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a b s t r a c t
Magnetic wheat straw biochar/Mg–Al layered double hydroxides (LDH) composites were prepared 
for Cd(II) removal from aqueous solution, and the adsorption performance and mechanisms 
were investigated. The results showed that magnetic biochar/carbonate intercalated Mg–Al LDH 
(MB/LDH-CO3

2–) exhibited excellent performance for Cd(II) removal, evidenced by the order of 
maximum removal capacities (MB/LDH-CO3

2– (54.14 mg/g) > LDH-CO3
2– (39.03 mg/g) > MB/LDH 

(35.25 mg/g) > LDH (27.65 mg/g) > BC (14.50 mg/g)). Carbonate anion intercalation with LDH 
increased the Cd(II) adsorption capacity, and decorating LDH-CO3

2– with biochar further improved 
the adsorption performance because of the biochar internal space supplying a large reactive area. 
Based on X-ray diffraction and Fourier-transform infrared spectroscopy analyses, the adsorp-
tion mechanisms on Cd(II) efficient removal by MB/LDH-CO3

2– were precipitation of CdCO3, 
surface adsorption, surface complexation, and isomorphic substitution of Mg(II). Magnetic com-
posites also improved the efficiency of separation from suspension after Cd(II) adsorption using 
a magnet. The results suggested that MB/LDH-CO3

2– could be served as a potential material for 
efficient removal of Cd(II) from aqueous solution.
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1. Introduction

The toxicity of heavy metals has caused increasing 
public concern because of the widespread presence of heavy 
metals in industrial wastewater [1]. Cadmium (Cd) is con-
sidered as one of the most toxic heavy metals in aqueous 
solution or wasterwater, due to its non-biodegradability, 
long biological half-life, and high biology accumulation. 
Long-time exposure on Cd can cause severe damage to 
human health. Therefore, it is urgent and essential to remove 
Cd(II) from aqueous solution or wastewater [2,3]. Various 
technologies have been developed for the decontamination 
of heavy metals, such as ion exchange, chemical method, 
membrane separation, reverse osmosis, and adsorption 
[4–6]. Adsorption is considered as one of the most promising 

technologies because of its advantages of low cost, high 
efficiency, and flexible adjustment performance [7]. Various 
adsorbents have been used to adsorb Cd(II), such as acti-
vated carbon [8], biochar [9], zeolites [10], clay minerals [11], 
and so on. However, their large-scale use is very limited 
because of the difficulty in dispersing the powder adsorbent 
and low efficiency alone [12]. In view of these problems, 
combining magnetic, low cost, and high efficiency materials 
may improve the adsorption performance of Cd(II) [13].

Layered double hydroxides (LDH) is one type of 
anionic minerals with electropositive host layers and electro-
negative intercalated anions, which can be used in adsorp-
tion, catalysis, nanotechnology and biotechnology, and 
other fields [14,15]. The excellent characteristics of LDHs 
(such as large specific surface areas, more active sites, and 



259Q. Lv et al. / Desalination and Water Treatment 207 (2020) 258–269

high temperature resistance) made it more beneficial to 
remove heavy metals [16]. Sun et al. [17] reported that LDH 
exhibited high adsorption ability for Cd(II) and the possi-
ble mechanisms were precipitation and complex formation. 
In addition, interlayer anion exchangeability is an import-
ant property of LDH. Various anions including organic and 
inorganic anions can be introduced into the LDHs layer,  
which can have influence on the performance of heavy metal 
removal. Mallakpour and Hatami [18] confirmed that raw 
LDH had relatively poor adsorption efficiency for Cd(II), 
while it was significantly improved after organic diacid 
intercalation modification. Zhang et al. [14] used L-cysteine 
to intercalate Mg–Al LDH, and the adsorption capacity 
of Cd(II) increased from 18.25 to 93.11 mg/g. Parida and 
Mohapatra [19] prepared Zn/Fe LDH with different interca-
lated anions (NO3

−, Cl−, and CO3
2–) for photo degradation of 

azo dyes, and found that carbonate intercalated Zn/Fe LDH 
showed the highest activity. These studies showed that the 
intercalation method improved the adsorption performance 
of LDH. However, no systematic study was available on the 
effect of Cd(II) adsorption using LDH with carbonate anion 
intercalation.

