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Adsorption  properties  of  Mg/Al-LDH  and  Mg/Al-LDO  toward  anionic  dye  orange  II were  tested.
Porous  carbon  materials  were  synthesized  via  in  situ  method  from  the spent  adsorbent.
The  porous  carbon  materials  possessed  of considerable  BET  specific  surface  area  and  pore  volume.
The  porous  carbon  materials  exhibited  high  efficiency  in toluene  removal.
The  developed  resource  recycling  method  proved  to be  simple,  facile  and  applicable.
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Adsorption  has  been  considered  as an  efficient  method  for the  treatment  of  dye effluents,  but  proper
disposal  of  the  spent  adsorbents  is  still  a challenge.  This  work  attempts  to provide  a  facile  method
to  reutilize  the  spent  Mg/Al  layered  double  hydroxide  (Mg/Al-LDH)  after  the  adsorption  of orange  II
(OII).  Herein,  the  spent  hybrid  was  carbonized  under  the protection  of  nitrogen,  and  then  washed
with  acid  to  obtain  porous  carbon  materials.  Thermogravimetric  analysis  results  suggested  that  the
carbonization  could  be well  achieved  above  600 ◦C, as mass  loss  of the spent  hybrid  gradually
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stabilized.  Therefore,  the  carbonization  process  was  carried  out  at 600,  800,  and  1000 ◦C, respectively.
Scanning  electron  microscope  showed  that  the  obtained  carbon  materials  possessed  a  crooked  flaky  mor-
phology.  Nitrogen  adsorption–desorption  results  showed  that  the  carbon  materials  had  large  BET  surface
area  and  pore  volume,  e.g., 1426  m2/g and  1.67  cm3/g for the  sample  carbonized  at  800 ◦C.  Moreover,  the
pore  structure  and surface  chemistry  compositions  were  tunable,  as  they  were  sensitive  to  the  temper-
ature.  Toluene  adsorption  results  demonstrated  that  the  carbon  materials  had  high efficiency  in toluene
removal.  This  work  provided  a facile  approach  for synthesizing  porous  carbon  materials  using spent
Mg/Al-LDH.

LDHs Layered double hydroxides
LDOs Layered double oxides
Mg/Al-LDH Mg-Al-CO3

2− layered double hydroxide
Mg/Al-LDO Calcined Mg-Al-CO3

2− layered double hydroxide
OII Orange II
Mg/Al-LDH-OII The hybrid resulted from the adsorption of

OII on Mg/Al-LDO
LDO-Carbon The composites of Mg/Al-LDO and carbon

obtained from the carbonization product of the
spent Mg/Al-LDH without acid washing

LDO-Carbon-600 The composites of Mg/Al-LDO and carbon
obtained from the

LDO-Carbon-800 The composites of Mg/Al-LDO and carbon
obtained from the

R-LDH The reconstructed product of Mg/Al-LDO in water
Carbon-600 Porous carbon material obtained at 600 ◦C from

the spent Mg/Al-LDH after acid washing
Carbon-800 Porous carbon material obtained at 800 ◦C from

the spent Mg/Al-LDH after acid washing
AC Commercial activated carbon purchased from CAR-

LIME, China
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COII-600 The carbonized product of pure OII at 600 ◦C

. Introduction

Remnant dyes in the effluents are generally toxic and resistant
o biodegradation, which may  affect the ecological symbiotic bal-
nce of the receiving water stream [1–3]. As such, various methods
ave been developed for removing dye pollutants, and among them
dsorption has drawn particular interests, as it possesses the merits
f high-efficiency and simplicity of operation.

Layered double hydroxides (LDHs) have been considered as
ffective adsorbent for removing anionic dyes from water [4–8].
DHs have positively charged metal hydroxide sheets with anions
ocated interstitially, and they can efficiently adsorb anionic dyes
hrough an anion exchange process. Moreover, LDHs can be easily
nd massively synthesized. One of the interesting characteristics of
DHs is that their calcined products, also known as layered double
xides (LDOs), can rehydrate and recover to LDHs in aqueous envi-
onment [9]. LDOs therefore can effectively adsorb anionic dyes
rom wastewater as well. For example, when Mg–Al–CO3

2− LDH is
alcined, the CO3

2− could decompose easily. As such, the anionic
ye molecules might directly serve as counter ions to balance the
ositive charge in the reconstruction process. In this case, the spent
DHs can be recycled by calcination treatment after the adsorp-
ion of anionic dyes. However, this method also has its drawbacks.

or example, copious amounts of carbon dioxide, and some other
ases (e.g., SO2 and/or NOx) will be released during calcination,
hich can intensify the greenhouse effect and form secondary pol-

ution. Therefore, new methods for recycling/disposing the spent
DHs should be developed. To address this need, some researchers
© 2015  Elsevier  B.V. All  rights  reserved.

utilized the LDH/LDO-dyes hybrids as nanofiller or colorant filler
for polymer materials [10–12].

