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Layered double hydroxide (LDH)/sheet-shaped carbon composites are recently drawing increasing interests in
various fields. Different from the conventional synthesis procedure, the composites in this work were directly
prepared by in situ formation of carbon nanosheets via hydrothermal or high-temperature carbonization of
organic LDH. The layered structure of LDH can be well retained after the preparation procedures and the carbon
materials have sheet-like morphology evenly distributing along with LDH. The composites possess ample
functional groups containing C, N, and S. Importantly, the types and relative amounts of the functional groups
can be regulated via the two different carbonization methods. Abundant carboxyl and sulfonic groups are
presented on the sample from hydrothermal method, while the high-temperature carbonized product mainly
contains hydroxyl and thiophenol/thiol. These two different carbonization strategies also cause large differences
in specific surface area of the composites; high-temperature carbonization treatment favors the production of
large specific surface area. LDH/carbon nanosheets show much better adsorption performance than LDH toward
both Cr(VI) and Cd(II), with maximum of 4.4- and 6.7-fold increase of the adsorbed capacities, respectively. This
work provides facile ways for preparation of LDH/carbon nanosheets materials, which may also be ways for
recycling of waste organic clay and organic clay minerals by producing functional materials.

1. Introduction Wang and O'Hare, 2012; Xu et al., 2018; Yao et al., 2019).

Despite the unique intrinsic properties of LDH, various functiona-

Two-dimensional (2D) nanomaterials are currently a topic of sig-
nificant interest due to their extraordinary physiochemical properties.
They are potentially useful in a wide range of applications such as
environmental remediation, catalytic degradation/synthesis, and en-
ergy storage (Koilraj et al., 2018b; Ma et al., 2016; Ma et al., 2015; Wan
et al., 2016). Layered double hydroxides (LDH), previously known as
anionic clays, are one type of 2D materials that have attracted sig-
nificant interests in recent years (Aregay et al., 2019; Jawad et al.,
2019; Laipan et al., 2020b). LDH comprise of positively charged metal
hydroxide layers sandwiched by charge compensating interlayer anions
with optional solvation e.g. water (Yu et al., 2017a). LDH have become
the focus for both fundamental researches and practical applications
due to their unique structures, tunable chemical compositions, and a
wide variety of material properties (Jawad et al., 2018; Li et al., 2014;

lization strategies have been applied to LDH that yield even more ex-
citing performance opportunities (Jawad et al., 2017; Koilraj et al.,
2018a; Laipan et al., 2020a; Laipan et al., 2020b; Li et al., 2014; Wan
et al., 2016). Recently, loading sheet-shaped carbon materials such as
graphene, graphite oxide, and other carbon nanosheets onto LDH sur-
face to form 2D LDH/sheet-shaped carbon nano composites has been
recognized as an effective functionalization strategy, and the resultant
materials have been widely investigated for environmental and energy
related applications (Cao et al., 2016; Daud et al., 2016; Pang et al.,
2019). These hybrids combine the properties arising from both carbon
and LDH (Cao et al., 2016; Daud et al., 2016; Pang et al., 2019; Zhao
et al., 2014). Carbon provides large exposed surfaces and specific facets,
which can offer ample functional groups and high active surface sites
that can effectively promote the activity of the composite (e.g.,
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adsorptive and electric performance) (Hou et al., 2017), whilst LDH can
effectively reduce the aggregation of carbon nanomaterial and retain
the abilities of LDH such as adsorptive and catalytic performance (Pang
et al.,, 2019). These hybrid nanomaterials are expected to be of great
application prospect in environmental and energy fields (Cao et al.,
2016; Daud et al., 2016; Le et al., 2019; Pang et al., 2019). For example,
Gunjakar et al. (2013) assembled a highly effective photocatalyst by
combining ZnCr-LDH with graphene nanosheets. The resultant material
gave a remarkable depression of the photoluminescence signal, and an
unusually high photocatalytic activity for visible light-induced O,
generation with a rate twice higher than that of the pristine ZnCr-LDH.
Yu et al. (2017b) applied nanocomposite of graphene oxide and NiAl-
LDH to capture radionuclide of U"' and found that the maximum re-
moval capacity on the composite was 2.3-fold higher than that of the
pure NiAl-LDH. Similar results can also be found by using composite of
graphene oxide and MgAI-LDH as UV adsorbent (Linghu et al., 2017).
Nonetheless, facilely producing high quality and large quantity of 2D
nanomaterials is still a concerned challenge (Hou et al., 2017).