Considering tight layer stacking for granular/bulk LDH 
may limit adsorption performance, the adsorption capacity 
of Cd(II) could be enhanced if an matrix was used to sup-
port LDH flakes and supply a large reactive area [20,21]. 
Biochar, a carbon-rich material derived from biomass 
pyrolysis in an oxygen-free environment, has been widely 
applied for wastewater treatment, soil improvement, and 
climate change mitigation [22–24]. Biochar also exhibited 
the advantage as good supporting material, due to abun-
dant functional groups and surface charges, huge specific 
surface areas, and high stability [16,22]. Wang et al. [25] pre-
pared biochar/Mn–Al LDH composites for Cu(II) removal 
from aqueous solution, and showed high sorption perfor-
mance. However, the interactive effect between biochar 
and Mn–Al LDH was not extensively explored. Few studies 
focus on the synergistic effect between biochar and carbon-
ate intercalated Mg–Al LDH for enhanced Cd(II) removal. 
In addition, the adsorption mechanism of biochar/carbonate 
intercalated LDHs composites on Cd(II) are also needed to 
be revealed.

Furthermore, the adsorbents applied for heave metal 
removal are usually powders, which is difficult to sepa-
rate the solid from a suspension after adsorption. In recent 
years, magnetic separation technology has attracted much 
attention to improve separation efficiency. Magnetic sepa-
ration avoids time-consuming steps such as centrifugation 
and filtration, enabling fast solid–liquid separation [26,27]. 
Thus, in this study, magnetic biochar was produced by mag-
netite (Fe3O4) precipitation onto the surface of raw biochar, 
in order to permit simple separation by a magnetic field.

In this study, magnetic wheat straw biochar/Mg–Al 
LDH composites were synthesized by co-precipitation 
method for enhanced Cd(II) removal from aqueous solution. 
Adsorption batch experiment was performed to explore the 
effect of LDH with different anions intercalation on Cd(II) 
adsorption, and the synergistic effect of magnetic biochar 
and LDH on the performance of adsorption. The possible 
mechanisms of Cd(II) adsorption onto the composites were 
discussed in detail.

2. Materials and methods

2.1. Chemicals

Wheat straw samples were obtained from a farm-
land in Shandong province, China. All chemicals were 
of analytical grade, including aluminum chloride hexa-
hydrate (AlCl3·6H2O), magnesium chloride hexahy-
drate (MgCl2·6H2O), sodium hydroxide (NaOH), nitric 
acid (HNO3), ferric chloride (FeCl3·6H2O), ferrous sulfate 
heptahydrate (FeSO4·7H2O), sodium carbonate (Na2CO3), 
cadmium nitrate tetrahydrate (Cd(NO3)2·4H2O).

2.2. Preparation of biochar, LDH, and biochar/LDH composites

The wheat straw samples were washed with deion-
ized water, and dried by oven at 80°C for 12 h. The dried 
biomass was smashed into powder with a pulverizer, and 
then sieved through a 0.3 mm sieve. The wheat straw bio-
char (BC) was derived from biomass pyrolysis at 600°C 
for 2 h under oxygen-free environment. Magnetic wheat 
straw biochar (MB) was prepared according to the method 
described by Karunanayake et al. [26]. Briefly, 5 g biochar 
were added into mixture solution (100 mL) containing 
5.41 g FeCl3·6H2O and 2.78 g FeSO4·7H2O, and stirred for 
0.5 h. Then the mixture solution pH was adjusted to 10.5 
by dropwise adding NaOH solution and stirred for 1 h. 
The obtained solid (MB) was washed with deionized water 
and then dried at 80°C overnight.

