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ARTICLE INFO ABSTRACT

Keywords: In this study, the bamboo biomass loaded with ethylenediaminetetraacetic acid (EDTA) intercalated Mg/Al-
Biochar layered double hydroxides (LDH) was calcined to obtain a novel nano-adsorbent (BC@EDTA-LDH), and BC@
Layered double hydroxides EDTA-LDH was used to remove hexavalent chromium (Cr(VI)) in aqueous solutions. The results showed that the
ird(s\(l)lr)ption interaction between LDH and Cr(VI) on biochar played a dominant part in adsorption. The LDH of Cr(VI) in-

tercalation was successfully reconstructed after adsorption. Fourier transform infrared spectra and X-ray dif-
fraction results confirmed the reconstruction of Mg/Al-LDH. LDH had sustained release effect on the solution. As
the pH values increased, the electrostatic repulsion between Cr,0,%>~ and OH~ increased, and there existed
competition for adsorption sites. The maximum adsorption capacity of Cr(VI) was 38 mg/g. The data was well-
fitted with pseudo second-order model and Langmuir-Freundlich model. BC@QEDTA-LDH showed a high ad-

sorption capacity and was potentially suitable for removing heavy metals in wastewater.

1. Introduction

Nowadays, with the improvement of people's environmental
awareness, heavy metal pollution has drawn more and more extensive
attention in society (Gong et al., 2018; Huang et al., 2017a, 2016b).
Excess heavy metals have adverse effects on ecological environment
and human health (He et al., 2018; Li et al., 2018). Heavy metals can
not be biodegraded and would cause harm to the human body through
the bioaccumulation of the food chain (Gong et al., 2017; Xue et al.,
2017). Cr(VI) has been identified as one of the human carcinogens by
international cancer research institutions (Farrell et al., 1989). The
pollution of chromium (Cr) is mainly caused by industry such as mining
industry and smelting industry (Knott, 1996). Cr is usually existed in
the natural environment in the forms of Cr(III) and Cr(VI). Cr(IIl), as
one of the essential trace elements of a mammal, can regulate the levels
of insulin and blood glucose (Xu and Zhao, 2007). Cr(III) mainly exists
in the form of Cr(OH); or Cr,03, and it is easy to form a complex and
stably exists in the sediment. The Cr(VI) toxicity is 100 times higher
than Cr(III). Reportedly, long-term exposure of human skin to Cr(VI)
wastewater is the origin of dermatitis and eczema. And the inhalation of
Cr(VI) can cause sneezing, running nose, nosebleeds, ulcers, even lead
to the kidneys and liver damage. In critical situations, Cr(VI) may could

do harm to the human circulatory system or even threaten human life
(Wang et al., 2000). Cr(VI) was highly mobile in water and soil (Fendorf
et al., 2000). Cr(VI) in water is mainly in the form of oxygen-containing
anions (CrO4>~, Cr,0,%7), and it can hardly be adsorbed by colloidal
substances in the water. Phytoremediation is an effective method in the
treatment of heavy metals in soil. Heavy metals can be directly utilized
by plants, thus effectively removing heavy metals from soil (Zhou et al.,
2018). Adsorption is one of the most effective technologies for the re-
moving heavy metal ions from water (Wang et al., 2018a). Therefore,
many materials have been designed and implemented as adsorbents to
remove heavy metal from wastewater in academic research and in-
dustrial applications (Huang et al., 2015).