Recently, templated synthesis of porous carbon materials using
organic compounds-minerals hybrids as a precursor is also drawing
increasing interests. In this method, porous carbon materials can be
obtained by directly carbonizing the adsorbed organic compounds
within the channels of minerals [13,14]. Chen et al. [15] found
that carbonizing the spent montmorillonite after the adsorption
of cationic dye (crystal violet) could eventually lead to graphene-
like carbon materials. Accordingly, carbonizing spent LDH after the
adsorption of anionic dyes may  generate carbon materials as well,
and this could be an efficient method for recycling the spent LDH.

In this work, the spent LDH after the adsorption of anionic
dye was carbonized under nitrogen, with the aim of synthesiz-
ing porous carbon materials. Orange II (OII) (its chemical formula
and structure was shown in Fig. 1) was selected as the represen-
tative of anionic dyes, and calcined Mg–Al–CO3

2− layered double
hydroxide (i.e., Mg/Al-LDO) was chosen as the adsorbent. Firstly,
the adsorption capacity of OII on Mg/Al–LDO was evaluated. Then,
the resulting hybrid was  carbonized under nitrogen at 600, 800, and
1000 ◦C, respectively, to generate Mg/Al-LDO–carbon composites
(LDO–Carbon). After that, HCl was  used to wash out Mg/Al-LDO.
The structural characteristics of the resulting carbon materials
were investigated using X-ray diffraction (XRD), thermogravimet-
ric analysis (TG), X-ray photoelectron spectroscopy (XPS), scanning
electron microscope (SEM), and N2 adsorption–desorption. The
adsorption capacity of the obtained carbon materials toward
toluene was further evaluated. The results of this work demon-
strated that after the adsorption of OII, LDH could be used to
synthesize porous carbon materials.

2. Materials and methods

2.1. Preparation of LDH/LDO

According to our preliminary experimental results, the adsorp-
tion capacity of 4:1 (molar ratio of Mg2+/Al3+ = 4) Mg/Al-LDH
toward OII was higher than that of 2:1 and 3:1 Mg/Al-LDH (Fig.
S1). As such, we selected 4:1 Mg/Al-LDH as adsorbent, and synthe-
sized using conventional coprecipitation method [16–18]. Firstly,
two 300 mL  solutions were prepared, one containing 0.24 mol
Mg(NO3)2·6H2O and 0.06 mol  Al(NO3)3·9H2O,  and the other involv-
ing 0.5 mol  sodium hydroxide and 0.1 mol  sodium carbonate. Then,
the pre-made solutions were added dropwise into a beaker (con-
taining 150 mL  of ultrapure water) under vigorous stirring at room
temperature. The pH was  maintained at 10 ± 0.2 using an automatic
pH controller (Chroma CPH-2, China). The heavy gel was allowed
to crystallize by heating at 75 ◦C for 18 h. After that, the product
was centrifuged and washed with ultrapure water until the super-

natant pH was  below 8, and then dried at 80 ◦C overnight. The
synthetic Mg/Al-LDH had a chemical formula of [Mg0.79Al0.21(OH)2]
(CO3)0.105·0.65H2O, which was  determined by ICP–MS (Agilent,
7700X) and TG analysis (the dehydration temperature generally
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Fig. 1. Chemical formula and structure of Orange II.

s around 100–250 ◦C [19]), and the theoretical calculation value
f anionic exchange capacity (AEC) was 272.9 mmol/100 g. Mg/Al-
DO was obtained by heating Mg/Al-LDH at 500 ◦C for 3 h, and
ccording to the TG analysis result the interlayer carbonate of
g/Al-LDH was decomposed completely under this temperature.

