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A novel biochar/MgAl-layered double hydroxides composite (CB-LDH) was prepared for the removal of
crystal violet from aqueous solution by pyrolyzing MgAIl-LDH pre-coated ramie stem (Boehmeria nivea
(L.) Gaud.). Pyrolysis played dual role for both converting biomass into biochar and calcining MgAI-LDH
during the pyrolysis process. Scanning electron microscopy (SEM), transmission electron microscopy
(TEM), energy-dispersive X-ray analysis (EDS), X-ray photoelectron spectroscopy (XPS), Fourier trans-
form infrared (FTIR) and zeta potential analysis were used to characterize the CB-LDH. The results of
characterization suggested that the calcined LDH was successfully synthesized and coated on biochar.
The resulted CB-LDH had higher total pore volume and more functional groups than the pristine biochar.
Adsorption experimental data fitted well with the pseudo-second order kinetics model and the
Freundlich isotherm model. The rate-controlled step was controlled by film-diffusion initially and then
followed by intra-particle diffusion. Thermodynamic analysis showed that the adsorption of crystal violet
was a spontaneous and endothermic process. The higher pH and temperature of the solution enhanced
the adsorption performance. CB-LDH could also have excellent ability for the removal of crystal violet
from the actual industrial wastewater and groundwater with high ionic strength. LDH adsorption,
electrostatic attraction, pore-filling, m—m interaction and hydrogen bond might be the main mechanisms
for crystal violet adsorption on CB-LDH. The results of this study indicated that CB-LDH is a sustainable
and green adsorbent with high performance for crystal violet contaminated wastewater treatment and
groundwater remediation.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

effluents and industrial wastewaters is of considerable interest
because of health risks carried by the potential for contamination of

Considerable amount of dyes and pigments effluents of in-
dustries (such as textiles, printing, plastics, leather and food) are
discharged into water (Gessner and Mayer, 2001), which can pose a
significant threat to ecosystem. Synthetic dye is one of the most
serious contaminants in aquatic environments due to its large-scale
production, commercial importance, extensive application, slow
biodegradation and toxicity (Forgacs et al., 2004). Their presence in
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soil, groundwater and drinking water supplies (Carneiro et al.,
2010). Many investigations have proved that the synthetic dyes
(including azo, anthraquinone, triphenylmethane, heterocyclic and
polymeric dyes) are toxic and could seriously contaminate the
groundwater (Dubey et al., 2010; Forgacs et al., 2004; Michaelidou
et al., 1995; Travis, 1997). As a representative of synthetic dyes,
crystal violet can also pollute groundwater. Travis (1997) reported
that the groundwater in Basel was polluted by synthetic dye such as
crystal violet (aniline violet), which was arising from the activities
of dye manufacture industry. Crystal violet (also known as methyl
violet, gentian violet, aniline violet or hexamethylpararosaniline
chloride) is widely used as a pH indicator, as a purple dye for
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textiles and inks, and as an additive in medicine (Rushing and
Bowman, 1980). Many researchers have reported that crystal
violet could induce carcinogenic effects in rodents (Docampo and
Moreno, 1990; Littlefield et al., 1985). The toxicity of single oral
doses of crystal violet was determined to be as follows per
kilogram: 1.2 g and 1 g for mice (LDsp) and rats (LDsg), respectively
(Docampo and Moreno, 1990). It is also reported to be highly toxic
to mammalian cells, and cause severe irritation for skin, eye and
digestive tract (Mittal et al., 2010).

Achieving sustainability of remediation of contaminated land
(soil or groundwater) and water is the major challenge for the reuse
of land and water (Bardos, 2014; Bardos et al., 2011b, 2016). The
sustainable remediation should not only assist in accelerating the
remediation of existing contaminated land (remediation of pollu-
tion), but also minimize the potential of future land contamination
(prevention of pollution) (Hou and Al-Tabbaa, 2014). Firstly, we
need to prevent the further new contamination of land, i.e., removal
of crystal violet from wastewater. At the same time, some
measures must be taken to remediate the contaminated land, i.e.,
remediation of the polluted groundwater. There are a wide range of
technologies and materials, which can be applied to remove dyes
from aqueous solutions, such as adsorption, catalytic degradation,
biodegradation, and membrane filtration (Ahmed and Gasser, 2012;
Lau and [smail, 2009; Wu et al,, 2014). Of which, application of
biochar for dyes removal is considered as a sustainable and green
technique (Tan et al., 2015), which can be applied for the removal of
crystal violet from wastewater and the ex-situ remediation of
contaminated groundwater.