Biochar is the product of pyrolysis of biomass at high temperature
under anoxic conditions (Huang et al., 2017b; Zhang et al., 2016).
There is growing global interest in the role that biochar (BC) play in
environmental management (Tan et al., 2015). Biochar could origin
from many raw materials, including forest and agricultural waste, in-
dustrial by-products and waste, and municipal solid waste (Huang
et al., 2017c). Biochar is an attractive carbon-rich material, which has
attracted much more attention as a pharmaceutical preparation for
water treatment and a soil improvement material (Ding et al., 2016;
Tan et al., 2015). The use of biochar can reduce carbon emissions and
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slow down greenhouse effect to a certain extent (Wu et al., 2017).
Owning to the excellent performance like its high porosity, large sur-
face area and variable surface composition, biochar has displayed ex-
cellent adsorption capacity for pollutants (Wang et al., 2018a). In re-
cent years, many papers have reported the adsorption of pollutants by
biochar (Huang et al., 2016a). The ability of biochar to adsorb ionizable
antibiotic sulfamethazine was enhanced by addition of carboxyl func-
tionalized short multi-walled carbon nanotubes (Zhang et al., 2016).
Biochar can not only be used in water pollution treatment but also in
soil and sediment. Composite materials of biochar could immobilize Pb
in contaminated sediment (Huang et al., 2018). Due to the limited
function of biochar, the application of biochar as adsorbent is limited.
Therefore, the functionalization and modification of biochar as an ultra-
fine composite material is an important topic (Wang et al., 2016).

The chemical composition of layered double hydroxides (LDH) can
be represented by the general formula [M3f,M3*(OH),]**[A"" 1,
~mH,0, where M2*(Mg?*, Mn?*, Fe®*, Zn®*, Cu®*, etc.) and
M3 (AR, Fe®*, Co®™, etc.) represent divalent cation and trivalent
cation, respectively. A™(CO5%, C1~, NO5, citrate, etc.) is an interlayer
anion with negative charge, and m represents the number of interlayer
water molecules, and x is M2/ (M2* + M3™) (Cavani et al., 1991).
For high-purity LDH, the value of X is generally from 0.20 to 0.33
(Brindley, 1980). LDH have a certain degree of acidity which depends
on the divalent and trivalent metal hydroxides and interlayer anions. At
the same time, LDH are alkaline. The alkalinity is related to the nature
of divalent and trivalent metal cations (M) and M—O bond on the
plates. The anions in the LDH can exchange with other external anions
(inorganic anions, organic anions, complex anions, etc.). LDH particles
or shaped pieces are limited in the ability to handle contaminants
(Cavani et al., 1991). Furthermore, biochar has recently been used as a
support framework for nanomaterials, which has the effect of reducing
the aggregation of nanomaterials (Huang et al., 2018). LDH have been
used to load biochar to improve the ability to remove crystal violet and
tetracycline in wastewater (Tan et al., 2016a,b). Cr(VI) mainly exists in
the form of anion in water. The application of pure biochar in ad-
sorption of Cr(VI) is scarce.

The objectives of this study were as follows: (1) to synthesize the
ethylenediaminetetraacetic acid (EDTA) intercalated Mg/Al-LDH sup-
ported biochar (BC@QEDTA-LDH) using co-precipitation technique; (2)
to analyze the properties of BC@EDTA-LDH using various character-
ization methods; (3) to study the adsorption performance of BC@EDTA-
LDH for Cr(VI); (4) and to explore the adsorption mechanism of BC@
EDTA-LDH.

2. Materials and methods
2.1. Materials

The drugs used in the experiment were analytically pure magnesium
chloride hexahydrate (MgCl,6H,0), aluminum chloride hexahydrate
(AlICl36H,0), sodium hydroxide (NaOH) and disodium edetate (EDTA-
2Na), and used. The solution used in the experiment was ultrapure
water (resistivity of 18.25 MQ-cm 1), which was also used to rinse and
clean the samples. The Cr(VI) stock solution was prepared by dissolving
K,Cr,0; in ultrapure water. The desired concentrations of Cr(VI) so-
lution were achieved by the dilution of stock solution. Bamboo biomass
was a locally sourced biochar material. The bamboo shavings were
cleaned and dried. At last the bamboo shavings were crushed into
powder and passed through a 100-mesh sieve.

