97%, meanwhile, alizarin and methylene blue molecules were removed
by just 35% and 24%, respectively (Figure 5). In comparison with pristine NiAI-LDH, the adsorption ability of
DS, @NiAI-LDH was superior for the adsorption of each dye that resulted from the hydrophobic and hydrogen
bonding interactions. However, NiAl-LDH adsorbent showed the removal efficiency of methyl orange about2.0-2.5
times compared to that of methylene blue and alizarin using DS, @NiAI-LDH adsorbent. This result indicated that

the electrostatic attraction was more important factor than either the hydrophobic interaction or hydrogen bonding.

100
I \iA-LDH
N DS, @NiAl-LDH

90+

80

/%

70+

60+

50+

40
30

Removal efficiency (%)

204

104

Methyl orange Methylene blue Alizarin
Dye

Figure 5 Removal efficiency of various dye molecules by using DS, @NiAl-LDH as adsorbent

Discussion

From the XRD and FTIR results, the loading amount of DS™ with x = 20 was inadequate to substitute the
intercalated CO;’ and/or some molecules were bonded on lateral sites of the nanosheets, and for the products
with X = 30-40 the CO;’ ions were still accommodated in the interlayer space together with DS™ molecules due to
the segregation (Ogawa & Hiramine, 2014). Taking the expansion of the interlayer space (3.52 nm for
DS, @NiAI-LDH) and the length of DS™ (2.08 nm) (Kong et al., 2018a), the DS™ molecules were arranged with
paraffin bilayer (Damel et al., 2014) as shown in Scheme 2. For studying the removal efficiency of various dye
species from solution, the organo-adsorbent, DS, @NIA-LDH showed the most elimination of methyl orange in

comparison with alizarin and methylene blue. It was as a result of the attractive force between negatively charged
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methyl orange molecule (Scheme 1) and positively charged layer of the adsorbent, as well as the other forces for
three dye molecules was the hydrophobic interaction of the hydrophobic part between the intercalated DS™
long-chain tail and aromatic group of the dye, and hydrogen bonding interaction, namely, guest-guest and
host-guest interactions in the interlayer space (Kong et al., 2018a). As a result, the modification of NiAI-LDH with

dodecylsulfate (50 times of the AEC) promoted the enhanced removal efficiency of dye molecules.

4.00 nm

DS, @NiA-LDH Dye/DS,@NiA-LDH

. CO327 ' H,0 -~ 5042_ @ Dye

<— alkyl chain
Scheme 2 Intercalation of dodecylsulfate (DS™) and adsorption mechanism of dye molecules

Conclusions

The surface modification of NiAl-layered double hydroxide with dodecylsulfate had been carried out using
hydrothermal reaction at 120 °C for 24 h. The XRD, FTIR and TG-DTA results confirmed the intercalation of
dodecylsulfate in the interlayer space of NiAI-LDH and the substitution of CO32’ ions was completed by adjusting
the amount of dodecylsulfate to be 50 times of the anion exchange capacity of the LDH. DS, @NiAI-LDH exhibited
the highest removal efficiency of methyl orange from solution when compared to the adsorption of methylene blue
and alizarin. The result was due to the electrostatic force between negative charge-methyl orange dye and
positive—charge surface of the adsorbent and the hydrophobic interaction between long-chain tail of the

intercalated dodecylsulfate molecules and aromatic group of dye in the larger nanospace of the hybrid.
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