.2. Adsorption of OII on LDH and LDO

OII adsorption experiments were carried out by batch adsorp-
ion method in a shaker under room temperature (25 ◦C). About
.2 g of Mg/Al-LDH or Mg/Al-LDO was dispersed in 50 mL  OII solu-
ions of varying concentrations (0.1–8 g/L). After a given contact
ime for adsorption (12 h), the solid was separated by centrifuga-
ion. The supernatant solutions were collected, and then analyzed
t 485 nm using a UV–vis spectrophotometer (Perking Elmer
recisely Lambda 850). The OII adsorption results showed that
g/Al-LDO was more effective than Mg/Al-LDH (Fig. 2), as such
g/Al-LDO was chosen as the adsorbent for OII removal. It should

e pointed out that around the adsorption process, Mg/Al-LDO
ould revert to LDH structure. In this case, after OII adsorption the

esulting hybrid should be named as Mg/Al-LDH-OII rather than
g/Al-LDO-OII.

.3. Preparation of carbon materials

Pyrolysis of Mg/Al-LDH-OII hybrid was performed in a tubular
urnace under constant nitrogen flow. In detail, the dried Mg/Al-
DH-OII powders (with the adsorbed OII of 1066 mg/g) were loaded
o a crucible, and then heated in a temperature-controlled tubular
urnace to the required temperature. The heating rate was 2 ◦C/min,
nd the samples were maintained at the target temperature for

 h. The carbonization temperatures (600–1000 ◦C) were chosen
ccording to the results of TG analysis, as mass loss of Mg/Al-LDH-
II gradually stabilized above 600 ◦C. The resulting LDO–Carbon
omposites were washed with HCl (2 M)  for 6 h under magnetic
tirring to completely remove the inorganic Mg/Al-LDO phase. The
arbon materials were further washed several times with ultra-
ure water, and then dried at 80 ◦C overnight. The carbon materials
btained at 600, 800, and 1000 ◦C are herein referred to as Carbon-
00, Carbon-800, and Carbon-1000, respectively. For clarity, the
eaning of all the abbreviations was given at the end of this article.

.4. Characterization methods
TG analysis was carried out on a Netzsch STA 490 PC thermal
nalyzer at a heating rate of 10 ◦C/min in the temperature range
rom 30 to 1000 ◦C. The carbon materials were carried out under air
tmosphere; other samples were under nitrogen atmosphere. The
 Materials 300 (2015) 572–580

flow rate was 60 mL/min. On the other hand, the derivative ther-
mogravimetry (DTG) curves were also utilized in samples analysis.

XRD patterns of the samples were measured on a Bruker D8
ADVANCE X-ray diffractometer using Cu K� radiation operating
at 40 kV and 40 mA.  Sample powders were pressed on sample
supports, and followed immediately by XRD measurement. The
patterns were recorded over the 2� range from 2 to 70◦ with a scan
speed of 3◦/min.

The XPS spectra of the elements in the carbon materials were
recorded using a K� X-ray photoelectron spectrometer (Thermo
Fisher Scientific, UK) with a monochromatic Al K� X-ray source.
Binding energies were calibrated using the C 1 s XPS spectra
(284.6 eV). The high resolution spectra were analyzed by perform-
ing background subtraction and iterative line shape deconvolution,
based on a summed Gauss–Lorentz function. In addition, pHpzc
of the samples were determined by Zeta potential measurements
according to the previous method [20].

The morphology of the samples was recorded by a ZEISS SUPRA
55 SAPPHIRE field-emission scanning electron microscope. The
sample powders were firstly stuck to conductive silver adhesives
on a glass slide, and then sprayed with a thin layer of conductive
carbon to enhance the conductivity before observation.

Nitrogen adsorption–desorption measurements were deter-
mined at 77 K using an ASAP 2020 Surface Area & Pore
Size Analyzer (Micromeritics Instrument Corporation). Prior to
the measurements, the samples were degassed in vacuum at
150 ◦C for 12 h. Specific surface area was calculated using the
Brunauer–Emmett–Teller (BET) method. Total pore volume was
determined from the adsorbed amount of nitrogen at P/P0 = 0.99.
Pore size distribution and micropore volume were calculated using
nonlocal density functional theory (NLDFT) under carbon slit pore
model for the adsorption isotherm. In addition, mesopore volume
was determined according to BJH method.