2.2. Preparation of BCQEDTA-LDH

BC@EDTA-LDH was synthesized by the liquid phase coprecipitation
method, and pre-coated on the biomass raw material (bamboo shav-
ings) before pyrolysis (Kameda et al., 2005). The suspension was ob-
tained by immersing bamboo shavings in a mixed solution of MgCl, and
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AlCl; (molar ratio of 3:1) and stirring for 12 h. The solution and sus-
pension were simultaneously and dropwise added to a vessel, main-
taining pH at 10 and a stirring speed at 400 r/min. The mixture was
stabilized under 60 °C for 12 h. And then, the mixture was filtered and
washed three times with ultrapure water and dried. A tube furnace (SK-
1200 °C, Tianjin Zhonghuan Experimental Electric Furnace Co., Ltd.,
China) was used to obtain carbonized biochar. The specimen was he-
ated from room temperature to 480 °C at a rate of 5 °C/min and held for
2h, in the end, cooled to room temperature, and the product BC@
EDTA-LDH was obtained (Rocha et al., 1999; Tan et al., 2016a). BC
which was not treated with EDTA-LDH was also produced in the same
conditions.

2.3. Characterizations

Brunauer-Emmett-Teller (BET) surface areas of the samples were
measured with a Quantachrome Instruments Quadrasorb SI surface area
analyzer using BET nitrogen adsorption methods. Fourier transform
infrared spectra (FTIR) (Nicolet 5700 Spectrometer, USA) of adsorbent
was recorded in the range of 4000-500 cm ™. For purpose of identi-
fying the crystal structure of sample, the X-ray diffraction (XRD)
(Bruker D8, German) was performed with diffraction peaks between 5°
and 90°. The X-ray photoelectron spectroscopy (XPS) measurement was
performed to identify the functional groups on the surface of materials
(Thermo ESCALAB 250Xi, USA) with binding energy between 0 and
1400 eV to analyze elemental composition of sample surfaces. The
morphological characteristics of samples were obtained using scanning
electron microscopy (SEM) (FEI company QUANTA Q400, USA). The
point of zero charge of samples was determined for judging the charged
condition of the material surface (Zhang et al., 2013).

2.4. Adsorption experiments

The effect of pH on Cr(VI) adsorption was studied in a 20 mL vessel
containing 10 mg adsorbent and 10 mL Cr(VI) solution at room tem-
perature (300 = 0.5K). The Cr(VI) solution (50 mg/L) was adjusted to
2.0-10.0 using NaOH and HClI solutions. For studying the effect of in-
itial Cr(VI) concentration on Cr(VI) removal, the Cr(VI) solutions with
initial concentrations of 20, 50, 70, 100, 150, 200, and 250 mg/L. The
impact of ionic strength on Cr(VI) removal was studied with sodium
chloride, sodium nitrate and sodium sulfate concentrations varying
from 0 to 0.1 M. The pH value of Cr(VI) solution was adjusted to 3, and
the mixture was uniformly mixed and shaken for 24h in a constant-
temperature shaking incubator (T = 300K, r = 180 r/min). The ad-
sorbed samples were filtered through a 0.45 pm filter. The Cr(VI) con-
centration was determined using a 1,5-diphenylcarbazide spectro-
photometric method and the measurement wavelength was 540 nm.
And the detection limit was 0.008 mg/L.

In the kinetic experiment, 10 mg adsorbent was added to Cr(VI)
solution (50 mg/L at 300 + 0.5K). The pH value of Cr(VI) solution was
adjusted to 3. Samples were taken at 5, 10, 20, 40, 80, 160, 240, 360,
480, 600, 800, 1200, and 1500 min, and Cr(VI) concentration after
reaction was measured.

The removal rate and the adsorption capacity in this study were
used to evaluate the material properties. The Cr(VI) removal rate is
calculated as follows:

Cr(VI)removal rate = (Cy — C,)/Co X 100% 1
The adsorption capacity (mg/g) is calculated as follows:
Q=(Co — Cc)V/m (2)

where Cy and C, are the initial and equilibrium concentrations (mg/L)
of Cr(VI) respectively, V is the volume of solution (L) and m is the mass
of adsorbent (g). All experiments were performed in triplicate, and
experimental data was expressed as mean *+ deviation.
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Fig. 1. Zeta potentials of BC and BC@QEDTA-LDH at different pH value (A). The effect of initial pH on adsorption capacity and final pH (B). The arrows in this figure
represent that the two series of data belong to right-Y axis or left-Y axis, respectively. The error bars represent the standard deviation of the means (n = 3).