LDH/sheet-shaped carbon nanomaterials are conventionally pre-
pared by employing pre-synthesized sheet-shaped carbon as raw ma-
terial to in-situ grow LDH via hydrothermal, coprecipitation, sol-
vothermal, microwave, or electrochemical methods, or using both pre-
prepared sheet-shaped carbon C and LDH to fabricate the composites by
exfoliation-restacking and layer-by-layer pathways (Cao et al., 2016;
Daud et al., 2016; Le et al., 2019; Li et al., 2010; Pang et al., 2019). To
the best of our knowledge, no study however, has been directed to the
preparation of the composites by in situ forming carbon nanosheet
during the preparation process. Several previous studies indicated that
layered materials could be well templates for preparing sheet-shaped
carbon. For example, graphene nanosheets or graphene-like carbon
nanosheets can be synthesized via carbonizing the intercalated organic
matters in the confined interlayer space of the 2D galleries of mon-
tmorillonite or LDH (Chen et al., 2014; Chen et al., 2019; Laipan et al.,
2015; Sun et al., 2012). Our previous studies suggested that LDH layers
could be well template for growing carbon nanosheets (Laipan et al.,
2015). LDH possess “memory effect” which means that their calcined
products can rehydrate and recover to LDH in aqueous environment
(Miyata, 1980; Peng et al., 2016; Zhao et al., 2012), and therefore
fabricating LDH/carbon nanosheets may be readily achieved via high-
temperature carbonization of organic LDH and follows by reacting with
water. As shown in a number of studies, the functional groups of carbon
were critical in improving activities of LDH/carbon composite (Cao
et al., 2016; Daud et al., 2016). Our previous studies indicated that
carbon nanosheets prepared by using LDH as template possessed ample
functional groups, but the type and relative contents of the functional
groups were difficult to regulate via high-temperature carbonization
method (Laipan et al., 2015). On the other hand, the newly developed
hydrothermal carbonization procedure is also a powerful method to
synthesize carbon materials with characteristic of ample and con-
trollable functional groups (Latham et al., 2018; Wen et al., 2017). As
the hydrothermal carbonization procedure is generally conducted at
relatively low temperature (150-350 °C) (Nizamuddin et al., 2017), it
may also be a powerful in-situ way to prepare LDH/sheet-shaped
carbon which will probably retain LDH structures during hydrothermal
carbonization of organic LDH. Through these different strategies, we
may conveniently adjust the carbon nanosheets with different surface
structures, and consequently obtain LDH/carbon nanosheets compo-
sites with different structure and properties.

Herein, we report simple synthesis methods for LDH/sheet-shaped
carbon by transformation of organic compounds into sheet-shaped carbon
on organic LDH. As LDH are commercially available (and spent LDH ad-
sorbents generated from adsorption of organic contaminants can also be
the precursors), large-scale synthesis of 2D LDH/carbon nanosheets be-
comes possible. As proposed above, the prepared LDH/carbon nanosheets
composites may have flaky morphology and ample functional groups, and
therefore they may have various potential applications (e.g. contaminants
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removal). This study firstly attempted to compare the differences in
properties of the nanomaterials produced from the two different carbo-
nization methods, and then examined the performance of the resultant
materials by removal of heavy metal ions. It is expected to provide simple
ways for recycling of waste organic clay and organic clay minerals by
producing functional materials via this study.

2. Experimental details
2.1. Materials

Cd(NO3)24H50 (99.0%), KoCry07 (99.0%), and organic dye orange
II (OlI, Cy6H1;N5SO4Na) were purchased from Aladdin-E. NaOH and
HNO; were purchased from Guangzhou chemical reagent CO., LTD
(Guangzhou, China). All chemicals were used as received. MgAl-LDH
(99.0%, molar ration of Mg/Al = 2) with CO52~ located in the inter-
layers was purchased from Hunan Shaoyang Tiantang Auxiliaries
Chemical CO., LTD (Hunan, China). Its structural data (XRD, BET, and
SEM image) can be seen in our previous research (Laipan et al., 2018).

2.2. Preparation of LDH-OII hybrids

Organic LDH was prepared by reconstructing LDH structure in OII
solution by using memory effect of LDH. MgAI-LDH was first calcined at
500 °C for 3 h to obtain calcined LDH (CLDH) (Laipan et al., 2015),
following which CLDH was then disperse in OII solution in a bottle with
cover. In detail, 5 g of CLDH were added into 1 L of 0.02 M OII solution,
resulting in LDH-OII hybrids with OII adsorbed amounts of 1390.4 mg
(OII)/g (CLDH). The hybrids are denoted as LDH-OII.

2.3. Preparation of LDH/carbon nanosheets composites

2.3.1. High-temperature carbonization plus reconstruction method

Pyrolysis of LDH-OII hybrid was performed in a tubular furnace
under constant nitrogen flow according to the previous method (Laipan
et al., 2017b; Laipan et al., 2016). In detail, the dried LDH-OII powders
were loaded to a crucible, and then heated in a temperature-controlled
tubular furnace to the required temperature. The heating rate was
10 °C/min, and the samples were maintained at 600 °C for 3 h. The
carbonization temperatures were chosen according to the results of TG
analysis in our previous work (Laipan et al., 2015). The resultant
composites were soaked in deionized water (in a bottle with a lid to
prevent the absorption of CO, from air) for 12 h to restore the LDH
structures. The final composite produced from LDH-OII is denoted as
LDH-carbon.