Sustainability concerns include the environmental, social, and
economic consequences of risk-management activities themselves,
and also the opportunities for wider benefit beyond achieving risk-
reduction goals alone (Bardos, 2014; Bardos et al., 2011a, 2016;
Cundy et al, 2013). Compared with other materials, multiple
advantages and benefits of using biochar are existed (Fig. 1). Firstly,
biochar is a carbon-rich material produced by pyrolyzing biomass
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with little or no oxygen (Tan et al., 2015). Its feedstocks are abun-
dant and low-cost, which mainly obtained from agricultural
biomass and solid waste (Lehmann, 2007; Tan et al, 2015).
Furthermore, the biochar production is cheap with low energy
requirements, which is usually produced at relatively low tem-
peratures (Tan et al, 2015). In addition, the thermochemical
treatment of biomass has energy recovery potential, which can
generate biofuels and syngas accompanied with biochar
production (Lehmann, 2007). Therefore, five complementary goals
can be achieved by applying biochar for the removal pollutants
from aqueous solutions: wastewater treatment, groundwater
remediation, waste management, carbon sequestration, and energy
production (Fig. 1) (Tan et al., 2015, 2016).

The removal capacity of biochar for various contaminants de-
pends on its physical and chemical properties, which are greatly
affected by the feedstocks, pyrolysis technologies and pyrolysis
conditions (Tan et al., 2015). As a result, the raw biochar has limited
capacity to adsorb pollutants. So that, a plenty of investigations
have also been carried out to produce engineered/modified bio-
chars with novel structures and surface properties by synthesizing
biochar based composites (Tan et al., 2016). The adsorption abilities
of biochar materials for crystal violet have been studied by many
researchers. These studies suggested that the engineered/modified
biochar exhibited much better performance than raw biochar. A
corncob-based biochar was prepared and applied for crystal violet
removal from aqueous solution. The adsorption capacity of this
biochar for crystal violet at 25 °C was calculated to be 81.96 mg/g
(Fang, 2012). In the further study, a magnetic biochar coated with
Fe304 nanoparticles was synthesized and used for crystal violet
adsorption. The adsorption capacity of the magnetic biochar was
much higher than the previous raw biochar, which reached to
349.40 mg/g (at initial crystal violet concentration of 400 mg/L, pH
of 6.0, and temperature of 40 °C) (Sun et al., 2015).

Layered double hydroxides (LDHs), also known as hydrotalcite-like
materials, are homogeneous, basic, and mixed metal hydroxides with
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Fig. 1. Illustration of the production process of CB-LDH and its application in wastewater treatment and groundwater remediation.
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a lamellar structure (Ahmed and Gasser, 2012; Alvarez-Ayuso and
Nugteren, 2005). Their chemical structure can be expressed as the
general formula [M;—#" M3 *(OH),J** (A" )yn- mH20, where M?** and
M3+ are di- and trivalent metal cations, respectively; A" is an
exchangeable anion; and x is the molar ratio of M>*/(M?* + M3*) and
the layer charge will depend on the M?*/M>* ratio (Cavani et al., 1991).
Calcined LDHs (CLDHs) have the ability to reconstruct their original
layered structure after adsorption of various anions, which is so-called
“memory effect” (Lv et al., 2006a). LDHs and CLDHs have been widely
applied as adsorbents to remove dyes from aqueous solutions in the
recent decade (Ai et al.,, 2011; Shan et al., 2014). Considering the su-
perior properties of LDHs, the application of LDHs to functionalize
biochar materials might be a potent method for improving biochar
adsorption capacity, so that expand its application in the practical
wastewater treatment and groundwater remediation. In addition,
biochar can serve as a carrier material for the MgAI-LDH, which helps
to minimize the pulverization of hydrotalcite (Zhu et al., 2015). Ac-
cording to the above-explained considerations, the application of
MgAI-LDH functionalized biochar can be a potential strategy for
improving the sustainability of the remediation of contaminated
groundwater (Fig. 1). However, no available research has been con-
ducted to investigate the adsorption of dyes to biochar based CLDH
composites.

