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ABSTRACT

Sulfonated lignite (SL) is extensively utilized in petroleum exploration; however, its effective removal
from wastewater poses a significant challenge. China’s environmental protection department has
classified it as a regulated oilfield chemical. In this study, hierarchically porous layered double
hydroxide nanoparticles was prepared based on the soft template of cetyltrimethylammonium chlo-
ride and salicylic acid under hydrothermal condition. The effects of surfactant concentrations on
the physical properties of the obtained adsorbents have been investigated by using X-ray powder
diffraction, scanning electron microscopy, Brunauer-Emmett-Teller, and Fourier-transform infra-
red spectroscopy characterizations. It was found that three-dimensionally hydrotalcite nanosheets
attached uniformly on the surface of soft template, generating higher crystallization and large
specific area. Furthermore, the adsorption capacity of the material to SL was investigated to eval-
uate its application for the treatment of oilfield wastewater. The maximum adsorption capacity
was equal to 854.70 mg/g at 298 K and pH of 7, which is significantly higher than the adsorption
capacity of ordinary hydrotalcite (56.3 mg/g). The adsorption reaction followed the pseudo-second-
order kinetics as well as the Freundlich isotherm model. Moreover, thermodynamic investigations
showed that adsorption exhibits exothermic characteristics. After three adsorption-desorption
cycles, hierarchically porous hydrotalcite nanoparticles still exhibit a high adsorption capacity of up
to 187.7 mg/g. Anion exchange and electrostatic attraction were considered as the main adsorption
mechanisms.

Keywords: Hierarchically porous hydrotalcite; Soft template; Sulfonated lignite; Adsorption;
Wastewater

1. Introduction

Million tons of high-concentration toxic organic drill-
ing wastewater is produced during the oilfield exploration
in China every year [1-3]. Therefore, considering envi-
ronmental and health reasons, how to effectively degrade
drilling wastewater has always been a huge challenge
and paid considerable attention. Sulfonated lignite (SL)
is a widely used viscosity reducer, fluid loss reducer and

* Corresponding author.

pressure-reducing agent in the process of petroleum explo-
ration [4-6]. However, high levels of the SL could pose a seri-
ous threat to human beings and ecological environment due
to their unfavorable color and difficult degradability, which
has been listed as a restricted oilfield chemical by China’s
environmental protection department. Up to now, various
technologies have been developed to remove SL from oil-
field wastewater, including chemical oxidation, membrane
filtration, biological method, adsorption and so on [7-10].
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Among them, adsorption method has been recognized as
the most alternative and promising technologies owning to
its easy operation, strong flexibility, high efficiency and no
secondary pollution [11]. However, most adsorbents may
agglomerate together and are easily lost its activity during
the adsorption process due to poor pore properties.

Layered double hydroxide (LDH), a class of two-dimen-
sional nanostructured clay minerals, is composed of posi-
tively charged metal hydroxide layer together with crystal-
line water and charge-balancing anions in interlayer regions
[12-14]. Due to its high surface areas, pore volumes, and
adjustable pore sizes, LDHs exhibit potential advantage in
the field of adsorption applications. However, the traditional
hydrotalcite has a small interlayer spacing so as to be applied
to the removal of small-molecule pollutants. To increase the
adsorption capacity of macromolecular pollutants, surfac-
tant has been used as soft template to obtain hierarchical
LDHs materials with large number of active sites and spe-
cific morphologies [15]. Sun et al. [16] employed sodium
citrate as a template combined with hydrothermal method
to prepare 3D NiAl-LDH with a high specific surface area
and hierarchical microstructure. The results demonstrated
that the increased specific surface area facilitated the dif-
fusion and desorption of pollutant molecules, leading to
a significant enhancement in the removal efficiency of the
adsorbent for nitrophenols.