2.5. Toluene adsorption experiments

To verify the adsorption properties of the obtained carbon mate-
rials, adsorption of toluene was carried out at 25 ◦C on a dynamic
adsorption apparatus (Supplementary materials Fig. S2). The exper-
iments used two gas flows, one is the high purity nitrogen for
dilution, and the other is for the target gas (nitrogen as the car-
rier gas) [21,22]. The total flow maintained at 300 cm3/min using
sensitive mass flow controllers. During the adsorption process, the
two gas flows were firstly introduced into a gas mixing chamber
wherein the toluene gases were completely diluted. Then the mix-
ture was conducted into the adsorption column where 0.15–0.20 g
of adsorbent (stuck by silica wool) was placed. By controlling the
flow rates with accurate mass flow controllers, the relative partial
pressure of toluene was controlled over a range from 0.08 to 0.99.
The toluene adsorption isotherms were determined by gravimet-
ric method, and the adsorption was seen as equilibrium until the
variation in the weight was  <1 mg  for each relative partial pressure.
Before the experiment, the adsorbents were degassed at 105 ◦C for
12 h. For comparison, the LDO–Carbon composites and a commer-
cial activated carbon denoted as AC (from CARLIME, China) with a
similar BET specific surface area as the obtained carbon materials
were also determined in the toluene adsorption.

3. Results and discussion

3.1. OII adsorption results
Adsorption isotherms of OII on Mg/Al-LDH and Mg/Al-LDO were
compared (Fig. 2). The results showed that Mg/Al-LDO was more
efficient than Mg/Al-LDH, well in agreement with many other
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Fig. 2. Adsorption isotherms of orange II

tudies of anionic dyes adsorption [7,23–25]. In this study, the
aximum adsorbed amount of OII on Mg/Al-LDO and Mg/Al-LDH

ould respectively reach 1066.0 and 475.0 mg/g, which were higher
han that on most carbon materials with large specific surface
rea (842–1488 m2/g) as reported in literatures [26,27]. As is well
nown, carbonate has a higher affinity to the positive layers of
g/Al-LDH than many other anions. In this case, direct exchange

f carbonate anions from Mg/Al-LDH by dye anions should be dif-
cult. Conversely, in the case of Mg/Al-LDO, carbonate anions had
een eliminated by calcination. As such, during the reconstruction
rocess, dye anions would more easily occupy the charge sites; this
as one of the possible reasons for the better adsorption capacity of
g/Al-LDO. However, we should also notice that when calcinated

t 500 ◦C, Mg/Al-LDH lost about 43.0% of its mass (Fig. S3c), which
eans that 1 g Mg/Al-LDH could only generate 0.57 g Mg/Al-LDO.

s such, OII adsorption capacity on 1 g Mg/Al-LDH probably should
e compared to that on 0.57 g Mg/Al-LDO; thus the corresponding
dsorption capacity should be 475.0 mg/g for the original Mg/Al-
DH and 607.6 mg/g for the reconstructed Mg/Al-LDH. In this case,
he difference of the adsorption capacity on Mg/Al-LDH and LDO
as not that much (475–1066 mg/g).

.2. Thermal analysis results

The TG-DTG curves of Mg/Al-LDH-OII were compared with those
f pure OII, and the rehydrated product of Mg/Al-LDO (i.e., R-LDH).
he TG curve of R-LDH showed two mass loss steps (Fig. S3), which
orresponded to the desorption of water molecules (DTG peak at
173 ◦C), and the decomposition of carbonate in combination with

he dehydroxylation (DTG peak at ∼399 ◦C), well in agreement with
he literature [28]. Through obvious mass lose stages in the heat-
ng process, the final mass loss of R-LDH reached 46.6%. In the
ase of pure OII, mass loss was significant, and continued up to
00 ◦C with a rapid mass loss appearing between 700 and 800 ◦C
Fig. S3). Finally, about 51.0% mass loss occurred, which indicated
hat about 49.0% of OII was transformed into carbonized material.

he thermal decomposition characteristics of Mg/Al-LDH-OII were
ignificantly different from those of R-LDH and pure OII, with two
ajor differences (Fig. 3): (1) Liberation of the adsorbed water from
g/Al-LDH-OII was easier than that from R-LDH. The liberation

able 1
PS analytic data of Carbon-600, Carbon-800 and AC.