Ramie (Boehmeria nivea (L.) Gaud.) is widely planted in Asian
countries such as China, India and Thailand, where its bark has
been used for long as a textile fiber (Kipriotis et al., 2015). After
bark stripping, the stems which are regarded as agriculture
wastes can be recycled as the raw biomass feedstock for biochar
production. In the present study, to take advantage of the recent
developments in LDHs and biochar, a new biochar based com-
posite (i.e., calcined biochar/MgAIl-LDH) was prepared via slow
pyrolysis of MgAI-LDH pre-coated ramie stem (Fig. 1). During the
pyrolysis process, pyrolysis played dual role for both converting
biomass into biochar and calcining nanosized MgAl-LDH
simultaneously, which could cut the production cost and time.
Furthermore, the characterizations of calcined biochar/MgAl-LDH
(CB-LDH) were analyzed. In addition, to estimate the adsorption
capacity and understand the mechanism of crystal violet (CV)
adsorption onto CB-LDH, the adsorption kinetics, isotherm, and
thermodynamics were investigated. For the application of
CB-LDH in actual industrial wastewater and groundwater, the
effects of pH, background electrolytes and ionic strength on its
adsorption capacity for crystal violet were also investigated.
The main objective of this study was to develop a feasible
method to produce CB-LDH for crystal violet contaminated
wastewater treatment and groundwater remediation in a cost-
effective way.

2. Methods
2.1. Materials

Ramie used in this study was originally collected from the
Ramie Institute of Hunan Agricultural University in China. After
the leaves, tops and bark of ramie were removed, the remaining
stems were washed with distilled water and dried at 80 °C in a
drying oven for 24 h. Then the dried stems were ground to
powder and sieved through 2 mm sieve. The powdered ramie
stem was stored in airtight plastic containers for later use. All
chemicals employed in the experiments were purchased at
analytical reagent grade and without any further purification. The
molecular structure of crystal violet used in this study is shown
in Fig. S1. All the solutions were prepared using high-purity water
(18.25 MQ/cm).

2.2. Preparation of CB-LDH

MgAI-LDH was first synthesized and coated on the biomass
feedstock (powdered ramie stem) before pyrolysis (Fig. 1) by a
modified liquid-phase deposition method similar to that of Zhang
et al. (2013). AlCl3-6H,0 (2.4 g, 0.01 mol) and MgCl,-6H,0 (6.1 g,
0.03 mol) were dissolved in deionized water. 20 g of the ramie
stems powder was impregnated with the Mg/Al solution, and then
the mixture was shaken at 130 r/min for 24 h. A second solution
containing NaOH (16.0 g, 0.4 mol) and Na,COs3 (13.25 g, 0.125 mol)
in 500 mL deionized water was prepared. The pH was maintained
constant by the simultaneous addition of the mixture of NayCO3
and NaOH. The two solutions (Mg/Al solution and the mixture of
Nay;CO3 and NaOH) were added into a three-necked flask,
simultaneously and dropwise, while stirring with rotor speed of
500 r/min and maintaining the pH near 10. The resulting slurry was
aged at 100 °C for 24 h. The final precipitate was filtered and dried
at 80 °C for 36 h to obtain biomass/MgAl LDH. A horizontal tube
furnace (SK-1200 °C, Tianjin Zhonghuan Test Electrical Furnace Co.,
LTD, China) was used to convert these samples into biochar. MgAl
LDH-coated biomass powder was filled in a quartz boat and loaded
in the quartz tube furnace. Both ends of the quartz tube were sealed
and connected with hoses. The chamber of tube furnace was
replenished with N (400 mL/min) from one side to keep the inert
atmosphere along with the pyrolysis process and the volatile
products during biomass pyrolysis are collected from another side.
The temperature was programmed to rise up to 500 °C at a rate of
7 °C/min and held at the peak temperature for 2 h before cooling to
room temperature. The pristine biochar (PB) without LDH treat-
ment was also produced under the same pyrolysis condition.