Considering the urgency of treating sulfonated lig-
nite and the superior structure of hydrotalcite prepared by
the soft template method, this study aimed to synthesize a
novel hierarchical hydrotalcite material with larger spe-
cific surface area, more abundant pore structure, and better
morphology by employing cetyltrimethylammonium chlo-
ride (CTAC) and salicylic acid (SA) as soft templates via a
hydrothermal approach. The material was subsequently
employed as an adsorbent with the objective of achiev-
ing effective elimination of persistent organic pollutants,
specifically sulfonated lignite found in oilfields.

2. Materials and methods
2.1. Materials

All  chemicals including cetyltrimethylammonium
chloride (CTAC), salicylic acid (SA), Mg(NO,),6H,O,
AI(NO,),.9H,0O, urea, sodium hydroxide (NaOH) and abso-
lute ethanol were analytical grade without any further
purification, supplied by Xi'an Chemical Reagent Factory.
Sulfonated lignite was purchased from Tarim, Xinjiang,
China. Distilled water was used throughout the experiments.

2.2. Preparation of MgAI-LDH nanoparticles

A soft-template method was employed for the prepa-
ration of hierarchical MgAI-LDH under hydrothermal
synthesis conditions [17]. Firstly, 3.04 g CTAC and 0.96 g
SA were dispersed into 200 mL distilled water to get a sur-
factant solution with a mass concentration of 2.0%, which
was considered as solution A. Then, 0.06 mol of Mg(NO,),,
0.03 mol of AI(NO,), and 0.27 mol of urea was dissolved in
100 mL distilled water, which was considered as solution B.
Solution B was slowly dropped into solution A under con-
stant stirring until complete mixing of the solution. The

formed suspension was transferred to an autoclave aging
at 160°C for 6 h [18]. After the aging step, the precipitate
obtained was separated by centrifugation, washed exten-
sively with distilled water until the pH of 7, subsequently
dried at 80°C overnight. The resulting sample was labelled
as 2% CS-LDH indicating the addition of CTAC and SA. To
better understand and explore the best adsorption capacity
of MgAI-LDH, surfactant concentrations of 1%, 2%, and 3%
were investigated, and the obtained LDHs were designated
as 1% CS-LDH, 2% CS-LDH, and 3% CS-LDH, respectively.
For comparison, the traditional MgAl-LDH in the absence of
surfactant solution was prepared and designated as LDH.

2.3. Characterization of materials

N, physisorption using ASAP 2020 equipment (Norcross,
Georgia, USA) was applied to analyze the surface area and
pore property of the materials. Morphologies of the obtained
materials were characterized by scanning electron micros-
copy (JSM-63904, Japan) with the applied voltage of 20 kV.
The crystalline structure of as-prepared materials was ana-
lyzed by power X-ray diffraction device (XRD, JDX-3530,
Japan) with Cu Ka radiation and a scanning speed of 2°/min
at 40 kV voltage and 40 mA current. All infrared measure-
ments were performed on a Nicolet 5700 Fourier-transform
infrared spectrometer (FTIR, Thermo Electron Co., USA)
in the range of 4,000-500 cm™.

2.4. Adsorption experiments

Adsorption processes for single factor experiments were
carried out by adding 0.8 g/L adsorbent to 100 mg/L sulfon-
ated lignite solutions with an initial pH value of 7 under
stirred vigorously at room temperature for a given time.
Then the residual concentration of sulfonated lignite was
measured by UV-Vis spectrophotometry at the wavelength
maximum absorbance of 300 nm. Adsorption kinetics study
was conducted by adding 50 mg adsorbent into 100 mL of
100, 200 and 300 mg/L sulfonated lignite solutions. The
adsorption isotherm was established by using different ini-
tial sulfonated lignite concentrations (100-500 mg/L) with
an adsorbent dosage of 0.8 g/L. The initial solution pH in
both studies was adjusted to be 7.0. Adsorption thermo-
dynamic analysis was performed by adding 0.8 g/L adsor-
bent to 200 mg/L sulfonated lignite solution at 288, 298 and
308 K. The adsorption capacity (g,) at any given time and at
equilibrium was calculated according to Eq. (1):

Cc -C
qt:( - E) 1

m

where C; (mg/L) and C, (mg/L) was the initial and equilib-
rium concentration (mg/L) of sulfonated lignite, respec-
tively, V (L) is the volume of solution and m (g) is the mass
of the adsorbent.