2.3.2. Hydrothermal carbonization method

LDH-OII was selected to perform hydrothermal carbonization ex-
periment. In a typical procedure, 5 g of LDH-OII were first dispersed in
20 mL deionized water. The suspension was then transferred to a 50 mL
polytetrafluoroethylene-lined autoclave and heated at 250 °C for 24 h.
According to previous reports, hydrothermal carbon (HTC) could be
produced at temperature range of 150-350 °C, (Jain et al., 2016)
therefore we selected a moderate temperature of 250 °C. The resultant
material hereafter is named as LDH-HTC. On the other hand, the control
sample of reconstructed LDH (R-LDH) in water rather than in OII so-
lution was also hydrothermal treated, and the resultant sample is called
as LDH-HT. Finally, carbon materials were also produced by acid
washing of LDH-HTC and LDH-carbon to conduct proper analysis. The
carbon materials resultant from LDH-HTC and LDH-carbon are named
as HTC and Carbon, respectively.

For clarity, a scheme (Scheme 1) was made to illustrate the pre-
paration diagram and the construction of composites.
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Scheme 1. Preparation procedures and nomenclature of the materials.

2.4. Characterization methods

X-ray diffraction (XRD) patterns of the samples were measured on a
Bruker D8 ADVANCE X-ray diffractometer using Cu Ka radiation op-
erating at 40 kV and 40 mA. The patterns were recorded over the 20
range from 3° to 70° with a scan speed of 3°/min using a bracket sample
holder. X-ray photoelectron spectroscopy (XPS) spectra were recorded
using a Ka X-ray photoelectron spectrometer (Thermo Fisher Scientific,
UK) with a monochromatic Al Ka X-ray source. All spectra were cali-
brated using a C 1 s peak with a fixed value of 284.8 eV. After cali-
bration, the background from each spectrum was subtracted using a
Smart-type background to remove most of the extrinsic loss structure.
Transmission electron microscopy (TEM) images were acquired using
FEI Talos F200S high resolution TEM instrument at an acceleration
voltage of 200 kV. The instrument is equipped with HAADF detector
and energy dispersive X-ray spectroscopy (EDS) for the determination
of composition and elemental distribution of the samples. Atomic force
microscope (AFM) analysis was carried out on a Bruker Nanoscope IVa
scanning probe microscope (Digital Instruments, Santa Barbara, CA) at
room temperature (25 °C). Infrared spectra of the samples were ob-
tained by using a Bruker Vertex-70 FTIR spectrophotometer via KBr
pressed-disk technique. Specific surface area was determined at 77 K
using an ASAP 2020 Surface Area & Pore Size Analyzer (Micromeritics
Instrument Corporation). Specific surface area was calculated using the
Brunauer-Emmett-Teller (BET) method. The zeta potentials of all the
samples were determined by Mastersizer NANO ZS (Malvern
Instrument Limited, England).

2.5. Cd(ID and Cr(VI) adsorption experiments

2.5.1. Cd(II) adsorption

1 L Cd(II) solution with concentration of 10 mmol/L (pH 5.0) was
prepared using nitrate. Batch adsorption experiments were carried out
using glass tubes with covers (to avoid the influence of CO; from at-
mosphere) at 25 °C on a shaker with a shaking speed of 200 rpm for
12 h. Experimental solution pH was adjusted to 7.0 after adding LDH,
and the concentrations of Cd(II) varied from 0.2 to 1.5 mmol/L
(22.4-168.0 mg/L). In every experiment, about 50 mg of each com-
posite was dispersed in 50 mL of Cd(II) solution with varying con-
centrations. After 12 h, the supernatant was collected by centrifugation
and then analyzed by atomic absorbance spectrometer (PE AAnalyst
400) to determine the concentrations of the remnants Cd(II). All of the
experiments were conducted twice.

2.5.2. Cr(VI) adsorption
Cr(VI) removal experiments were conducted using glass vials in a

batch equilibrium technique in aqueous solution at pH 7.0 and room
temperature. The dosage of the composite was 1 g/L and Cr(VI) con-
centrations varied from 5 to 100 mg/L, with the contact time being
12 h. At the given contact time, the reaction solution was sampled and
filtered through 0.22 pym membrane. Concentrations of Cr(VI) were
quantified at 540 nm, using 1, 5-diphenylcarbazide in acid solution as
the complexing agent (Laipan et al., 2017a; Laipan et al., 2017b; Liu
et al., 2019). All of the experiments were conducted twice.

2.6. Regeneration of the adsorbents

For the renewal of sorbents, an adsorption — desorption procedure
was used. Taking the regeneration of adsorbents after adsorption of
Cr(VI) as an example, the composites were first used to adsorb Cr
(VD). After that, 1 mol/L NacCl solution was applied to desorb Cr(VI)
from the composites to achieve the regeneration of the adsorbents.
The renewed adsorbents were employed to adsorb Cr(VI) again. The
adsorption —desorption cycles were performed 5 times. The re-
generation of adsorbents after adsorption of Cd(II) also used the
adsorption — desorption procedure, with the only difference of re-
placing of NaCl by CH3COONa. According to the previous studies, Cd
(II) could be well desorbed by using CH3COONa (Mallakpour and
Behranvand, 2017).