2.3. Characterizations

The elemental analyses of all biochars were carried out with an
elemental analyzer (Vario EL III, Elementar, Germany). Specific
surface areas of adsorbents were measured in a Micromeritics
TriStar I 3020 by nitrogen adsorption (77.3 K) and the total pore
volume was measured based on the N adsorption-desorption
isotherms. The FTIR spectra (Nicolet 5700 Spectrometer, USA) of
the adsorbents were recorded in the range of 4000—400 cm ™. The
X-ray photoelectron spectroscopy (XPS) measurements were
performed using an ESCALAB 250Xi X-ray photoelectron
spectrometer (Thermo Fisher, USA). The morphological structure of
CB-LDH was characterized by Quanta FEG 250 environmental
scanning electron microscopy (SEM) equipped with an energy-
dispersive X-ray analyzer (EDS) (AMETER, USA). Electron
micrographs of the samples were taken by the transmission
electron microscopy (TEM) on FEI Titan G2 60—300 microscope.
The zero point charge of CB-LDH was determined using
Electroacoustic Spectrometer (ZEN3600 Zetasizer, UK) varying
solution pH from 2.0 to 10.0.

2.4. Adsorption experiments

The CV stock solution was prepared to simulate the wastewater
and polluted groundwater. The desired concentrations of CV
solution were achieved by the dilution of stock solution. The effect
of pH on the adsorption of CV was studied at room temperature
(299 + 0.5 K) in 100 mL Erlenmeyer flask containing 0.05 g
of adsorbent and 50 mL CV solution. The initial CV solutions
(500 mg/L) were adjusted ranging from 2.0 to 10.0 using solutions
of NaOH and HCL. The influence of salt ionic strength on the removal
of CV (500 mg/L) by CB-LDH was studied with the sodium chloride
and calcium chloride concentration varying from 0 to 0.1 M. The
removal capacity of CV by PB, LDH and CB-LDH were compared by
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mixing 0.05 g of adsorbent with 50 mL CV solution of different
concentrations (50, 100, 200, 300, 400, and 500 mg/L). The pH
values of the CV solutions were adjusted to 6 and the flasks were
shaken for 24 h at room temperature. The samples were then
filtered and the CV concentrations were analyzed spectrophoto-
metrically by measuring the absorbance at Apax 592 nm.

Adsorption kinetics were examined by mixing 0.05 g of adsor-
bent with 50 mL CV solution (200 mg/L) in 100 mL Erlenmeyer flask
at room temperature (299 + 0.5 K). The pH values of the CV solu-
tions were adjusted to 6. The solutions were shaken at regular in-
tervals, and the adsorbed CV concentrations were determined by
the same method after filtration of the solution.

Adsorption isotherm and thermodynamic properties of CV onto
CB-LDH was determined by batch sorption experiment under three
different temperatures (299, 309, and 319 K) by mixing 0.05 g CB-
LDH with 50 mL CV solutions of different concentrations ranging
from 50 to 500 mg/L in the 100 mL Erlenmeyer flask. The pH values
of the CV solutions were adjusted to 6. The Erlenmeyer flasks were
shaken for 24 h. The samples were then withdrawn and filtered to
determine adsorbed CV concentrations by the same method.

2.5. Regeneration of used CB-LDH

The regeneration of CB-LDH was conducted by adding CV-
loaded CB-LDH to 1 mol/L acetic acid and the mixture was stirred
at 299 K and 140 r/min for 2 h. After desorption, the suspension
liquid was centrifuged and dried at 353 K for next adsorption
experiment. In the adsorption process, the regenerated CB-LDH was
added into 50 mL CV solutions of 500 mg/L and shaken at 299 K for
24 h. The samples were then withdrawn and filtered to determine
adsorbed CV concentrations.