Elements Carbon-600 Carbon-80

Atomic (%) FWHM (eV) Atomic (%

C 1 s 90.0 1.5 93.7 

O  1 s 6.7 2.8 4.1 

S  2 p 0.7 1.4 0.7 

N  1 s 1.6 2.4 1.5 
/Al-LDH (a), and Mg/Al-LDO (b) at 25 ◦C.

temperature on the corresponding DTG peaks was approximately
54 ◦C different, which indicated a weaker interaction between
Mg/Al-LDH and water molecules after the loading of OII. Moreover,
mass loss of the adsorbed water from Mg/Al-LDH-OII (7.1%) was
obviously less than that from R-LDH (16.5%). These results demon-
strated that loading of OII could enhance the hydrophobicity. (2)
Pure OII had a sharp mass loss (21.8%) in the temperature range
from 600 to 800 ◦C, while the mass loss of Mg/Al-LDH-OII gradually
stabilized above 600 ◦C. Moreover, the final mass loss of Mg/Al-
LDH-OII (40.3%) was  less than that of both R-LDH (46.5%) and pure
OII (51.0%). These results indicated that the thermal stability of OII
was enhanced after being adsorbed onto Mg/Al-LDO.

The TG-DTG curves of the obtained carbon materials were plot-
ted as well, which showed that Carbon-600 had higher content
and desorption temperature of adsorbed water than Carbon-
800 (Fig. 3), indicating Carbon-600 had better affinity to water
molecules than Carbon-800. The residual mass of Carbon-600 and
Carbon-800 was 1.8% and 6.6% respectively, which indicated that
most of the Mg/Al-LDO was  washed out by acid. However, the
residual mass of Carbon-1000 was  38.2% (Fig. S3), which illustrated
the existence of many metallic oxides. The larger residual mass of
Carbon-800 and Carbon-1000 indicated that more acid-resistant
substances were formed at higher carbonization temperature, and
thus higher carbonization temperature should be avoided (e.g.,
1000 ◦C).

3.3. XRD characterization results

The XRD patterns of various samples were recorded (Fig. 4),
which showed that Mg/Al-LDH was  well crystallized, with a basal
spacing of 0.80 nm.  Only the characteristic reflections belonging to
MgO were shown on Mg/Al-LDO, as well as LDO-Carbon-600. How-
ever, when dispersed in water, Mg/Al-LDO could well reconstruct
to LDH (shown by the R-LDH pattern), in good agreement with the
previous work [9].

Interestingly, when Mg/Al-LDO was  dispersed in OII solution,

one could find a weak basal reflection at ∼3.7◦, which should not
be attributed to OII or R-LDH. The low-angle XRD patterns of the
mechanical mixture of Mg/Al-LDO and OII, and the mixture of R-
LDH and OII did not show this reflection as well (Fig. S4). As such,

0 AC

) FWHM  (eV) Atomic (%) FWHM (eV)

1.2 92.6 1.4
2.5 7.4 3.7
1.2 0 –
1.1 0 –
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Fig. 4. XRD patterns of Mg/Al-LDH, R-LDH, OII, Mg/Al-LDO, Mg/Al-LDH-OII, Mg/Al-

corresponding to thiophenol/thiol (PhSH/RSH) (S 2p3/2 and S
ig. 3. TG-DTG curves of Mg/Al-LDH-OII (a), Carbon-600 (b), and Carbon-800 (c).

ne could conclude that some of the adsorbed OII was success-
ully intercalated into the interlayers of the reconstructed sample,
o the basal spacing was increased to 2.34 nm.  Some researchers
lso found that some other anionic dyes could also be interca-
ated in the interlayers during the reconstruction process [24,29].
owever, one should notice that the charge sites of the recon-

tructed sample were not completely occupied by OII, according
o the AEC of LDH and the adsorbed amount of OII. The AEC of
he reconstructed sample from 1 g LDO was theoretically equal to
hat of ∼1.75 g LDH (1 g LDO could generate ∼1.75 g LDH in recon-
truction). As such, the occupation rate of the charge sites was
3.7% (=1066/(1.75 × 2.729 × 350.32) × 100%) when OII adsorption
ccurred by taking the charge sites only.