3. Results and discussion
3.1. Structure and morphology of the composites

The crystal structure and phase identification of the materials were
revealed by XRD analysis as shown in Fig. 1. The XRD pattern of the
reconstructed LDH (R-LDH) from CLDH via reaction with water in open
air atmosphere indicates that R-LDH was well crystallized with the only
characteristic reflections belonging to MgAl-LDH (PDF#89-0460). The
adsorption of OII resulted in the distribution of OII in the interlayers
and on the outer surface of LDH indicated by the XRD patterns of LDH-
OII and OII. As shown in XRD pattern of LDH-OII, reflection at c.a. 3.7°
(d value of 2.30-2.42 nm) may belongs to the combination reflection of
the OII and expansive (003) of LDH by intercalation of OII as suggested
by the diffraction peak at c.a. 7.4° (d value of 1.14-1.19 nm) which
should be the secondary diffraction peak of (003) (i.e., (006)). As d
value of 2.30-2.42 nm is larger than twice the d value of 1.14-1.19 nm,
we deduce the reflection at c.a. 3.7° belongs to the combination re-
flection of the OII and expansive (003). The distribution characteristics
of OII suggest that in the carbonized products probably presents
LDH-carbon-LDH alternating interval layered structures if the obtained
carbon materials possess a flake-like morphology. After hydrothermal
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Fig. 1. XRD patterns of the composites of LDH and carbon materials (LDH-
carbon and LDH-HTC) and their precursors. R-LDH in the figure represents the
reconstructed LDH from CLDH via reaction with water in open air atmosphere

(i.e., the interlayer anions should be carbonate); the composites have LDH
structure.

carbonization of LDH-OII, the resultant LDH-HTC shows only the
characteristic reflections belonging to MgAIl-LDH, indicating the re-
tention of LDH structures. However, it should be noted that the re-
flection at 20 of 9.0-12.3° should be the combination of two peaks as
suggested by the asymmetry shape. One with d value of 0.84 nm be-
longs to the expansive (003) of LDH, and the other with d value of
0.78 nm attributes to the pristine (003) of the LDH. The existence of
secondary diffraction peaks in the range of 20-25° of expansive and
pristine (003) respectively with d values of 0.42 and 0.38 nm is the
evidence. The basal spacing of 0.84 nm for LDH-HTC is larger than
those of R-LDH and LDH-HT, suggesting the existence of carbon ma-
terials in the LDH interlayers. Deduced from the distance between two
LDH layers (0.84-0.48 = 0.36 nm; 0.48 nm is the theoretical thickness
of an LDH single layer(Yu et al., 2015)), it is suggested that maximum
of 1 layer of carbon layer (thickness of single carbon layer is 0.34 nm
(Rafiee et al., 2012)) is presented in the interlayer of LDH. The com-
parison between XRD patterns of LDH-HTC and LDH-HT suggests that
the presence of OII can protect the LDH structures and prevent the
formation of impurity during hydrothermal carbonization. According to
the XRD patterns of the LDH-carbon, LDH structures can be well re-
constructed through conventional high-temperature carbonization plus
water washing treatment. But no carbon layer may exist in the inter-
layer of LDH because the distance between two LDH layers is
0.76-0.48 = 0.28 nm (less than the thickness of single carbon layer).
Therefore, the two different carbonization methods produced different
products with differences in the arrangements of LDH and carbon na-
nosheets. On the other hand, the two different carbonization methods
also caused differences in degrees of crystallinity of LDH. The degrees of
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crystallinity of LDH in the two composites were calculated by K-value
method, and results show that LDH-carbon possesses more crystalline
LDH (56.2%) than that of LDH-HTC (46.9%) (Fig. S1). This difference
may be caused by the differences in relative distribution between LDH
and carbon materials.

TEM images of the LDH/carbon composites are shown in Fig. 2,
from which it can be seen that LDH-HTC, LDH-carbon, LDH-HT, and R-
LDH all present sheet-like morphologies. The sheet-like morphology of
LDH-HTC and LDH-carbon demonstrates the formation of LDH/carbon
nanosheets composites. Additionally, AFM and TEM results of the
carbon materials resultant from acid washing of LDH-HTC and
LDH-carbon further demonstrate the formation of carbon nanosheets
(Fig. S2). For HTC from LDH-HTC, it has lateral dimension of
30-140 nm and thickness of 0.66-2.08 nm. For Carbon from
LDH-carbon, it has typical flaky morphology with micron-sized lateral
dimension and thickness of 0.64-1.97 nm. The results indicate that LDH
layers are reliable layered templates for flake-like morphology carbon
growth during hydrothermal and conventional carbonization. Hydro-
thermal carbonization favors the preparation of small laterally sized
carbon nanosheets, while conventional carbonization method is bene-
ficial to produce large laterally sized carbon nanosheets. According to
the elemental mapping results (Fig. 3), carbon element is evenly dis-
tributed along with Mg and Al elements in the composites of LDH/
carbon nanosheets produced from both hydrothermal and conventional
high-temperature carbonization procedures using a same precursor
(LDH-OII). Additionally, FTIR results (Fig. 4) suggest that the carbon
element is attributed to the carbon materials in the composites rather
than carbonate ions, because there are no carbonate stretching modes
(632 cm ™! for v4, 826 cm ™! for 1o, and 1384 cm ™! for v3 (Chen and Qu,
2003)) in the LDH-HTC and LDH-carbon. These results indicate the
uniform distribution of carbon nanosheets with LDH layers.