3. Results and discussion
3.1. Characterization of CB-LDH

The SEM images of CB-LDH are shown in Fig. 2a and b. As can be
seen, CB-LDH exhibited irregular surfaces with pores of different
shapes and sizes, and the LDHs were deposited on the biochar
surfaces evenly. The result of the EDS analysis indicated the exis-
tence of magnesium and aluminum on the surface of CB-LDH,
which confirmed that the nanosized LDH particles were success-
fully coated on the biochar surface (Fig. S2c). The TEM image (Fig. 2c
and d) revealed that the calcined MgAI-LDH on biochar had
collapsed layer structure with no obvious hexagonal dimension,
which further indicated that MgAl-LDH was converted to magne-
sium and aluminum oxides after pyrolysis.

The FTIR spectra of PB and CB-LDH are presented in Fig. S3. The
intense band at 3454 cm~! was ascribed to the O—H stretching
vibrations of hydrogen-bonded hydroxyl groups. The band at
1631 cm™! was corresponding to C=C stretching vibrations. The
intense band at 1443 cm~! was assigned to aliphatic —CH, groups.
The absorption peaks at 1403 cm™~! was assigned to —COO— sym-
metric stretching. The band at 1058 cm~' was assigned to the
C—0O—C stretching vibrations. A series of bands recorded in the
400—800 cm™! region were ascribed to the M—O and 0O—M—0
(M = Mg, Al) vibration (Goh et al., 2010; Zhang et al., 2013). The FTIR
spectra showed that CB-LDH had much higher intensity of the
bands of functional groups (—OH, —COO~, C=C and M—0), which
suggested that the introduction of MgAI-LDH significantly
increased the proportion of functional groups onto biochar, which
may contribute to the higher adsorption capacity of CB-LDH.

To further analysis of the chemical composition on the biochar
surface XPS analysis was performed and the results were shown in
Fig. 3. The Cls spectrum (Fig. 3a) demonstrated that five

compounds were presented on the CB-LDH surface. The binding
energy at 292.64, 289.17, 287.53, 284.71, and 283.89 eV correspond
to —COO—CH,—, 0—C=0, C=0, C—C (and C=C), and C—H,
respectively (Han et al,, 2013; Shimada et al., 2007; Solis-Gémez
et al, 2014; Steinriick et al., 2006). The existence of O=C—OR,
C—0, C=0, and O—H are confirmed by the XPS spectrum of O1s
(Fig. 3b) at 535.9, 533.6, 531.2, and 530.62 eV, respectively (Han
et al., 2013; Yu et al., 2007; Zhang et al., 2014). These functional
groups are consistent with those of FTIR spectra, which can serve as
bonding sites for CV. The XPS spectrum of Mgls and Al2p (Fig. 3c
and d) also revealed the formation of MgO (1303.6 eV) (Mittal et al.,
2004) and Al,03 (74.14 eV) (Chiu et al., 2005) on biochar surface,
respectively. The calcination of MgAl-LDH/biomass resulting in a
Mg—Al oxide coated biochar that is capable of being restored to
LDH when rehydrated (El Gaini et al., 2009).

3.2. Effect of solution pH on CV adsorption

The solution pH is one of the most vital parameters in the
optimization of adsorption process. The effect of pH on the
adsorption properties of CV by CB-LDH was determined. As shown
in Fig. S4, the removal rate of CV increased with the increase of pH.
The initial rapid increase of adsorption may be attributed to the
neutralization of the negative charge at the surface of CB-LDH by
the positively charged CV molecule (Mittal et al., 2010). The zeta
potentials of the CB-LDH are shown in Fig. S4. The pHp, of CB-LDH
was found to be 3.2. Under the solution pH < pHp,, the surface of
CB-LDH was positively charged, resulted in the electrostatic
repulsion between the positively charged surface and the dye cat-
ions. In addition, at lower pH, metal-metal—hydroxysalts may be
dissolved and the metal cations in the LDHs layers may be released
into solution, which led to the lower CV removal capacity (Lv et al.,
2009). CB-LDH carried various surface functional groups (mainly
oxygen-containing groups, e.g. —COOH; and —OH). With the in-
crease of pH value, the competition of metal ions and protons for
binding sites decreased and more binding sites are released due to
the deprotonation of functional groups (Tan et al., 2015). The sur-
face of biochar is negatively charged when pH > pHp,. Therefore, in
the higher pH range, the positively charged dye molecules
(=N"(CH3),) can be easily captured by CB-LDH surface.