3. Results and discussion
3.1. Characterizations

BC had BET surface area of 48.894 m?/g, and BC@EDTA-LDH had
BET surface area of 8.831 m?/g, which indicated that the voids on the
surface of the biochar were filled with the loaded nano-material LDH.
After loading the layered double hydroxides, the pores on the biochar
were filled, and the BET surface area of the material became smaller.
This was further verified by the SEM images (Supplementary material),
which exhibited a smooth surface of the original biochar, as opposed to
the remarkable roughness on the surface of BC@EDTA-LDH, indicating
the formation of sheet LDH on the biochar substrate. Therefore, the
synergistic effect of LDH and BC on enhancing Cr(VI) removel could be
regarded as an effective matrix for biochar as a dispersed colloid or
nano-sized LDH during synthesis, thereby enhancing the active ad-
sorption site of LDH on Cr(VI) aqueous solutions. When the EDTA-Mg/
Al LDH was loaded on the surface of bamboo shavings, the layered
hexagonal structure could be clearly seen in the SEM images
(Supplementary material). After calcination, the original layered
structure of bamboo shavings mostly disappeared at temperatures
below 500 °C. After adsorption, LDH was reconstructed and Cr,0;2~
was embedded into the layered structure. Therefore, it could be seen
from the SEM images that the layered hexagonal structure appeared
after the reaction.

The XRD patterns results for BC, BC@EDTA-LDH and adsorbed BC@
EDTA-LDH (BC@EDTA-LDH-Cr) were measured. Some unrecognized
peaks appeared in XRD patterns, indicating the unrecognized of other
minerals in the bamboo biomass, which were typically detected in
biochar produced from plant residues at high pyrolysis temperatures.
After high-temperature calcination, the characteristic diffraction peak
intensity of BC@QEDTA-LDH on the (003), (006), (009), (010), and
(113) crystal faces remained at a low level. It was proved that the
structure of LDH collapsed after high temperature calcination, and the
original layered structure changed. The diffraction pattern of BC@
EDTA-LDH-Cr showed the layered characteristic diffraction peaks cor-
responding to (003), (006),(009),(015),(012),(110),and (113)
crystal planes, respectively. Each characteristic peak had high intensity,
sharp peak shape and stable baseline (Yang et al., 2002). This proved
that water and anions in the reaction system restored the original
layered structure by adsorption, indicating that when the material was
added to the simulated wastewater, Cr(VI) anion entered the layers of
the material and was adsorbed and removed based on the “memory
effect” of the material (Cavani et al., 1991).

In the XPS spectra of BC@QEDTA-LDH and BC@EDTA-LDH-Cr, the
peaks at 285.5eV and 532.5 eV were corresponding to the spectra of
Cls and O1s, respectively (Supplementary material). By comparing the

129

XPS spectra of the material before and after adsorption, it was found
that Ols changed significantly. After adsorption, Cr,0,% as interlayer
anion entered the recombinant LDH causing increase of the oxygen-
containing functional groups. Meanwhile, the peak of Cr appeared at
578 eV. The Cr2p spectra were resolved into three component peaks
with binding energy of 573 eV, 578.1eV and 585.4 eV, which were
attached to the Cr, Cr(VI) and Cr(VI), respectively. This indicated that
the main removal effect of Cr,0,2~ was the adsorption of Cr(VI), and
proved that Cr,0,% had successfully entered the interlayer of LDH. The
increase of H,O in the XPS Cls peaks after reaction may be due to the
presence of bound water in LDH.