3.2. Functional groups and surface area characterization of the composites

FTIR spectra were applied to analyze the surface functional groups
of the LDH/carbon nanosheets composites (Fig. 4). According to the
guiding books of infrared spectroscopy (Colthup, 2012; Larkin, 2017),
there are —OH, —COOH, —SO3, benzene rings, and/or —C—0/—C=0/
—NO,/—NH; in the LDH/carbon nanosheets composites. XPS spectra
were further employed to reveal the surface functional groups of the
LDH/carbon nanosheets composites. XPS spectra of C 1 s, S 2p, and N
1 s of the obtained composites were plotted, and peaks were further
deconvolved (Fig. 5). The elements of C, S, and N are derived from the
organic dyes of OII, which were demonstrated to be sources of the
ample functional groups. Different from the C 1 s spectrum of R-LDH
(Fig. S3), the C 1 s spectra of LDH-HTC and LDH-carbon can be de-
convoluted into four peaks, which are assigned to graphitized or
amorphous carbon (284.8 eV), C—OH/C=N (285.9 eV), C=0/C—N
(287.6 eV), and O=C—OH (289.2-289.7 eV), respectively. (Clearfield
and Costantino, 1996; Damodar et al., 2018; Hou et al., 2017; Khan
et al,, 2009; Laipan et al., 2015; Terzyk, 2001; Whittingham and
Jacobson, 1982; Yang et al., 2009; Zhou et al., 2007) As suggested by C
1 s spectra, hydroxyl/C=N and carboxyl are the dominant C-involved
functional groups on these LDH/carbon nanosheets composites, but
different carbonization treatment can adjust their relative contents.
Hydrothermal carbonization led to higher amount of carboxyl than that
of hydroxyl/C=N groups, while high-temperature carbonization
treatment caused a higher amount of hydroxyl/C=N than that of car-
boxyl.

LDH-HTC and LDH-carbon show completely different S 2p spectra.
Sulfonic and thiophenol/thiol groups are the major functional groups
on these LDH/carbon nanosheets composites. Hydrothermal carboni-
zation retained sulfonic group (—SOs, 168.5 eV for S 2p3/2) from or-
ganic dyes OII and produced no other S-involved functional group. Via
conventional high-temperature carbonization treatment however,
thiophenol/thiol (PhSH/RSH) (S 2p3/2 and S 2pl/2 at 163.9 and
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Fig. 2. TEM images of the samples; all of the materials present sheet-like morphology. R-LDH in the figure represents the reconstructed LDH from CLDH via reaction

with water.

165.2 eV, respectively) (Terzyk, 2001) with a much higher amount than
that of sulfonic group become the dominant S-involved functional
groups as suggested by the S 2p spectra of LDH-carbon. Deconvolution
of the N 1 s spectra mainly yields five peaks which can be identified as
pyridinic—N (C—N—C/C=N, ~398.6 eV) (Tan et al., 2018), graphitic-
N/nitroso (~400.4 eV) (Pels et al., 1995; Tan et al., 2018), oxide-N
(402.6 eV) (Balamurugan et al., 2016; Tan et al., 2018), nitro
(406.2 eV) (Pels et al., 1995), and nitrate group (—NO3, 407.8 eV) (Liu
et al., 2017). Two types of carbonization methods show little difference
in the types of N-involved groups, but the conventional high-tempera-
ture carbonization procedure possesses strength in producing graphitic-
N or nitroso. Above results demonstrate that both hydrothermal and
conventional carbonization strategies are able to produce ample func-
tional groups; most importantly, the types and relative contents of the
functional groups can be regulated by these two different carbonization
strategies.

BET specific surface areas of these LDH/carbon nanosheets were
detected (Table 1). R-LDH presents large BET specific surface areas
(SSA, 105.1 m?/g), but the combination of LDH and HTC decreases the
SSA with a smallest BET SSA of 32.4 m2/g for LDH-HTC. These results
suggest that LDH and HTC will block the pores of each other. These
results further indicate the existence of HTC in the interlayers of LDH,