3.3. The effect of ionic strength on the adsorption capacity

As the actual industrial wastewater and polluted groundwater
usually consist of high concentration of salts, which may affect the
CV adsorption. Therefore, the influence of salt ionic strength on the
removal of CV by CB-LDH was studied with the sodium chloride and
calcium chloride concentration varying from 0 to 0.1 M. The effects
of sodium chloride and calcium chloride on the CV adsorption by
CB-LDH are shown in Fig. S5. As can be seen, the adsorption ca-
pacity for CV changed little with the increase of NaCl concentration.
This can be attributed to two evenly matched effects of NaCl: (1) it
may restrain the electrostatic interaction between the CV cations
and CB-LDH groups and decrease the adsorption capacity with
increasing NaCl concentration; (2) on the contrary, it may also
enhance the electrostatic interaction between the CV cations and
CB-LDH groups by promoting the protonation of CV molecules
(Wu et al, 2014). However, CaCl, significantly decreased the
adsorption capacity and remained almost at the same level with
increasing concentration of CaCl, (Fig. S5). This may be because that
CaCl, have much higher screening effect on the electrostatic
interaction between the CV cations and CB-LDH groups than NaCl.
And, Ca?>* may occupy more actives sites, which are available for CV
bonding. In the presence of Ca%*, CB-LDH still had the adsorption
capacity of 200 mg/g, which suggested that it could have excellent
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Fig. 2. The SEM images (a, b) and TEM images (c, d) of CB-LDH.

ability for the removal of crystal violet from the actual industrial
wastewater and polluted groundwater with high ionic strength.

3.4. Adsorption kinetics

The pseudo-first-order, pseudo-second-order and intra-particle
diffusion models were applied to simulate the experimental kinetic
data (Hu et al, 2011). Detailed information of those models is
described in the Supplementary data. The results of adsorption
kinetics studies are shown in Fig. 4a and b and the values of pa-
rameters are summarized in Table 1. The data showed a better fit to
pseudo-second-order model (R?> = 0.987) than pseudo-first-order
model, which can be further confirmed by the excellent accor-
dance between the calculated g, value and the experimental re-
sults. The intra-particle diffusion model was further examined to
determine the diffusion mechanisms and identify the possible rate
controlling procedure. As shown in Fig. 4c, the plots of q; against t/2
were multi-linear including three linear portions, indicating that
multiple steps were involved in the adsorption process. The values
of ¢; for all linear sections were not zero (Table S2), which indicated
that the intra-particle diffusion participated in the diffusion process
but it was not the rate limiting step for the whole reaction (Hu et al.,
2011). During the adsorption process, CV molecules were initially
adsorbed by the exterior surface of the CB-LDH, that the adsorption
of CV onto CB-LDH was firstly controlled by film diffusion. Then, the
sorption process was controlled by intra-particle diffusion as CV
molecules further entered the pores of CB-LDH and were subse-
quently adsorbed by the interior surfaces (Ai et al., 2011).

To gain insights into the actual rate-controlling step involved in
the overall CV sorption process, the adsorption kinetic data were
further analyzed using the Boyd kinetic model (Ai et al., 2011; Boyd

et al., 1947). Based on the analysis of the plot of this model, the
actual rate-controlling step (film diffusion or intraparticle diffu-
sion) involved in the overall CV sorption process can be decided. As
shown in Fig. 4d, the plot of B; versus t for the adsorption of CV onto
CB-LDH was a straight line and did not pass through the origin,
which suggested that film diffusion was the rate-controlling step in
the initial adsorption process, and other mechanisms (intra-particle
diffusion) took over subsequently.