For the synthesis process of MB/LDH-CO3
2–, then 

25.4125 g MgCl2·6H2O and 15.0894 g AlCl3·6H2O (Mg2+/Al3+ 
molar ratio 2:1) were gradually dispersed in 100 mL deion-
ized water, and 5 g magnetic biochar were mixed into the 
solution. Then the pH of the above solution was adjusted 
to 10.5 by dropwise adding the mixed alkaline solutions 
of NaOH and Na2CO3 (CO3

2– intercalation). The resulting 
suspension was sealed and aged at 80°C for 12 h, and then 
the solid was washed with deionized water and dried at 
80°C. Finally, the solid was sieved through a 0.1 mm sieve 
and yielded the MB/LDH-CO3

2–. The synthesis process of 
LDH-CO3

2– was same with MB/LDH-CO3
2– except for with-

out adding magnetic biochar. For LDH, the process was 
same with LDH-CO3

2– except for the mixture solution pH 
being adjusted with NaOH and HNO3 (NO3

– intercalation). 
For MB/LDH, the process was same with MB/LDH-CO3

2– 
except for the solution pH adjusted with NaOH and HNO3.

2.3. Characterization of materials

The X-ray diffraction (XRD) patterns of the materials 
before and after Cd(II) adsorption were obtained by D8 
advance X-ray diffractometer (Bruker, Germany). The 
Brunauer–Emmett–Teller (BET) specific surface area, pore 
volume, and pore size was confirmed by a surface and poros-
ity analyzer (ASAP 2020, Micromeritics, USA). The surface 
functional groups before and after adsorption were con-
firmed by Fourier-transform infrared spectroscopy (FTIR) 
spectrometer (FTS-165, PerkinElmer, United States) in the 
400–4,000 cm–1 range. The micro-morphology structure 
and element distribution of the materials were obtained by 
scanning electron microscopy (SEM) and energy disper-
sive spectroscopy EDS (FEI Quanta FEG 250, FEI, USA). 
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The magnetic properties of the materials were investigated 
at 300 K using a 7404 vibrating sample magnetometer 
(VSM) (Lake Shore Cryotronics Inc., USA).

2.4. Adsorption procedure

A series of batch adsorption experiments were con-
ducted to test the Cd(II) adsorption properties of MB/
LDH-CO3

2–, MB/LDH, LDH-CO3
2–, LDH and BC, and reveal 

the effects of factors such as solution pH, reaction tem-
perature, contact time, and adsorption isotherms (Table 1). 
All the experiments were carried out in duplicate (except 
for the experiment on adsorption comparison for differ-
ent materials conducted in triplicate). The adsorption tests 
were performed in 100 mL plastic bottles with a certain 
amount of absorbents and 25 mL of Cd(II) solution with-
out shaking. The suspension was filtered immediately after 
the reaction, and the concentration of Cd(II) was analyzed 
by an AA-7000 atomic absorption spectrophotometer from 
Shimadzu Corporation, Japan. The wavelength was set 
at 228.8 nm resonance line and the slit width was 0.7 nm, 
and the measurements were carried out in an air/acety-
lene flame. The coefficient of correlation (R2) for calibra-
tion curve was larger than 0.999 and the recovery rate of 
blank spike was controlled in the range of 90%–110%.

2.5. Adsorption model fitting

The Langmuir and Freundlich models were used to 
analyze Cd(II) adsorption process by the materials. The 
linear equations are as follows:
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where Ce (mg/L) is the equilibrium Cd(II) concentration, 
qe (mg/g) is the equilibrium sorption amount, qm (mg/g) is 
the maximum adsorption amount, KF [(mg/g)/(mg/L)n] and 
KL (L/mg) are the constant of Freundlich and Langmuir 
model adsorption isothermal equation, respectively. n is 
the Freundlich constant related to the adsorption strength.

In order to evaluate the adsorption kinetics and dif-
fusion mechanisms of Cd(II) onto MB/LDH-CO3

2–, MB/
LDH, LDH-CO3

2–, LDH, and BC. The pseudo-first-order, 

pseudo-second-order, and intraparticle diffusion models 
were used to fit the adsorption data. The fitting equations are 
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where K1 (1/min), K2 (g/(mg min)), and Kp are the rate 
constants of pseudo-first-order, pseudo-second-order, and 
intraparticle diffusion model, respectively. qt and qe (mg/g) 
are the Cd(II) amounts adsorbed by the materials at time 
and equilibrium, respectively. C is a constant related to the 
thickness of the boundary layer.