The FTIR spectra of materials showed the changes of functional
groups (Supplementary material). The broadband of 3643 cm ™! was
attributed to the —OH tensile vibration, which came from the inter-
mediate layer. In the spectrum of BC@EDTA-LDH and BC@EDTA-LDH-
Cr, the peaks at 1193.4cm ™! ascribed to N-H demonstrated the ex-
istence of calcination products of EDTA. The FTIR of BC@QEDTA-LDH
showed C-H bending vibration at 1391 cm ™' and C-O bending vibra-
tion at 1111 cm ™! because of interlayer anion calcination. The FTIR
spectra of BC@EDTA-LDH-Cr was related to Cr adsorption at 770 cm ™ .

3.2. Effect of solution pH

In the sorption process, pH value is frequently discussed in the in-
fluence on the adsorbent surface charge, the ionic state of surface
functional groups, and the form of the Cr(VI) species in the adsorption
system (Wang et al., 2018a). The influence of initial pH on adsorption
capacity and final pH were shown in Fig. 1B. While the pH value in-
creased, the Cr(VI) adsorption capacity by the adsorbent increased at
first and then followed by a decrease. It showed that the optimum pH
was 3 (Fig. 1B). When the initial pH was between 4.0 and 12.0, the
equilibrium pH was at a stable level above 8.0. It could be explained
that LDH had cushioning properties (Seida and Nakano, 2000; Wang
et al., 2018b). The zeta potential of BC@QEDTA-LDH was shown in
Fig. 1A. At different pH values, zeta potential of BC@EDTA-LDH was
positive. That was to say, the surface of the material was always posi-
tively charged, resulting in electrostatic attraction between the material
and the Cr,0,%" ion. With the increase of pH, the adsorption capacity
decreased, which may be due to the enhancement of the electrostatic
repulsion between Cr,0,%~ and OH™ and the competition for adsorp-
tion sites. The results showed that adsorption behavior of adsorbent on
Cr(VI) significantly related to the pH of the solution.

3.3. Adsorption kinetics

Kinetic experiments show that Cr(VI) adsorption by BC@QEDTA-LDH
increased rapidly with time. During the first four hours, the adsorption
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Fig. 2. Adsorption kinetics of Cr(VI) on BC and BC@QEDTA-LDH.

capacity increased rapidly and reached 27 mg/g due to the large
amount of adsorption and reached equilibrium in about 24 h (Fig. 2).
The adsorption capacity remained stable over time which may be be-
cause the adsorption site has already been occupied.

The pseudo first order model, pseudo second order model, and
Elovich model were applied to simulate the experimental kinetic data.
These three models can be represented by the following equation:

dq,

E:kl(qe - qt) 3)
d

% =k(q. — q)° 4)
dq, _

T aexp(—pq,) )

where q; and q. are the quantity of Cr(VI) adsorbed at time t and
equilibrium (mg/g); k; and k, are primary and secondary apparent
adsorption rate constants (h~* and gmg~"h ™%, respectively); a is the
initial adsorption rate (mg/g); B is the desorption constant (g/mg).
Table 1 gives the model parameters for the first-order, second-order and
Elovich models of the fitted experimental data. Based on the evaluation
of the coefficient of determination (R?), it showed that second-order
model was the well-suited one to describe the adsorption kinetics. This
could be further confirmed by the well agreement between the calcu-
lated qe o value and the experimental results. This could be explained
that chemisorption was the rate limiting step. The removal of Cr(VI)
may cause electron transfer between material and Cr(VI). Other studies
had reported similar results (Tan et al., 2016b). The correlation coef-
ficient of the Elovich model (R> > 0.95) was a good description of the
results, indicating that Cr(VI) adsorption on BC@QEDTA-LDH was het-
erogeneously diffused.
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3.4. Adsorption isotherms

The three isotherm models of Langmuir, Freundlich and Langmuir-
Freundlich were imitate for simulating the adsorption of Cr(VI) on BC@
EDTA-LDH:

0. KaQCe
¢ 14KC. (6)

qe=I<FC;l (7)
_KQcy

4= rker ®)

where K;, Ky and K represent constants connected with the affinity of
adsorbent binding site; Q is the saturated adsorption amount (mg/g),
which indicates the quantity of adsorption onto the surface of unit
adsorbent; C. is equilibrium solution concentration. n is Freundlich
linear constant: the smaller the n is, the better the adsorption perfor-
mance is; it is generally considered to be easy to adsorb at 0.1-0.5;
when it is greater than 2, it is difficult to adsorb. The Langmuir model
assumes that a single layer is adsorbed on a uniform surface and there is
no interaction on the adsorbent. However, Freundlich and Langmuir-
Freundlich models are empirical formulas that are commonly used to
depict chemisorption on heterogeneous surfaces.