XRD pattern of Carbon-600 presented a weak and broad reflec-

ion at 2� range from 21.0 to 26.0◦, indicating amorphous structure
f Carbon-600. While two weak reflections (at ∼26.0 and 43.0◦) cor-
esponding to the characteristic reflections of graphite were shown
LDO-C (600 ◦C), Carbon-600, Carbon-800, and Carbon-1000. The reflection peaks
labeled with �, �, �, �, and � belong to Mg/Al-LDH, MgO, OII, graphite, and spinel,
respectively.

on the XRD pattern of Carbon-800. Mg/Al spinel was formed when
the carbonization temperature rose to 1000 ◦C, which confirmed
the forming of acid-resistant substances, well in agreement with
the TG-DTG results. Therefore, Carbon-1000 was  not utilized in the
subsequent experiments.

3.4. XPS characterization results

The XPS survey spectra indicated that the obtained carbon mate-
rials contained C, O, S, and N atoms (Fig. S5). With increasing
carbonization temperature, the atomic ratio of C increased from
90.0% to 93.7%, and that of O, S, and N decreased (Table 1). This
result suggested that Carbon-800 should be more hydrophobic than
Carbon-600, consistent with the TG-DTG results. The full width at
half maximum (FWHM) of all the atoms was smaller for Carbon-
800 (Table 1). Mateos et al. [30] suggested that a smaller FWHM is
associated with a better crystallinity of the materials. As such, the
C, O, S, and N should have more ordered structure on Carbon-800
than Carbon-600.

The high resolution XPS spectra of C 1 s, S 2 p, and N 1 s of
the obtained carbon materials were plotted, and peaks were fur-
ther deconvolved (Fig. 5). The deconvolution of the C 1 s spectra
could yield four peaks, which were assigned to graphitized carbon
(284.6 eV) [31–33], amorphous carbon (285.0 eV) [34], C O /C N
groups (∼286.1 eV) [31,32,35], and C O/C N groups (∼287.3 eV)
[31,32,35]. From the relative contents of the functional groups in C
1 s (Table S1), one could tell that the relative content of the graphitic
carbon increased (i.e., from 28.7% to 54.6%), while that of the amor-
phous carbon decreased (i.e., from 50.3% to 30.9%) from 600 to
800 ◦C, well in agreement with the XRD results. The decrease of
C O and C O/C N could enhance the hydrophobic characteristic
of the carbon materials.

Deconvolution of the S 2 p spectra yielded four peaks as well,
2p1/2 at ∼163.7 and 164.9 eV), and R2S = O/SO3
2− (S 2p3/2 and

S 2p1/2 at ∼167.8 and 169.5 eV) [35,36]. The relative content of
PhSH/RSH was shown to increase slightly with rising carbonization
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Fig. 5. C 1 s, S 2 p, and N 1 s XPS s

emperature, while that of the R2S = O/SO3
2− decreased (Table S1).

amely, the relative content of oxygen-containing hydrophilic
roups decreased, which indicated a better hydrophobicity for
arbon-800 than Carbon-600. Deconvolution of the N 1 s spectra
ainly yield three peaks, which could be identified as C N C (sp2

ybridization form) (∼398.3 eV) [37], C N C (other hybridization
orms) (∼400.1 eV) [35,38], and C N+H C (∼401.4 eV) [35,38]. The
inding forms of N atom presented mainly as C N C forms (sp2

nd other hybridization forms), and showed no clear change in
he relative content among all the N-containing groups with the
ncrease of carbonization temperature from 600 to 800 ◦C (Table
1). From the above, the surface chemistry compositions of the
btained carbon materials could be adjusted by applying different
arbonization temperatures.
As for commercial AC, its surface chemical composition was sim-
ler as compared with Carbon-600 and Carbon-800. According to
he XPS survey spectrum (Fig. S5), AC was composed by C and O ele-

ent, with atomic ratio of 92.6% and 7.4% (Table 1), respectively.
 of Carbon-600 and Carbon-800.

The deconvolution of high resolution XPS spectrum of O 1 s showed
that AC mainly consisted of C O (48.1%, ∼531.9 eV), C O (45.2%,
∼533.2 eV) and C O (6.7%, occluded CO or CO2, ∼536.3 eV) [39]
functional groups (Fig. S6a). In addition, according to C 1 s spectrum
(Fig. S6b), the C O and C O was attributed to carbonyl/quinone
and phenolic/alcoholic/etheric, respectively [39,40].