because the formation of “LDH layer-carbon layer-LDH layer” struc-
tures will prevent N, from entering the interlayers of LDH. Therefore,
hydrothermal carbonization method has its limit in producing LDH/
carbon nanosheets composites with large surface area, but will produce
materials with “LDH layer-carbon layer-LDH layer” alternating interval
layered structures. It was suggested that a material with ordered in-
terval layered structures of the different species would enhance various
properties (e.g., mechanical, barrier, and flame-retardant properties) of
the composites (Ding et al., 2017). On the other hand, via conventional
high-temperature carbonization strategy, LDH/carbon nanosheets
composites with higher SSA than LDH can be produced as indicated by
the highest SSA of LDH-carbon of 153.6 m?/g. The large SSA may be
because the changes of relative distribution of LDH and carbon na-
nosheets during the reconstruction of LDH structures via washing. The
changes of relative distribution of LDH and carbon nanosheets cause the
formation of LDH aggregate and carbon nanosheets aggregate, which
results in the decrease of the blocked pores and increase of the available
pores. According to the previous review, LDH/carbon nanosheets
composites prepared from high-temperature carbonization method in
this work possess higher SSA than those of many other LDH/carbon
nanosheets composites (Cao et al., 2016).
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Fig. 4. FTIR spectra of R-LDH, LDH-HTC and LDH-carbon.

3.3. Adsorption performance of the composites

LDH/carbon composites such as LDH/graphene and LDH/graphene
oxide are generally attractive and effective adsorbents for heavy metal
ions, radionuclides, and organic contaminants due to their ample
functional groups and/or large surface area (Cao et al., 2016; Daud
et al., 2016; Huang et al., 2018; Linghu et al., 2017; Pang et al., 2019;
Wang et al., 2020). Herein, we tested and compared the adsorption
performance of the resultant LDH/carbon nanosheets composites to-
ward heavy metal cation (Cd(II)) and anion (Cr(VI)). Fig. 6 shows the
effect of contact time on Cr(VI) and Cd(II) adsorption capacity. The
adsorption rates of Cr(VI) on the composites were very rapid and the
adsorption reached completely equilibrium with 5 min, indicating
strong interactions between Cr(VI) and the composites. Previous study
also indicated that LDH could reach completely adsorption equilibrium

of Cr(VI) within 8 min (Zhang et al., 2017). As for Cd(II) adsorption, the
adsorption rates are much lower than those of Cr(VI) adsorption; c.a.
300 min is needed to reach adsorption equilibrium. Thus, to reach
completely adsorption equilibrium, the contact time in the studies of
effect of concentration set as 12 h. pH affects the adsorption perfor-
mance significantly (Fig. 7). For Cr(VI) adsorption, the adsorption ca-
pacities on LDH/carbon composites decrease (from c.a. 35 to 20 mg/g;
initial Cr(VI) concentration of 50 mg/L) with increasing pH from 3.0 to
10.0. For Cd(II) adsorption, opposite results were obtained, i.e., the
adsorption capacities increase (from c.a. 12 to maximum of 35 mg/g;
initial Cd(II) concentration of 50 mg/L) with increasing pH from 3.0 to
10.0. One obvious merit should be noted that the LDH-HTC and LDH-
carbon composites both have strong pH buffer performance to resist the
low pH and increase the pH from low value to c.a. 7.

The adsorption isotherms (Fig. 8) show that LDH-HTC, LDH-carbon,
R-LDH, LDH-HT, and LDH-OII have Cr(VI) adsorption capacities of
28.9, 35.6, 8.0, 6.4, and 14.0 mg/g, respectively; Cd(II) adsorption
capacities of 46.1, 48.5, 7.3, 8.5, and 15.1 mg/g, respectively. The
composites (LDH-HTC and LDH-carbon) present much higher adsorp-
tion capacities than those of the counterparts (i.e. R-LDH, LDH-HT, and
LDH-OII), indicating the formation of carbon nanosheets remarkably
promote the adsorptive performance. Specifically, the LDH/carbon
nanosheets composites possess higher adsorption capacities with 3.3 to
4.4-fold and 5.3 to 6.7-fold increase of the adsorbed capacities re-
spectively for Cr(VI) and Cd(II), comparing to those of R-LDH. R-LDH
showing low Cr(VI) adsorption capacity is because the interlayer anions
are CO52~ (Fig. 4) which is most difficult to be exchanged (Goh et al.,
2008; Prasanna et al., 2006). And the low Cd(II) adsorption capacity
should be due to the fact that positively charged LDH produce elec-
trostatic repulsion to cations (Fig. 9). As shown in Fig. 9, R-LDH shows
high surface positive charge (c.a. 45 mV) under experimental solution
pH condition; the high positively surface charge will prevent the ad-
sorption of Cd(II) cation. Via calcination of MgAl-LDH to eliminate
interlayer €032~ and introduction of OII to induce functional groups of
C—S03 and C—OH from OII, LDH—OII shows higher Cr(VI) and Cd(Il)
adsorption capacities than those of R-LDH and LDH-HT. According to
Fig. 9, introduction of OII can greatly reduce surface charge with a
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Table 1
BET specific surface area of the materials. R-LDH in the table re-
presents the reconstructed LDH from CLDH via reaction with water.