These three models can reproduce the experimental data properly
(Fig. 3). The correlation coefficients between the simulated values and
the measured values of the Langmuir model and the Langmuir-Freun-
dlich model were higher than 0.9 (Table 1), which reflected the iso-
therm data reasonably well. The stability constant of the Langmuir
model was 0.29, indicating the adsorption of Cr(VI) was favorable
(0 < K, < 1), and the sorption process may be a uniform monolayer
sorption process. The adsorption capacity of BC@EDTA-LDH increased
rapidly with the raising of initial concentration. This phenomenon
testified that Cr(VI) was driven to surface of BC@EDTA-LDH at high
concentrations. The adsorption then became stable and reached equi-
librium. The maximum adsorption capacity of Langmuir for BC@EDTA-
LDH composites was 52.22 mg/g, while the maximum adsorption ca-
pacity of Langmuir-Freundlich was 55.19 mg/g, which was higher than
some previously reported biochar adsorbents. The R? of these models
were not much different, indicating that Cr(VI) adsorption on BC@
EDTA-LDH can be regulated by multiple processes. This suggested that
surface adsorption and interlayer anion exchanges determined the ad-
sorption of Cr(VI).

3.5. Effect of coexisting anions

In the actual industrial wastewater and contaminated natural water,
there are many kinds of pollutants. The presence of these soluble ions
may have a competitive effect on the adsorption site and influence the
Cr(VI) adsorption. Therefore, this section studied the impact of coex-
isting anions on Cr(VI) removal by BC@QEDTA-LDH. The influence of

Table 1
The model parameters of adsorption kinetics and adsorption isotherms.
Model/equations Sorbents Parameter 1 Parameter 2 R?
Pseudo first order kinetic BC Qe,cal = 3.40 (mg/g) k; = 0.019h7! 0.61
BC@EDTA-LDH Qecal = 34.67 (mg/g) k; = 0.0085h~! 0.93
Pseudo second order kinetic BC Qe,cal = 4.52 (mg/g) ky = 0.0072kgg 'h™? 0.48
BC@EDTA-LDH Qe cal = 37.88 (mg/g) ky = 0.00030kgg 'h~! 0.96
Elovich model BC a = 0.88g/kg B =1.57g/kg 0.67
BC@EDTA-LDH a=1.99g/kg B =0.16g/kg 0.95
Langmuir BC K;, = 0.003 L/mg Q =18.45mg/g 0.94
BC@EDTA-LDH Ky = 0.291/mg Q = 52.22mg/g 0.97
Freundlich BC Kg = 0.14L/mg n=0.73 0.94
BC@EDTA-LDH Ky = 23.49L/mg n=0.16 0.85
Langmuir-Freundlich BC K = 0.003L/mg Q =27.79mg/g 0.93
BC@EDTA-LDH K = 0.35L/mg Q = 55.19mg/g 0.98
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EDTA-LDH. The error bars represent the standard deviation of the means
(n = 3).