3. Results and discussion

3.1. Structural characterization of MgAI-LDH nanoparticles

Fig. 1 presents the XRD spectra of hydrotalcite sam-
ples prepared under different surfactant concentrations.
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According to the standard reference (PDF#54-1030), the
hydrotalcite sample synthesized via the hydrothermal
method without a soft template exhibited characteristic crys-
tal planes (003), (006), (012), (015), (018), (110), and (113) of
LDH materials at 20 = 11.2°, 22.9°, 34.3°, 38.9°, 46.4°, 60.4°
and 61.8° [19]. When the surfactant micelles were added,
the characteristic peaks of hydrotalcite still remained indi-
cating the layered structure of MgAl-LDH. However, it was
observed that the intensity of the diffraction peaks in differ-
ent concentrations of surfactant solutions weakened with
the increase of the surfactant concentration, which should
be due to that the high viscosity in high concentration of
micelles solution affects the crystallization of hydrotalcite.
Table 1 shows the pore structure parameters of ordinary
hydrotalcite (LDH) and the prepared hydrotalcite in differ-
ent concentrations of surfactants solutions. The correspond-
ing nitrogen adsorption and desorption curves, as well as
the pore size distribution curve, are shown in Fig. 2. It can

——LDH

1%CS-DH
2%GCS-DH
3%CS-DH

MgAI-CO3-LDH PDF#54-1030

003

Intensity (a.u.)
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be seen from Table 1 that the specific surface area, pore vol-
ume, and average pore diameter of ordinary hydrotalcite
are only 44.5212 m?/g, 0.2039 cm?/g, and 15.7091 nm, respec-
tively. However, the introduction of surfactant colloidal tem-
plates led to a distinct increase of prepared hydrotalcite in
porous structure. When the total concentration of surfactant
is 2% and concentration of metal salt solution is 0.9 mol/L,
the specific surface area and pore volume of prepared 2%
CS-LDH reach 197.9862 m?/g and 0.5003 cm?/g, respectively,
which are higher than the ordinary hydrotalcite, indicating
the rich pore structure in the newly prepared hydrotalcite.
Fig. 2a illustrates that the N, adsorption-desorption iso-
therms of the four samples exhibited a type IV isotherm,
thus indicating the existence of mesopores. However, an
apparent hysteresis loop could be distinguished on the
adsorption—desorption isotherms of 2% CS-LDH reflecting
the increase of the adsorption capacity at higher relative
pressure due to the existence of macropores [20]. This result
can be seen from the broad size distribution of the hydro-
talcite (2% CS-LDH) from 5 to 50 nm in Fig. 2b, revealing
the excellent adsorption performance of the prepared 2%
CS-LDH.

In order to understand the role of surfactant micelle tem-
plate, the field-emission scanning electron microscopy was
applied to analyze the morphology of the as-obtained ordinary
hydrotalcite (LDH) and prepared hydrotalcite (2% CS-LDH).
It can be seen from Fig. 3a that ordinary hydrotalcite (LDH)
shows a regular lamellar structure with an average diameter of
2-3 um, and there is overlap between the layer and the layer.

Table 1
Pore structure parameter of prepared hydrotalcite

Sample Specific area  Pore volume  Pore diameter
(m?/g) (cm?/g) (nm)
2 Theta (degree) LDH 44.5212 0.2039 15.7091
1% CS-LDH  64.2220 0.3163 19.6984
Fig. 1. X-ray diffraction patterns of hydrotalcite prepared in 2% CS-LDH  197.9862 0.5003 10.1082
surfactants solutions of different concentrations by hydrother- o .
mal method (2 =0, b = 1%, ¢ = 2%, d = 3%). 3% CS-LDH  51.9103 0.2446 21.9747
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Fig. 2. Nitrogen adsorption-desorption isotherms (a) and corresponding pore-size distribution curve (b) of prepared hydrotalcite.
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However, when 2% surfactant micelles were added, Fig. 3b
shows the morphology of the material changes significantly
and the plate layer cross-aggregated with each other, form-
ing a more regular and orderly staggered structure, which
would greatly increase the specific surface area of the material
s0 as to provide more active adsorption site.