Sample BET specific surface area (m?/g)
R-LDH 105.1

LDH-HTC 32.4

LDH-carbon 153.6

value of c.a. 3.7 mV which is much lower than that of R-LDH at pH 7.
The decrease of surface charge should therefore be one of the reasons
for the increase of Cd(II) adsorption capacity. Other studies pointed out
that when adsorbed enough anions on LDH, charge reversal would
happen (Kentjono et al., 2010; Wei et al., 2011). For the LDH/carbon
nanosheets composites, after carbonization, ample C, S, and N-involved
functional groups are produced (Figs. 4 and 5). In addition, their sur-
face charges are also much lower than those of R-LDH and LDH-HT.
LDH-carbon and LDH-HTC show positively surface charge of 22.6 and



M. Laipan, et al.

Jcr v

| —&— LDH-HTC
0- —@— LDH-carbon
T I T N T . T v T ¥ T T T .
0 50 100 150 200 250 300 350
Time (min)

Applied Clay Science 199 (2020) 105867

1cdan

| —@— LDH-HTC
0 —&— LDH-carbon
1 ' I N 1 N I ! I N 1 N 1 !
0 50 100 150 200 250 300 350
Time (min)

Fig. 6. Effect of contact time on the adsorption of Cr(VI) and Cd(II) (25 °C, pH 7.0, the dosage of the adsorbent is 1 g/L, and the initial concentrations of Cr(VI) and Cd

(I) are both 50 mg/L).

4.5 mV at pH 7, respectively. These results may be the major reasons for
the remarkable promotion of the adsorptive capacities of Cr(VI) and Cd
(II) on these composites of LDH/carbon nanosheets. According to the
XRD results of the samples after Cr(VI) adsorption (Fig. 10a), ion ex-
change is not the major mechanism for Cr(VI) removal; but for LDH-
HTC, the adsorption of Cr(VI) caused the secondary arrangement of the
interlayer anions indicated by the changes of d(003) values, suggesting
the existence of electrostatic adsorption mechanism. FTIR spectra of the
LDH/carbon composites before and after Cd(II) adsorption show no
obvious changes with the maximum chemical shift of 2 cm™!
(Fig. 10b), indicating that no strong interaction between Cd(II) and
surface functional groups of the adsorbents exists. These results suggest
that the adsorption of Cd(II) is mainly via physical interaction. Huang
et al. also got similar results when applying LDH/graphene oxide
composite to remove Cd(II), Cu(Il), and Pb(II); their results showed no
obvious changes of the FTIR spectra before and after adsorption.
(Huang et al., 2018).

Adsorption performance of the composites prepared from different
carbonization strategies also presents differences. LDH-carbon has the
higher adsorption capacities for both Cr(VI) and Cd(II) than those of
LDH-HTC. It is suggested that functional groups and SSA are critical in
improving activities of LDH/carbon composite (Cao et al., 2016; Daud
et al., 2016). LDH-carbon has the highest adsorption capacities prob-
ably due to the fact that it has the largest SSA and highest amount of C-
involved functional groups and thiophenol/thiol groups (see Table 1
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and Fig. 5). However, the adsorption capacities for per surface area of
LDH-HTC for both Cr(VI) (0.89 mg/mz) and Cd(II) (1.42 mg/mz) are
much larger (c.a. 4-fold) than those of LDH-carbon (0.23 mg/m2 for Cr
(VI) and 0.32 mg/m2 for Cd(11)). The different adsorption performance
may be resulted from the differences in the types and amounts of S-
involved functional groups, since sulfonic groups are the only S-in-
volved functional groups for LDH-HTC with much higher amount than
that of LDH-carbon, while thiophenol/thiol groups are the dominant
groups for LDH-carbon.

Adsorption performance of the composites is also compared with
those of reported LDH-based composites and other adsorbents. Huang
et al. applied their magnetic MgAl-LDH/graphene oxide nano compo-
sites as Cd(II) adsorbents with maximum adsorbed amount of c.a.
20 mg/g at initial Cd(II) concentration of 80 mg/L (pH 7.0) (Huang
et al., 2018). In the same conditions, Cd(II) adsorption capacities of the
LDH/carbon nanosheets composites in this work reach higher values
between 20 and 30 mg/g. The comparison of the removal performance
of Cd(II) and Cr(VI) between the materials in this study and various
other materials is shown in Table 2. As can be seen, the resultant LDH/
carbon nanosheets composites in this study can be sufficient adsorbents
for heavy metal ions.

3.4. Regeneration of the adsorbents

As displayed in Fig. 11, the adsorption capacities of Cr(VI) and Cd
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Fig. 7. Effect of pH on the adsorption of Cr(VI) and Cd(II) (25 °C, the dosage of the adsorbent is 1 g/L, and the initial concentrations of Cr(VI) and Cd(II) are both

50 mg/L).
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Fig. 9. Variation of zeta potential of the samples with pH.