coexisting anions on Cr(VI) adsorption was shown in Fig. 4. The con-
centrations of sodium chloride, sodium nitrate and sodium sulfate
varied between 0 and 0.1 M. Fig. 4 showed that the impact of nitrate on
the Cr(VI) removal efficiency was relatively low, and the low con-
centration of sulfate could have a large influence on the Cr(VI) removal
by BC@QEDTA-LDH. Although the interference of competitive anions on
adsorption of Cr(VI) by BC@EDTA-LDH follows the order of
S042~ > Cl~ > NOj,, the coulomb interaction of anions exchange
sites on the LDH could not account for these uncommon anions ex-
change. Generally, in the oxygen anion adsorption of LDH, higher va-
lence anions had more significant interference effects than monovalent
anions (Goh et al., 2008). The size of the interlayer space during anion
exchange limited the anion, which also explained the selectivity of the
adsorbent to contaminants (Xue et al., 2016). In general, the replace-
ment anion had a small anion radius, the negative charge carrying
capacity was low, and the replacement performance was stronger. Thus,
the amount of charge carried by Cl" and NO3~ was lower than that of
Cr,0,27, so the stability of LDH formed by recombination was rela-
tively high, which indicated that it could not easily be replaced by C1™~
and NO;~. The amount of charge carried by SO,>~ was the same as that
of Cr,0,27, so it had a great influence on the Cr(VI) removal (Goh
et al., 2008; Miyata, 1983).

3.6. Adsorption mechanisms

According to the structure and adsorption properties of the material,
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the possible adsorption mechanism of the material was obtained. The
results of BET surface area measurement showed that the specific sur-
face area of BC@QEDTA-LDH was significantly lower than BC. The
reason was that the bamboo shavings loaded with LDH were calcined to
obtain a new material BC@LDH with a large number of bimetallic
oxides on the surface. Comparing the BET surface area of BC@QEDTA-
LDH and BC, it indicated that the Cr(VI) removal by BC@QEDTA-LDH
did not solely lie on its pore structure and that new layered double
hydroxides intercalated with Cr,0,% may be the pivotal position in Cr
(VI) removal. Biochar was used as a support framework for nanoma-
terials, which had the effect of reducing the aggregation of nanoma-
terials. Calcined EDTA-Mg/Al LDH had the property of reconstructing
into layered double hydroxide structure (“memory effect”) (El Gaini
et al., 2009; Tan et al., 2016b). If the calcination temperature is too
high, the decomposition products cannot be restored to the layered
structure of LDH (Chagas et al., 2015). EDTA did not exist on BC@
EDTA-LDH after calcination. After EDTA was pyrolyzed, it will not
compete with Cr,0,2 in the sorption process. The FTIR spectra of BC@
EDTA-LDH-Cr confirmed the reconstruction of the calcined LDH inter-
calated with Cr(VI). The XRD pattern of BC@EDTA-LDH-Cr also showed
the characteristic difference of LDH, demonstrating that Mg/Al-LDH
was reconstituted owing to the adsorption. During the reconstruction
process, the anion was embedded in the layered structure and the OH™
was simultaneously released. The initial and final pH of Cr(VI) solutions
were shown in Fig. 1B. Fig. 1B showed that the final pH was sig-
nificantly increased to 10-12.02.

Previous studies had attributed Cr(VI) adsorption of layered double
hydroxides to surface adsorption, interlayer anion exchange and pre-
cipitation, relating to reaction time, solution concentration, LDH type
and solution pH value. To determine the effect of solution pH, the re-
sults of Cr(VI) removal at different pH values were measured, and the
pH of solution after adsorption was examined. The final pH may be
associated with LDH dissolution. Therefore, the change of pH with the
reaction time can well indicate that chemical adsorption process was
the primary controlling factor for Cr(VI) removal by BCQEDTA-LDH,
which was consistent with the results of second-order kinetic.

4. Conclusions

BC@EDTA-LDH could be produced by liquid phase coprecipitation
of LDH on biochar substrates, providing an efficient adsorbent to re-
move Cr(VI) in aqueous solutions. The experimental results demon-
strated that interlayer anion exchange and surface adsorption domi-
nated Cr(VI) sorption process. The pseudo second-order and Langmuir-
Freundlich models were well-fitted the sorption process, indicating
chemisorption and monolayer adsorption were the main mechanisms of
the adsorption. Since biochar was prepared from low-cost agricultural
waste, the use of biochar as a carrier for LDH was environmentally
friendly. Further studies on the use of BCQEDTA-LDH in wastewater
can be investigated in the future.
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