In addition, the pHpzc values of Carbon-600, Carbon-800, and
AC were 7.17, 7.34, and 7.75, respectively (Table 2), indicating a
close amount of acidic and basic functional groups or negative and
positive charges on each sample.

3.5. Surface morphology and porous structure of the carbon
materials
As previously mentioned, some of the OII was  intercalated into
the interlayers of Mg/Al-LDH-OII, and thus when the layers were
destructed during the carbonization process, the carbonized prod-
ucts in the interlayers should form a lamellar structure. XRD and
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Table  2
Porosity characterization results and pHpzc of the samples.

Sample SBET (m2/g) Vtotal (cm3/g) Vmeso (cm3/g) V(<0.67nm) (cm3/g) V(0.67-0.9nm) (cm3/g) V(0.9-2nm) (cm3/g) pHpzc

Carbon-600 1462 0.98 0.34 0.13 0 0.35 7.17
Carbon-800 1426 1.67 1.54 0.06 0 0.22 7.34
AC  1338 0.61 0.12 0.15 0.05 0.26 7.75

– 

– 
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COII-600 0.15 0.01 – 

LDO-Carbon-600 286 0.25 0.15 

LDO-Carbon-800 316 0.29 0.20 

PS results showed that the obtained carbon materials were par-
ially graphitized, suggesting the carbon materials should possess
ome lamellar structure. As expected, SEM images demonstrated
hat both Carbon-600 and Carbon-800 exhibited a curly lamellar
tructure (Fig. 6). However, unlike the rigid lamellar structure of
he precursor of Mg/Al-LDO (Fig. S7), the lamellas of the obtained
arbon materials were bending at random direction, which could
esult in large porosity and slit pores.

The N2 adsorption–desorption isotherms of the obtained carbon
aterials were compared with that of commercial active car-

on AC. All of the obtained isotherms showed a steep increase
f N2 adsorbed amounts at low relative pressure range, indi-
ating these carbon materials all contained large amount of
icropores (Fig. 7). Some differences, however, could be clearly

bserved among Carbon-600, Carbon-800, and AC. The adsorption-
esorption isotherm of AC contained a plateau, and a nearly
egligible hysteresis loop. As such, the isotherm could be classified
s type I, indicating that AC was mostly comprised of micropores.
owever, the isotherms of the obtained carbon materials revealed

ome type I and IV characters, as they presented a pronounced
ysteresis loop and a slope with the increase of relative pressures.

hese results indicated that the obtained carbon materials simul-
aneously contained large amount of micropores and mesopores.
he H4 desorption hysteresis suggested that the obtained carbon
aterials contained mainly slit pores, but some of the pores of

Fig. 6. SEM images of Carbon-600
– – –
– – –
– – –

Carbon-800 might deform to other forms, as the “paunch” of the
hysteresis loop expanded. The adsorbed amounts of N2 on the
obtained carbon materials were lower than that on AC at low rel-
ative pressure range, with an order AC > Carbon-600 > Carbon-800,
while converse results were obtained at higher relative pressure
range.

The calculated BET specific surface areas and pore volumes of the
samples were listed in Table 2. Both Carbon-600 and Carbon-800
had large BET specific surface area and high total pore volume. How-
ever they had a pronounced difference in mesopore volume with
0.34 and 1.54 cm3/g for Carbon-600 and Carbon-800, respectively.
Combination with the result on the pore size distribution, one could
clearly tell that Carbon-600 contained mainly micropores with a
pore size range from 0.5 to 2.0 nm.  However, Carbon-800 mostly
comprised of mesopores with a wider pore size range mainly from
1.0 to 12.0 nm (Fig. 7). As such, more mesopores were created with
increasing carbonization temperature, and thus resulted in higher
mesopore volume. In this case, pore type, pore volume, and pore
size distribution were tunable, as they were sensitive to the tem-
perature.

For comparison, pore structure of the carbonized product of

pure OII at 600 ◦C (COII-600) and the Mg/Al-LDO-carbon compos-
ites obtained under 600 and 800 ◦C, namely LDO-Carbon-600 and
LDO-Carbon-800, were measured as well (Table 2). The result
showed that COII-600 presented only a small specific surface area

 (a, b) and Carbon-800 (c, d).
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Fig. 7. N2 adsorption-desorption isotherms (a) and NLDFT pore
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Fig. 8. Toluene adsorption isotherms on Carbon-600, Carbon-800 and AC.