(ID) on the regenerated LDH-carbon and LDH-HTC first increase and
then decrease. The improvement of Cr(VI) adsorption performance in
cycle 1 may be ascribed to the introduction of easily exchangeable
anions of CI~ when regeneration of the adsorbents by using C1~ (NaCl)
to exchange Cr(VI). For the improvement of adsorption performance for
Cd(I) in cycle 1, the reason may be the introduced CH3;COO ™~ on the
adsorbents offering extra adsorption sites for Cd(II). According to the
previous studies, COO~ showed good affinity to Cd(II) (Min et al.,
2004). After 5 times of cycle, the adsorbents still retain 63.3-68.5% of
their initial adsorption capacities (i.e., the values in cycle 0).

4. Conclusions

In conclusion, LDH/carbon nanosheets composites were facilely
prepared by in-situ formation of carbon nanosheets via carbonization of
organic LDH. Hydrothermal carbonization and high-temperature car-
bonization plus reaction with water were demonstrated to be effective
methods to prepare composites of LDH/carbon nanosheets. The
methods make it readily to prepare carbon nanosheets with varied C, S,
and N-involved functional groups. Most importantly, the types and re-
lative contents of the functional groups can be regulated by these two
different carbonization strategies. As for C-involved functional groups,
hydroxyl/C=N and carboxyl are the dominant functional groups for the

LDH/carbon nanosheets, but different carbonization treatment can
adjust their relative contents. Hydrothermal carbonization led to higher
amount of carboxyl than that of hydroxyl/C=N groups, while con-
ventional carbonization treatment caused a higher amount of hydroxyl/
C=N than that of carboxyl. With regard to S-involved functional
groups, sulfonic and thiophenol/thiol are the major functional groups.
Hydrothermal carbonization retained sulfonic group from organic
compounds (OII) and produced no other S-involved functional groups.
However, via high-temperature carbonization treatment, thiophenol/
thiol becomes the dominant functional groups with small amount of
sulfonic group. On the other hand, these two different carbonization
strategies can also cause large differences in specific surface area of the
composites with the high-temperature carbonized product possessing a
much larger value than that of hydrothermal sample.

The obtained materials can be used as effective multifunctional
adsorbents for both anionic (Cr(VI)) and cationic (Cd(II)) contaminants.
The carbon nanosheets can remarkably promote the adsorptive per-
formance, with maximum adsorption capacities of 4.4-fold and 6.7-fold
increase respectively for Cr(VI) and Cd(II), comparing to those of LDH.
The elimination of interlaminar carbonates, decrease of surface positive
charge, and the introduction of various functional groups produced by
the formation of carbon nanosheets may be the major reasons for the
enhanced adsorptive performance. For the two LDH/carbon nanosheets
composites, LDH-carbon shows higher adsorption performance than
LDH-HTC for both Cr(VI) and Cd(II), but the adsorption capacities for
per surface area of LDH-HTC for both Cr(VI) (0.89 mg/mz) and Cd(II)
(1.42 mg/mz) are much larger (c.a. 4-fold) than those of LDH-carbon
(0.23 mg/m2 for Cr(VI) and 0.32 mg/m2 for Cd(ID)). The different ad-
sorption performance may be resulted from the differences in the types
and amounts of S-involved functional groups. Apart from heavy metal
removal, we believe LDH/carbon nanosheets may also be valuable
materials for other fields such as energy and catalysis fields as sug-
gested by various reported LDH/carbon nanosheets composites. This
work provides facile ways for preparation of LDH/carbon nanosheets
materials, which may also be ways for recycling of waste organic clay
and organic clay minerals by producing functional materials.
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Table 2
Maximum adsorption capacities (Qy,) of Cd(II) and Cr(VI) on various materials.
Material Pollutant Co (mg/L) pH Qn (mg/g) Ref.
Inorganic and inorganic-organic montmorillonite Cd(In 30-210 5.0 23.1 (Ma et al., 2015, 2016)
MgAl-LDH/humate Cd(n 0-280 5.0-9.0 42.6 (Gonzélez et al., 2015)
MgAI-LDH/chitosan Ccd(n 0-100 7.0 39.7 (Lyu et al., 2019)
MgAl-LDH/magnetic graphene oxide Cd(n 5-300 6.0 45.1 (Huang et al., 2018)
LDH/carbon nanosheets cdn 22.4-168 7.0 48.5 this work
FeOOH/activated carbon Cr(VD) 5-500 5.6 27.6 (Su et al., 2019)
Fe;04/graphene oxide Cr(VD) 0-50 4.5 32.3 (Liu et al., 2013)
MgAIl-LDH Cr(VD) 0-100 6.0 17.0 (Lazaridis et al., 2004)
NiFe-LDH/graphene oxide Cr(VI) 0-90 6.0-7.0 47.0 (Zheng et al., 2019)
LDH/carbon nanosheets Cr(VD) 5-100 7.0 35.6 This work
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Fig. 11. Reusability test on the regenerated LDH-carbon and LDH-HTC. The dosage of the adsorbents is 2 g/L; initial concentrations of Cr(VI) and Cd(II) are 50 and
30 mg/L, respectively; adsorption pH and contact time are respectively 7.0 and 12 h.
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