3. Results and discussion

3.1. Characterization of adsorbents

3.1.1. XRD analysis

Fig. 1 shows the XRD patterns of MB/LDH-CO3
2–, MB/

LDH, LDH-CO3
2–, LDH, and BC. The characteristic peaks 

at 2θ values of 11.6°, 23.3°, 34.8°, 39.3°, 46.7°, 60.8°, and 
62.1° were assigned to the (003), (006), (012), (015), (018), 
(110), and (113) planes of Mg–Al LDH, respectively [28]. 
The sharp diffraction peaks indicated that the Mg–Al LDH 
with high crystallinity was produced [25]. The peak inten-
sity of MB/LDH-CO3

2– and MB/LDH weakened, indicating 
that the purity and crystallinity materials were reduced due 
to LDH particles loading on biochar. However, there were 
no significant changes in the positions of the seven repre-
sentative diffraction peaks after the modification of LDH, 
and the characteristic diffraction peaks of MB/LDH-CO3

2– 
or MB/LDH were all corresponded to the characteristic 
peaks of Mg–Al LDH, indicating that carbonate intercala-
tion and magnetic biochar loading did not much change 
the crystallinity structure of LDH. The (012), (015), (018), 
and (110) characteristic diffraction peaks of MB/LDH-CO3

2– 
and LDH-CO3

2– were sharper, indicating that carbonate 
ions were successfully inserted between the Mg–Al LDH 
layers, forming a hexagonal lattice structure [27]. According 
to Bragg’s law (2dsinθ = nλ), the basal spacing d003 of LDH 

Table 1
Experimental conditions of Cd(II) adsorption

Experiment Dosage 
(g/L)

Concentration 
(mg/L)

Solution 
volume (mL)

Solution 
pH

Contact 
time (h)

Temperature  
(°C)

Effect of solution pH 2 50 25 3–7 24 25
Effect of contact time 2 50 250 6 0.08–72 25
Adsorption isotherm 2 25–250 25 6 24 25
Effect of temperature 2 50 25 6 24 4–45
Comparison for adsorption ability 2 100 25 6 24 25
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was 0.76 nm, and d006 was 0.38 nm. In addition, the basal 
spacing d003 of MB/LDH-CO3

2– was 0.75 nm, and d006 was 
0.38 nm. It indicated that the materials had good-layered 
structure and high crystallinity [29].

3.1.2. FTIR analysis

The FTIR spectra of MB/LDH-CO3
2–, MB/LDH, LDH-CO3

2–, 
LDH, and BC are shown in Fig. 2. For LDH-CO3

2– and MB/
LDH-CO3

2–, the broad adsorption peaks at around 1,360 and 
787 cm–1 can be attributed to the tensile/bending vibration 
mode of the CO3

2– anion interposed between the LDH plates. 
The peaks at 1,640 and 3,450 cm–1 corresponded to tensile 
and flexural vibrations of hydroxyl groups and H2O mol-
ecules [30]. The peaks at 450–800 cm–1, including 557, 669, 
and 450 cm–1, were assigned to Al–O or Mg–O band tensile 
vibration, which proved that the metal ions in the laminate 
were mainly Mg and Al [31]. For MB/LDH and LDH, the 
absorption peaks at around 1,370 cm–1 corresponds to the 
antisymmetric stretching of the NO3

– present in LDH plates 
[17]. The small peaks of MB/LDH-CO3

2– and MB/LDH at 
860 cm–1 were caused by aromatic C–H bending vibration 
which may favor for Cd(II) adsorption, such as forming 
complexes with aromatic C–H [32]. All the characteristic 
peaks of the composites were similar to the characteristic 
peaks of LDH, which proved that neither carbonate inter-
calation nor the supported magnetic biochar changed the 
crystal structure of LDH.