3.5. Adsorption isotherm

The adsorption equilibrium isotherm was studied using two
adsorption isothermal models including Langmuir and Freundlich
models (described in the Supplementary data) to fit the experi-
mental data (Fig. 5). The model parameters and the corresponding
correlation coefficient (R?) for the two different models are sum-
marized in Table 1. It can be seen that temperature of 319 K
exhibited the highest adsorption capacity for CV. The CV adsorption
isotherm data of CB-LDH was fitted better by Langmuir model with
the higher correlation coefficient, indicating the adsorption of CV
onto the CB-LDH surface was probably a homogeneous and
monolayer adsorption process (Sun et al, 2014). Based on the
Langmuir model, the maximum adsorption capacity of CB-LDH for
CV was 374.686 mg/g at 319 K. In addition, the stability constant (K)
increased with the increase of temperature, indicating that the
bond energy between the surface sites and dye molecules were
larger at higher temperature (Sun et al., 2014). The K| values in this
study were calculated in the range from 0.043 to 0.128 L/mg,
indicating that the adsorption between dye molecules and adsor-
bent was favorable (0 < K; < 1). These results confirmed the high
adsorption capacity of CB-LDH and the pyrolysis of MgAI-LDH
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Fig. 3. XPS spectra of CB-LDH: (a) C1s, (b) O1s, (c) Mg1s and (d) Al2p.

pre-coated biomass can be a potent alternative method for the
synthesis of biochar based adsorbent.

The comparisons of maximum adsorption capacities of CB-LDH
of this study with other adsorbents reported previously for
the adsorption of CV are listed in Table S3. As shown in the table,
the CV adsorption capacity of CB-LDH is much higher than that of
other adsorbents. Such comparison also suggests that CB-LDH
may be an effective adsorbent for CV removal from contaminated
water.

3.6. Thermodynamic analysis

Thermodynamic analysis was taken to gain further insights into
sorption process and mechanisms, and it was investigated at three
different temperatures (299, 309 and 319 K). The thermodynamic
data, such as Gibbs free energy AG?, enthalpy AH?, entropy AS®, can
be calculated using the relevant equations (described in the
Supplementary data) (Sun et al., 2014). The linear plot of In K°
versus 1/T for the adsorption of CV on CB-LDH is shown in Fig. S7.
The calculated results are given in Table 2. The negative value of
AG? at three temperatures suggested the feasibility and sponta-
neous nature of the CV adsorption onto CB-LDH. Furthermore, the
AGP® values decreased with the increase of temperature, indicating
that the adsorption was more favorable at high temperature. The
positive value of AH® verified the endothermic nature of the
adsorption process. The positive value of AS? might be attributed to
the increase of randomness at the solid-solution interface during
the adsorption process.

3.7. Regeneration of used CB-LDH

Desorption is another important process reflecting adsorption
due to its economical and enhancement value. The results indicated
that the adsorption capacity decreased gradually with the
increasing of cycles (Fig. S8). After six adsorption/desorption cycles,
the adsorbed amount of CV onto the regenerated CB-LDH was
259.32 mg/g, which still remained higher than some reported ad-
sorbents (Table S3). The results indicate that the CB-LDH could be a
potential low cost and efficient adsorbent for CV removal due to the
excellent regeneration performance.

Table 1
The model parameters and the corresponding correlation coefficient of kinetics and
isotherm models.

Kinetics models

Pseudo-first-order Pseudo-second-order

ge(mg/g) ki (1/min) R e (mg/g)  kp(g/mgmin)  R?
191.705 0.107 0901  199.294 8.988 x 1074 0.987
Isotherm models
T (K) Langmuir Freundlich

Gmax (Mgfg) Ky (Ljmg) R Ke(Limg)  1/n R
299  354.050 0.043 0989  51.633 0359 0877
309  364.698 0.075 0998  72.153 0320 0911
319 374686 0.128 0975  93.183 0293 0932
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Fig. 4. (a) The kinetics for CV adsorbed by CB-LDH; (b) Modeled result for CV sorption using the pseudo-second-order equation; (c) Intraparticle diffusion plots of adsorption
capacity g, versus the square root of time t> for the adsorption of CV onto the CB-LDH; (d) Plots of Boyd parameter B versus time t for the adsorption of CV onto the CB-LDH.