Fig. 4 presents the FTIR spectrum of ordinary hydro-
talcite (LDH) and prepared hydrotalcite (2% CS-LDH)
aged at 160°C for 6 h. For the two types of hydrotalcite, the
remarkable peaks at 3,448-3,453 cm™ and 1,601-1,635 cm™
are assigned to the stretching vibrations of the hydroxyl
groups in the hydrotalcite layer and the interlayer water
molecules [17]. Another adsorption band around 1,384 cm™
corresponded to the asymmetric stretching vibration of
C-0O, indicating the existence of CO,* on the hydrotalcite
[21]. The peaks in the range of 900-400 cm™ are attributed
to metal-oxygen stretching, metal-hydroxyl stretching, and
deformation vibration modes of metal-oxygen in hydrotal-
cite layers. However, it was found that the two new charac-
teristic bands of 2% CS-LDH at 2,850 and 2,919 cm™ related
to the CH, bending vibration, indicating the combination
between the surfactant and the hydrotalcite surface [22].

The formation process of the hierarchical MgAl-LDH
based on the above analysis is shown in Fig. 5. In the sta-
ble three-dimensional network structure composed of CTAC
and SA, the positive charge (CTAC") of the CTAC molecule
and the oxygen anion of the salicylate ion (Sal) attract each
other, causing a lot of chloride anions (CI") to be released
into the solution (Fig. 5a). After the mixed metal salt solution
was added, urea gradually decomposes with the increase
of temperature and the hydroxyl product of metals was
formed. Since the solubility product constant of Al(OH),
is much smaller than that of Mg(OH),, Al** preferentially
formed a large amount of hydrotalcite precursors (AI(OH),).
When the precipitation conditions of Mg?* reaches, it begins
to precipitate and produces a large number of hydrotal-
cite nuclei, which then grow into hydrotalcite nanosheets
(Fig. 5b). Due to a large number of positive charges on the
hydrotalcite layer, it will attract the free CI- in the solu-
tion under the action of electrostatic gravity (Fig. 5c), and
the resulting hydrotalcite nanosheets will grow staggered
along the micellar interface (Fig. 5d).
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3.2. Adsorption performance
3.2.1. Effect of different adsorbents

Sulfonated lignite was chosen as the target contaminant
to study the adsorption behavior of as-prepared hydrotal-
cite derived from micellar template. As shown in Fig. 6a,
under the conditions of 25°C, the initial pH of the solution 7,
the amount of adsorbent 0.08 g, and the initial sulfonated lig-
nite concentration of 100 mg/L, the removal effect of hydro-
talcite containing micellar template had significantly better
removal efficiency for sulfonated lignite. With increasing
the surfactant concentrations from 0% to 2% the adsorption
capacity increased from 56.3 to 115.5 mg/g with the removal
rate from 45.0% to 92.4%, respectively. In combination with
the morphology of 2% CS-LDH, it may be related to the large
specific surface area exposed more active adsorption sites,
thereby enhancing the removal effects. However, the adsorp-
tion capacity and removal rate decreased to 111.5 mg/g
and 89.2% when the surfactant concentration increase to
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Fig. 4. Fourier-transform infrared spectra of hydrotalcite
(a) ordinary hydrotalcite and (b) hierarchical hydrotalcite.
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Fig. 3. Scanning electron microscopy images of ordinary hydrotalcite (a) and hierarchical MgAI-LDH (b).
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Fig. 5. The construction process of hierarchical hydrotalcite (a) represents the aggregation of surfactant micelles, (b) represents
adsorption and dispersion of the metal salt solution and surfactant micelles, (c) represents the interaction between the hydrotalcite
and surfactant micelle, and (d) represents the surface morphology of hierarchical hydrotalcite nanoparticles.

3% due to the incomplete mixing of the high-viscosity sur-
factant and the metal salt solution. Therefore, 2% CS-LDH
was used as the adsorbent in subsequent experiments.