3.1.3. SEM and EDS analysis

Micro-morphology and elemental composition of 
the prepared materials are shown in Fig. 3. The surface 
and inner wall of the biochar were uniformly covered by 
LDH-CO3

2– or LDH (Figs. 4a and b). The difference was that 
the LDH surfaces after carbonate intercalation were more 
complicated and rough, probably due to a larger specific 
surface area and complex pore structures for MB/LDH-CO3

2–. 
Evenly distribution of LDH-CO3

2– particles on the biochar 
can alleviate the aggregation of powder particles, which 

can supply a large reactive area to improve the adsorption 
performance. As seen from Table 2, the carbon content of 
LDH was significantly increased after carbonate inter-
calation, while chloride ions decreased to below detec-
tion. This result was consistent with the speculation that 
carbonates intercalated in the interlayer [29]. The carbon 
atomic percentages of MB/LDH-CO3

2–, MB/LDH, BC, 
LDH-CO3

2–, LDH were 83.74%, 75.91%, 76.44%, 5.37%, and 
2.61%, respectively. Therefore, magnetic biochar was well 
combined with LDH, and LDH may be more conducive 
to Cd(II) adsorption after carbonate intercalation.

3.1.4. BET analysis

The pore structures of the material were also char-
acterized by the BET method (Table 2). After carbonate 
intercalation, the specific surface area of LDH increased 
from 55.20 to 98.01 m2/g, and the pore volume and pore 

 

Fig. 1. XRD patterns of MB/LDH-CO3
2–, MB/LDH, LDH-CO3

2–, LDH, and BC.

Fig. 2. FTIR spectra of MB/LDH-CO3
2–, MB/LDH, LDH-CO3

2–, 
LDH, and BC.
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diameter increased. After loaded onto the magnetic bio-
char, the specific surface area of MB/LDH-CO3

2– further 
increased to 123.15 m2/g. This result indicated that the 
insertion of carbonates increased the specific surface area, 
pore volume, and pore size, which was consistent with 
the SEM image. In addition, the larger specific surface 
area of materials, the more active sites might be provided. 
Thus, it may be more conducive for Cd(II) adsorption onto  
MB/LDH-CO3

2–.

3.1.5. Magnetization analysis

The saturation magnetization of MB/LDH-CO3
2– and MB/

LDH was 1.8 and 2.8 emu/g at 300 K (27°C), respectively 

(Fig. 5). The two materials exhibited magnetic behavior and 
could be readily attracted by magnet after use, although 
they are relatively weak.

3.2. Influence factors on the Cd(II) adsorption

Optimal conditions for Cd(II) adsorption, such as reac-
tion temperature, solution pH, contact time, and Cd(II) ini-
tial concentration were shown in Fig. 6. The adsorption of 
Cd(II) on all materials was significantly affected by solu-
tion pH (Fig. 6a). As the pH of the solution increased, the 
adsorption capacity gradually increased. In the lower pH 
environment, functional groups such as –OH and –COO 
on the surface of the adsorbent are protonated, which 

 

(a) (b) 

(c) (d) (e) 

Fig. 3. SEM images of MB/LDH-CO3
2– (a), MB/LDH (b), LDH-CO3

2– (c), LDH (d), and BC (e).

Table 2
Elemental composition and BET analysis results of the materials

Materials Atomic ratio (%) BET surface 
area (m2/g)

Pore volume 
(cm3/g)

Pore diameter 
(nm)

Basal spacing (nm)

C Fe Mg Al Cl d003 d006

MB/LDH-CO3
2– 83.74 0.08 0.43 0.17 N 123.15 0.44 14.36 0.75 0.38

MB/LDH 75.91 0.33 0.90 0.37 0.30 73.07 0.17 9.44 0.77 0.38
LDH-CO3

2– 5.37 N 17.18 8.09 N 98.01 0.51 20.70 0.75 0.38
LDH 2.61 N 11.33 12.45 2.61 55.20 0.16 11.29 0.76 0.38
BC 76.44 N 0.10 N 0.06 97.87 0.07 2.90 / /

N: No detection.
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will cause electrostatic repulsion with Cd(II). Increasing 
pH deprotonates surface functional groups and leads to 
more negatively charged adsorption sites and Cd(II) was 
adsorbed on the surface of the adsorbent due to electro-
static attraction [26].