3.8. Adsorption mechanisms

By combining the superior characteristic of calcined MgAl-LDH
and biochar, CB-LDH can exert multi-effects on the adsorption of
CV. Possible mechanisms of the adsorption of CV by the CB-LDH are

400
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Fig. 5. The equilibrium isotherms for CV adsorbed by CB-LDH at different
temperatures.

proposed in Fig. 6. Calcined MgAI-LDHs have the ability to recon-
struct their original layered structure after adsorption (“memory
effect”) (El Gaini et al., 2009; Zhu et al., 2005), which can be
expressed by the following equations (Lv et al., 2006b):

Calcination
——

[Mg_xAlx(OH), ] (CO3), -mH,0

11
Mg;_,AlO; /2 +X/2C05 + (M + 1)H,0 (1)
Mg _xAlO1 /2 + (x/mA"™ + (m+ 1+ (x/2) +y)H0—
[Mg;_Alx(OH),] (A”‘)X/n -mH,0 + XOH™
(12)

—Mg—OH, —AI-OH and other groups on the surface of MgAl-
LDH after reconstruction could serve as the main adsorption sites
for CV cations through the desorption and association of H™
(Liu et al., 2014). In addition, the deprotonation of various surface
functional groups (mainly oxygen-containing groups, e.g. —COOH

Table 2
Thermodynamic parameters for CV adsorption on CB-LDH.
Parameters T (K)
299 309 319
In K° 0.833 1.074 1.260
AG® (kJ/mol) —5.697 —7.251 -8.735
AH° (kJ/mol) 16.961
AS° (J/mol K) 63.705
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Fig. 6. Adsorption mechanism of CV by CB-LDH.

and —OH) may make the surface of CB-LDH negatively charged,
which contribute to the electrostatic attraction between CB-LDH
and CV cations. In the reconstruction process, anions are interca-
lated into the layered structure and OH™ ions are released simul-
taneously. So that, the final pH of the aqueous solution will be
increased (Zhu et al., 2005), which can also promote the function of
electrostatic attraction. The initial CV solution pH and final pH of
the adsorption experiments are listed in Table S4. As can be seen,
the final pH significantly increased to near 8.8. At this pH, part of CV
can dissociate to CV anion (pKa = 8.64) (Fig. S9), and some can be
intercalated into the interlayer space in the reconstructed LDH
(Chen et al., 2009). Furthermore, CB-LDH exhibited much higher
total pore volume than PB, which may make the CV molecule easier
access to the interior surfaces of biochar. This mechanism can also
be demonstrated by the analysis of intra-particle diffusion and
Boyd kinetic model, which suggested that the intra-particle
diffusion controlled the adsorption in the later process. Apart
from the mechanisms discussed above, other mechanisms such as
7—T interaction and hydrogen bond, could also be involved in CV
adsorption (Wu et al., 2014).

4. Conclusions

The novel biochar based composite was successfully synthe-
sized using ramie stem as the raw biomass feedstock and the
calcined MgAI-LDH as the objective functional material. Multiple
advantages and benefits of using biochar as the remediation ma-
terial are existed, including its abundant and low-cost feedstocks
(agricultural biomass and solid waste), lower energy requirements
during production, carbon sequestration, and concomitant energy
production (biofuels and syngas). The results of this study
suggested that CB-LDH can be used as an effective, sustainable and

green adsorbent with high performance for crystal violet contam-
inated wastewater treatment and groundwater remediation, which
can fulfill the aim of sustainable remediation of contaminated land
(soil or groundwater) by both remediation of pollution and
prevention of pollution. Further studies about the synthesis of
CB-LDH using other LDHs and biomass feedstock, and their
adsorption capacity for other contaminants from wastewater and
groundwater should be conducted.
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