3.2.2. Effect of absorbent dosage

The adsorbent dosage plays a role in the removal per-
formance of pollutant [23]. The effects of the amount of
adsorbent varied from 0.2 to 1.2 g/L were investigated at
an initial SL concentration of 100 mg/L, 25°C and pH of 7.
As the results shown in Fig. 6b, it can be found that as the
adsorbent dose increased from 0.2 to 0.6 g/L, the SL removal
efficiency remarkably increased from 59.4% to 97.9% due
to the increasing active sites on the surface of the adsor-
bent which are proportional to the amount of adsorbent
within a certain range. When the amount of adsorbent
exceeds 0.6 g/L, the adsorption capacity keeps decreasing
continuously with unchanged the SL removal rate, which
should be due to excessive adsorption sites for the sulfon-
ated lignite molecules in the solution so as to the decrease
of adsorption effects. Comprehensive consideration of the
results of combined adsorption capacity and removal rate,
0.8 g/L was selected as the optimal dosage in the following
experiments.

3.2.3. Effect of initial solution pH

At room temperature, the effect of solution pH on SL
adsorption performance on 2% CS-LDH was evaluated at
initial SL concentration of 200 mg/L and the adsorbent dos-
age of 0.8 g/L. It was observed from Fig. 6c that the adsorp-
tion capacity shows a decrease with an increasing pH from
4 to 13. The removal rate decreases from 99.8% to 93.1%
with increasing the pH from 3 to 7 indicating the strong
electrostatic attraction between SOj in the sulfonated lig-
nite and H* in the solution under acidic conditions [24].

The removal rate stabilized at 93.0% when the pH was set
in range from 7 to 9. However, by further increasing the pH
of the solution to 13, SL is partially ionized to SOZ, so the
removal rate of sulfonated lignite decreased to 88.7%.

3.2.4. Kinetic studies

To establish the mechanism, adsorption data were fit-
ted by pseudo-first-order, pseudo-second-order, intraparti-
cle diffusion models, and liquid film diffusion models [25].
The obtained adsorption kinetics and parameters calcu-
lated from the four adsorption equations are summarized
in Fig. 7 and Table 2, respectively. The pseudo-second-
order model exhibited higher correlation coefficient (R?
is 1, 0.999, 0.998, respectively), while the fitting of pseu-
do-second-order model was found not to be satisfactory (R?
is in the range of 0.794-0.926). Furthermore, as shown in
Table 2, the experimental equilibrium capacity (q,.,,) at dif-
ferent concentration is 121.80, 248.14, and 349.65 mg/g in the
pseudo-second-order model, which is close to the calculated
equilibrium capacity (122.54, 240.16, and 364.58 mg/g,
respectively). Therefore, the rate-limiting step may be
chemical adsorption involving valence forces through the
ion exchange between 2% CS-LDH and SL. Meanwhile,
the adsorption of SL is governed by either the intraparti-
cle mass transport rate or the liquid phase mass transport
rate. The experiment data of 2% CS-LDH fitted well to the
intraparticle diffusion model with higher correlation coef-
ficients (R? can reach up to 0.99), which indicates that the
intraparticle diffusion model is the rate-controlling step [26].

3.2.5. Adsorption isotherm

Adsorption isotherms describe the interaction between
the target pollutant and adsorbent [27], which were used to
determine the maximum adsorption capacity of 2% CS-LDH
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Fig. 6. (a) Effects of surfactant concentrations on SL adsorption, effects of adsorbent dosage (b) and solution pH (c) on SL adsorp-
tion using 2% CS-LDH (conditions: initial SL concentration of 100 mg/L, 25°C, pH =7, and contact for 6 h).

to SL. The well-known Langmuir, Freundlich and Dubinin—
Radushkevich model were used to describe the adsorption
behavior of sulfonated lignite, and the corresponding fitting
isotherms are shown in Fig. 8. According to the R? values
presented in Table 3, the Freundlich model presented better
values compared to Langmuir model, demonstrating that the
formation of irregular multilayer adsorption on the surface
of the adsorbent [28]. Moreover, all of the calculated # val-
ues are greater than 1 (1.6569 and 1.7365 at 298 and 303 K),
proving that the adsorption process is favorable. It was
observed from the Dubinin—-Radushkevich model that the
values of activation energy (E) are both less than 8 kJ/mol
(366.3 and 395.1 J/mol at 298 and 303 K), indicating that the
main adsorption force is electrostatic attraction [29].