The effect of adsorption time on the adsorption capacity 
of materials is shown in Fig. 6c. The removal ratio of Cd(II) 
sharply increased in the first 10 h, and it slowed down 
gradually afterwards. In the early stage of adsorption, the 
adsorption rate was fast because of abundant adsorption 
active sites. With the passage of time, the active sites on the 
materials surface decreased, and the Cd(II) concentration 
in the solution also slowly decreased, resulting in a slower 
adsorption rate. Fig. 6b shows the effect of temperature on 
Cd(II) adsorption onto MB/LDH-CO3

2–, MB/LDH, LDH-CO3
2–, 

and LDH. The temperature increased, the removal rate of 
Cd(II) by materials increased, which might indicate that the 
adsorption process was slightly endothermic, or increasing 
temperature would increase the diffusion rate of Cd(II) into 
the micropores. This showed that temperature had an effect 
on the adsorption of Cd(II) by materials, and proper heating 
was favorable for Cd(II) adsorption [9,26].

As the concentration of Cd(II) in the solution increased, 
the adsorption capacity gradually increased, and reached 
equilibrium at a high concentration of 200–250 mg/L 
(Fig. 6d). As can be seen from Fig. 6e, at the initial concentra-
tion of Cd(II) 100 mg/L, the removal efficiency was 39.97%, 

29.31%, 37.75%, 22.52%, and 12.76% for MB/LDH-CO3
2–, 

LDH-CO3
2–, MB/LDH, LDH, and BC, respectively. It indi-

cated that carbonate intercalation with LDH improved the 
ability to remove Cd(II), and loading magnetic biochar 
further improved the removal efficiency.

 

 

Biochar-supporting matrix for LDH-CO3
2- LDH-CO3

2- particles on the surface of biochar  

Biochar-supporting matrix for LDH LDH particles on the inner wall of biochar 

(a) 

(b) 

Fig. 4. EDS images of MB/LDH-CO3
2– (a) and MB/LDH (b).

 

Fig. 5. Magnetic moment of MB/LDH-CO3
2– and MB/LDH at 

300 K.
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(e) 

(a) (b) 

(d) (c) 

Fig. 6. Effect of solution pH (a), reaction temperature (b), contact time (c), Cd(II) initial concentration (d), and adsorption comparison 
for different materials (e).
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3.3. Adsorption isotherms

The parameters of the Langmuir and Freundlich iso-
therm models are shown in Table 3. The adsorption data 
fits the Langmuir better than Freundlich model, especially 
for MB/LDH-CO3

2– (Fig. 7). This indicated that the adsorp-
tion of Cd(II) by the material was monolayer adsorption 
[14]. The maximum adsorption capacity (qm) was calcu-
lated based on the Langmuir isotherm equation: MB/
LDH-CO3

2– (54.14 mg/g) > LDH-CO3
2– (39.03 mg/g) > MB/

LDH (35.25 mg/g) > LDH (27.65 mg/g) > BC (14.50 mg/g). 
It was clear that the carbonate intercalation LDH improved 
the ability to remove Cd(II), and further improved after 
loading magnetic biochar due to their synergistic effect. 
Combined with the characterization results, carbonate inter-
calation with LDH provided another mechanism to remove 
Cd(II), and magnetic biochar brought the greater specific 
surface area to supply more reactive sites. The Langmuir 
parameter (1/n) ranging from zero to one indicates the 
adsorption is favorable [33]. The value of n for Cd (II) 
adsorption on biochar/ LDH showed that Cd(II) was eas-
ily absorbed. The separation factor (RL) of the Langmuir 
isotherm model is defined as RL = 1/(1 + KLC0), where C0 
is the initial Cd(II) concentration. The value of RL for MB/

LDH-CO3
2– less than 1 indicated Cd(II) adsorption was 

favorable [34]. Table 4 shows that the maximum adsorption 
capacity of Cd(II) onto MB/LDH-CO3

2– is comparable with 
other adsorbents reported in the literature.