0.15 m2/g), and total pore volume (0.01 cm3/g). As such, the large
ET specific surface area and high pore volume of the obtained
arbon materials should be ascribed to the template effect of Mg/Al-
DO.

.6. Toluene adsorption properties of the carbon materials

As the obtained carbon materials possessed large specific sur-
ace areas and high pore volumes, they may  have attractive
pplications in many fields, e.g., adsorption of organic contami-
ants. Toluene adsorption results showed that the obtained carbon
aterials had better adsorption capacity than LDO-Carbon com-

osites (Fig. 8), with the maximum adsorbed amount of 436.2 mg/g
n Carbon-600 and 615.6 mg/g on Carbon-800, several times larger
han that on LDO-Carbon-600 (121.5 mg/g) and LDO-Carbon-800
143.5 mg/g). As for AC, it also presented a high adsorption capac-
ty with a maximum adsorbed amount of 402.0 mg/g. However, its
dsorption isotherm was significantly different from those of the
btained carbon materials. In particular, the adsorption of toluene
n AC mainly occurred in low relative pressure range; while the
dsorption on the obtained carbon materials showed continual
ncrease with the rise of relative pressure.

The adsorption of contaminants on adsorbents mainly depends

n two factors: (1) the available adsorption sites/volume and (2)
he sorbate–sorbent interaction affinity [41]. As Carbon-600 had
lightly larger volume of micropores of 0.67–2 nm (0.35 cm3/g;
.67 nm,  the molecular size of toluene [42]) than that of AC
 size distribution (b) of Carbon-600, Carbon-800, and AC.

(0.31 cm3/g) (Table 2), theoretically Carbon-600 should have a bet-
ter adsorption capacity in low relative pressure range. However, the
adsorption isotherms clearly showed reverse results, which might
partly be attributed to the difference of pore shapes on these adsor-
bents. Considering the pore type of the obtained carbon materials
was mainly slit pores (determined from N2 adsorption, and also
suggested by the SEM results), the available micropore volume for
toluene might be less than the volume determined from N2 adsorp-
tion (as molecule size of toluene was larger than that of N2). In
addition, the lack of pores with sizes of 0.67–0.9 nm (close to the
molecule size of toluene) on the obtained carbon materials (Fig. 7)
might be another reason.

On the other hand, the surface functional groups of the obtained
carbon materials (C O, C O , SH, S O/SO3

2−, C–N+H–C, etc.)
were more complex than that of AC (mainly C O and C O ),
according to XPS analysis. As we  know, the specific interaction
between �-electron rich regions of the carbon layers and aro-
matic rings was one of the important sorbate-sorbent interactions
[43–46]. Lillo-Rodénas et al., pointed out that surface functional
groups on carbon materials could affect �-electron rich regions
of the carbon layers, and thus weaken the specific interactions
between �-electron rich regions of the carbon layers and the aro-
matic rings of aromatic compounds [47]. As such, the presence of
complex surface groups on the obtained carbon materials might
have some negative effect on the interaction between toluene and
the obtained carbon materials, leading to relatively weaker adsorp-
tion capacity.

At relatively high pressure, the isotherm of AC exhibited a
plateau with toluene adsorbed amount increasing only slightly.
However, the isotherms showed that the adsorbed amounts on the
obtained carbons increased continually. This might be attributed to
the mesoporosity adsorption or the adsorbate–adsorbate interac-
tion [41].

4. Conclusions

The present study showed that Mg/Al-LDO could effectively
remove anionic dye OII from water, and OII could intercalate
into the interlayers of the reconstructed Mg/Al-LDH showing an
increased basal spacing of 2.34 nm.  The spent adsorbent could be
utilized to obtained carbon materials through carbonizing and
acid washing. The obtained carbon materials could be partially
graphitized, and had curly lamellar morphology with large BET
specific surface areas and high pore volumes. In addition, the
surface hydrophobicity, surface chemistry compositions, and

pore structure of the obtained carbon materials were tunable by
varying the carbonization temperature. Toluene adsorption results
illustrated that the obtained carbon materials exhibited much
higher maximum adsorbed amount than the commercial activated
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arbon, while there is still room for improvement in the low
elative pressure range. The results of this work demonstrate that
ynthesizing porous carbon materials are a promising method for
ecycling the spent Mg/Al-LDH after the treatment of dye effluents.
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