3.2.6. Thermodynamic studies

Thorough assessment of thermodynamic parameters
provides profound insights into the intrinsic energy changes

associated with adsorption. In this study, the standard Gibbs
free energy change (AG®), the standard enthalpy change
(AH®) and the standard entropy change (AS°) were evalu-
ated by utilizing the adsorption isotherms in conjunction
with Egs. (2) and (3) [30].

AG®=-RTInK @)
K _As° AH 3
R RT

where K represents the equilibrium constant, R denotes the
gas constant, and T signifies the temperature (K). The fitting
isotherms are shown in Fig. 9, and the calculated thermody-
namic parameters (AG°, AH® and AS°) are summarized in
Table 4. It became more negative of AG® with decreases in
temperature (-8.15, -7.70, and -7.15 kJ/mol at 288, 298, and
308 K, respectively), making the adsorption more favorable
with the decrease in temperature [31]. The value of AH® is
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Table 2

Parameters of the four dynamics models

Models Parameters Concentration (mg/L)
100 200 300
9. (Mmglg) 522 54.14 76.43
Pseudo-first-order K, (h™) 0.0043 0.0085 0.0045
R? 0794 0926 0.856
9, (Mg/8) 121.80 248.14 349.65
122.54 240.1 4.
Pseudo-second-order 1o (mg/g) > 016 364.58
K, (g/m-gh)  0.0049 0.0003 0.0001
R? 1 0.999  0.998
K, (mg/gh'?) 0.8767 7.0151 0.4663
Intraparticle R? 0.721  0.677  0.827
diffusion K, (mg/gh'?) 0.1260 0.4923 3.0016
R? 0978 0990 0.931
o e K. (h?) 0.0043 0.0085 0.0045
Liquid film diff fa
e i AEuSIon g 0.824 0926 0.869

negative indicating the exothermic nature. Simultaneously,
the values of AS° also negative indicates the decrease in
the degrees of freedom for the adsorption process [32,33].

3.3. Regeneration of adsorbent

Adsorption regeneration cycles were performed to inves-
tigate the durability of the adsorbent after long use. In the
regeneration study, sodium hydroxide (NaOH) was used as
eluents. At room temperature, 2% CS-LDH with saturated
adsorption was immersed at pH of 13 under stirred for 12 h
to achieve the desorption process. After the period of time,
the sample was centrifuged, washed and dried at 60°C for
4 h for further use for the repeated evaluation. Subsequently,
the regeneration test was investigated when the initial con-
centration of the SL is 200 mg/L at 25°C and pH of 7, and
the results were shown in Fig. 10. After three cycles of
regeneration, the adsorption capacity of 2% CS-LDH to sul-
fonated lignite slightly decreased from 235.4 to 187.7 mg/g,
reflecting the decrease in adsorption performance of the
prepared hierarchical hydrotalcite. As shown in Fig. 11, the
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Fig. 8. Adsorption isothermal models for adsorption of SL by 2.8% CS-LDH: (a) Langmuir model, (b) Freundlich model, and

(c) Dubinin—-Radushkevich model.

Table 3
Isothermal model parameters of SL adsorption by 2.8% CS-LDH

Models Parameters Temperature
298 K 303 K
9, (Mg/g)  854.70 819.67
Langmuir K, (L/mg) 0.0340 0.0350
R? 0.908 0.874
K, (L/g) 52.6800  55.5699
Freundlich n 1.6569 1.7365
R? 0.998 0.996
q, (mg/g) 403.97 396.47
Dubinin-Radushkevich B (mol*/kJ?) 3.7264 3.2035
model R? 0.714 0.690
E (J/mol) 366.3 395.1

characteristic peaks of the hierarchical hydrotalcite at 22.9°
(006) disappear, and the series of characteristic diffractions
at 11.2° (003), 34.3° (012), 38.9° (015), 46.4° (018), 60.1° (110)
and 61.5° (113) decreased in intensity after adsorption,
which indicates that the layered structure of 2% CS-LDH
was partially destroyed in adsorption reaction.