3.4. Adsorption kinetics

The parameters of adsorption kinetics are shown in 
Table 5. The correlation coefficient of the pseudo-second- 
order model (R2 > 0.93) exceeded that of the pseudo-first- 
order model (R2 > 0.69), and the calculated adsorption 
amounts (qe,cal) were consistent with the experimental adsorp-
tion amounts (qe,exp). The adsorption data fit the pseudo- 
second-order model well. This indicated that the adsorption 
rate of Cd(II) by materials was mainly controlled by chemical 
reactions [17]. The bonding between active sites (e.g., CO3

2–, 
–OH) and Cd(II) might dominate the adsorption rate, con-
sisting with Mallakpour and Hatami [18] previous reports.

The intraparticle diffusion model further explained the 
diffusion mechanisms of Cd(II). None of the fitted straight 
lines passed through the origin, which indicated that the 
adsorption diffusion processes were affected by multiple 
diffusion mechanisms [43]. The fitted graphs were pre-
sented in two stages, so the diffusion mechanisms of Cd(II) 

Table 3
Langmuir and Freundlich model parameters obtained for Cd(II) adsorption

Materials Freundlich model Langmuir model

KF (mg/g)/(mg/L)n 1/n R2 qm (mg/g) KL (L/mg) R2

MB/LDH-CO3
2– 4.92 0.45 0.97 54.14 0.03 0.91

MB/LDH 3.27 0.45 0.95 35.25 0.04 0.96
LDH-CO3

2– 4.31 0.39 0.93 39.03 0.03 0.86
LDH 2.63 0.42 0.80 27.65 0.02 0.70
BC 1.23 0.45 0.96 14.50 0.03 0.96

 

(a) (b) 

Fig. 7. Linear Freundlich (a) and Langmuir (b) isotherm of Cd(II) adsorption onto the adsorbents.
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in materials were: (1) Cd(II) penetrated the liquid film and 
quickly spread to the surfaces of the materials; (2) Cd(II) 
diffused into the pores after entering the materials. It was 
clear that the Kp1 of MB/LDH-CO3

2– was larger, which might 
be attributed to the large specific surface area that could 
receive more Cd(II) to assist the chemisorption.

3.5. Adsorption mechanisms

Isotherms and kinetic analysis showed that the adsorp-
tion mechanism of Cd(II) by MB/LDH-CO3

2– might involved 
chemisorption and bonding. To further elucidate the Cd(II) 
adsorption mechanisms, XRD and FTIR analyses of the 
adsorbents were conducted.

The XRD patterns of the MB/LDH-CO3
2–, MB/LDH, 

LDH-CO3
2–, and LDH before and after adsorption of Cd(II) 

are shown in Fig. 8. It was clear that the peaks of (012), 
(015), (018), and (110) for MB/LDH-CO3

2– and LDH-CO3
2– 

almost disappeared after Cd(II) adsorption. Meanwhile, 
four new peaks at 2θ were 30.42°, 36.25°, 43.64°, and 49.90° 
for MB/LDH-CO3

2– and LDH-CO3
2– appeared (Fig. 8), which 

belong to the typical diffractions of CdCO3 [15]. This indi-
cated that interlayer CO3

2– participated in the adsorption 

reaction, and the precipitated CdCO3 accumulated in 
the LDH layer [44]. In addition, the seven peaks for MB/
LDH-CO3

2– were significantly weakened or disappeared 
after Cd(II) adsorption, which might be due to the collapse 
of the crystal structure caused by MB/LDH-CO3

2– adsorb-
ing too much Cd(II). While, no new peaks appeared in 
the patterns of MB/LDH and LDH after Cd(II) adsorp-
tion, indicating the formation of CdCO3 precipitation was 
not the main adsorption mechanisms. The FTIR analysis 
(Fig. 9) showed that the band at around 1,380 cm–1 that 
emerged in LDH-CO3

2– and MB/LDH-CO3
2– after Cd(II) 

adsorption could be attributed to the band of CdCO3 [15].
The crystal structure of LDH is similar to that of brucite, 

in which six OH– ions surround each Mg(II) to form an 
octahedral structure and the different octahedral units share 
their edges to form infinite sheets [45]. Divalent metal cations 
in octahedral units of the hydroxide sheet can be easily 
replaced by other metal cations with similar ionic radius, 
through the process of isomorphous substitution. The ionic 
radius of Cd(II) (0.095 nm) was similar to that of Mg(II) 
(0.066 nm) [14], so Mg(II) on LDH laminates are extremely 
prone to be replaced by Cd(II) in solution. The isomorphous 
substitution was also proven by more released amount of 

Table 4
Removal capacities of Cd(II) on MB/LDH-CO3

2– compared with other materials

Materials Temperature (°C) pH qe (mg/g) References

Carbon nanotubes 45 8 25.70 [35]
EDTA-LDH/PVA NC 8% 25 5 9.54 [36]
Chitosan-pyromellitic dianhydride modified biochar 35 5 38.24 [37]
Dashukivskij bentonite 25 7 26.04 [38]
Nanosized Fe3O4/bentonite nanocomposites 25 - 21.70 [39]
Modified fly ash 25 6 56.31 [40]
Mesoporous silica nanospheres 30 5 32.98 [41]
Chitosan modified with complexation 25 3 38.50 [42]
MB/LDH-CO3

2– 25 6 54.14 This work

Table 5
Calculated parameters of kinetic models for the adsorption of Cd(II) on the materials

Models Parameters Units MB/LDH-CO3
2– MB/LDH LDH-CO3

2– LDH

Pseudo-first-order

qe,exp mg/g 20.77 14.43 13.29 7.74
qe,cal mg/g 13.90 10.76 8.06 5.44
K1 1/min 21.00 0.0008 0.0006 0.0010
R2 0.96 0.96 0.69 0.93

Pseudo-second-order
qe,cal mg/g 20.67 14.74 13.29 7.89
K2 g/(mg min) 0.0002 0.0003 0.0004 0.0007
R2 0.93 0.97 0.98 0.99

Intraparticle diffusion

Kp1 mg/(g min1/2) 0.17 0.39 0.34 0.19
C1 6.01 2.06 2.94 1.43
R2 0.87 0.99 0.66 0.65
Kp2 mg/(g min1/2) 0.27 0.18 0.13 0.08
C2 2.44 3.32 4.85 2.62
R2 0.98 0.96 0.96 0.89
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Mg(II) was detected after Cd(II) adsorption in many studies. 
Similar isomorphic substitution in LDH crystal struc-
ture have also been reported in literature [25]. In addition, 
the formation of outer-sphere surface complexes (O-Cd) 
between Cd(II) and some deprotonated hydroxyl groups 
(O–) and surface adsorption derived from electrostatic 
attraction also contributed the adsorption of Cd(II) [17].

Therefore, the preferred mechanisms of Cd(II) adsorp-
tion by MB/LDH-CO3

2– may include: (i) formation of CdCO3 
precipitation with interlayer CO3

2–, (ii) isomorphic sub-
stitution of Mg(II) with Cd(II), (iii) formation of surface 
complexes by complexation, and (iv) surface adsorption 
due to electrostatic effects (Fig. 10).

4. Conclusions

In this study, MB/LDH-CO3
2– composites exhibited 

the enhanced adsorption capacity for Cd(II), due to the 
carbonate anion intercalation with LDH and large reac-
tive matrix supported by biochar. The synergistic effect 
between biochar and carbonate intercalated LDH occurred 
for enhanced Cd(II) removal. The maximum adsorp-
tion capacity of Cd(II) by MB/LDH-CO3

2– was 54.14 mg/g 
at pH 6. The main adsorption mechanism involved the 
precipitation of CdCO3, surface adsorption, surface com-
plexation, and isomorphic substitution of Mg(II). MB/
LDH-CO3

2– could be quickly separated from the solution by 
a magnet after adsorption. These findings showed that MB/
LDH-CO3

2– can be considered as an efficient adsorbent for 
Cd(II) removal from aqueous solution.
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