3.4. Adsorption mechanism of hierarchical hydrotalcite

In order to better discuss the adsorption mechanism,
infrared spectrum analysis of the as-prepared 2% CS-LDH
after adsorption was carried out (Fig. 12). By comparing
the FTIR spectra of fresh 2% CS-LDH, the peak shift from
1,384 to 1,420 cm™ could be ascribed to the intercalation
of —SO; in SL molecule [34]. Moreover, the symmetrical
stretching vibration of O=S=0 at 1,075 cm™ after adsorption
is a clear evidence of the adsorption of SL onto 2% CS-LDH.
Moreover, the shifting of stretching vibration bands of
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Fig. 9. Linear plot of InK, vs. 1/T for adsorption of SL by 2%
CS-LDH at different temperature.

Table 4
Thermodynamic parameters for adsorption of SL by 2% CS-LDH

T(K) AS°[J/(mol'K)] AH°® (kJ/mol) AG® (kJ/mol) R?
288 -8.15
298 -49.97 -2.25 -7.70 0.997
308 -7.15

B0 2354

2243
202.7

200 | 187.7
S 150
)
£
(]
[on

100 |

50 |

0 1 1 1
0 1 2 3
cycle time

Fig. 10. Regeneration performance of SL by 2% CS-LDH.

O-H to a slight wavenumber from 3,451 to 3,448 cm™ indi-
cating that the formation of coordination bonds between
the SL molecule and hydrotalcite [35]. In conclusion, the
adsorption of SL onto 2% CS-LDH could be speculated to
occur through these steps (Fig. 13). Firstly, adsorption for
SL occurred at the surface of the adsorbent through elec-
trostatic attraction between the —SO; of SL and the positive
charge on the hydrotalcite laminate (Fig. 13a). In addition,

(003)

a — before adsorption
b —— after adsorption

Intensity (a.u.)

10 20 30 40 50 60 70
2 Theta (dgree)

Fig. 11. X-ray diffraction patterns of 2% CS-LDH before and after
adsorption.

Transmittance (a.u.)

—— before adsorption
—— after adsorption
" 1 " 1 " 1 " 1 " 1 " 1
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm )

Fig. 12. Fourier-transform infrared spectra of 2% CS-LDH
before and after adsorption.

® OH OH OH OH

Mg AP Mg2t AP
)
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OH OH OH OH
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Fig. 13. Schematic illustration of SL adsorption by 2% CS-LDH.
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the meso-macroporous networks of 2% CS-LDH pro-
vide more accessible diffusion pathways for adsorbates
(Fig. 13a) and then, followed by anion exchange [36], the
COZ in the interlayer of hydrotalcite is replaced by -SO;
in the sulfonated lignite (Fig. 13b).

4. Conclusions

In this study, the hierarchical hydrotalcite with multi-
stage pore structure was successfully prepared via hydro-
thermal synthesis approach, applying CTAC and SA as
soft colloidal templates. It is worth noting that the specific
surface area of the hydrotalcite with mesoporous and mac-
roporous structure is as high as 197.9862 m?/g which can
effectively improve the adsorption performance. Kinetic
and adsorption isotherm models show that the adsorption
of sulfonated lignite on the hierarchical hydrotalcite fol-
lows the quasi-second-order kinetic model and Freundlich
model. Meanwhile, thermodynamic data reveals that
adsorption is an exothermic reaction. The main adsorption
mechanism of the material is ion exchange and electro-
static attraction, and it is very suitable for adsorbing anionic
pollutants in oilfields. This work will benefit the related
research in oil field wastewater disposal.
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