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a b s t r a c t
Maple-ball-like Mg–Al layered double hydroxides (LDHs) were successfully prepared via a micro-
wave-assisted heating method in the presence of ethylene glycol water as a solvent, and the synthesis 
efficiency was significantly improved through the design approach. The product was characterized 
by a series of techniques, including X-ray diffraction, Fourier transforms infrared spectroscopy, field 
emission scanning electron microscopy, thermogravimetric analysis, and Brunauer–Emmett–Teller. 
The as-synthesized Mg–Al LDHs display considerable adsorption performance for the cationic dye 
methylene orange from aqueous solution within extremely short processing time. This study offers 
a low-cost approach for the synthesis of an Mg–Al LDH material that could be used as an effective 
adsorbent for the removal of dyes from wastewater.
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1. Introduction

Large amounts of different types of dye are synthesized 
every year and are widely used in various fields, includ-
ing cosmetics, textiles, leather, pharmaceuticals, food, etc. 
[1]. Although these dyes have brought us a colorful world, 
they have also brought many contaminants causing severe 
water pollution. In particular, dyes derived from the printing 
and textile industry wastewater are generally toxic and have 
had a tremendous influence on aqueous ecosystems in China 
over the last decades [2]. Due to the hazardous nature and 
low biodegradability of dyes, a number of techniques have 
been developed, including photodegradation [3], advanced 
oxidation processes [4], biodegradation [5] and adsorption 
[6], to remove dyes from aqueous solutions. Among these 
technologies, adsorption methods have been adopted as 
one of the potential methods due to their simplicity, effi-
ciency, and lower cost [6–10]. In particular, adsorbents with 

abundant active sites play a crucial role in the factors affect-
ing adsorption performance. Among the diverse adsorbents, 
layered double hydroxides (LDHs) have been shown to have 
high adsorption properties for dye removal since they have 
a high specific surface area, non-toxicity and ion-exchange 
capability [11–13].

LDHs are a group of inorganic layered materials in which 
the trivalent cations substituted for the divalent layer cations 
partially result in positively charged hydroxide layers and 
hydrated anions located in the interlayer gallery provide 
charge balance [14–16]. Therefore, LDH chemical composi-
tion can be represented by the formula [M2+

1–yM3+
y(OH)2]y+(An–)

y/n·zH2O (M2+, M3+ and An– represent the bivalent cations, 
trivalent cations and anions, respectively, and y is usually 
0.2 < y < 0.33) [17–19]. Their particular interlayer and func-
tional surface properties can endow LDHs with a high ability 
to exchange or form strong surface complexes with various 
organic dyes in aqueous solutions [20,21].
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In the past decade, a variety of methods, such as co- 
precipitation [22], hydrolysis [23], sol-gel treatment [24], 
microwave-assisted structure reconstruction [25], hydrother-
mal treatment [26], sonication [27], spray drying [28], and 
mechanochemistry [29], have been applied for the fabrication 
of LDH materials. Among them, the use of microwave-as-
sisted heating as a potential method for the preparation of 
LDH materials has received widespread attention because 
of its advantages of rapid heating, a smaller thermal gradi-
ent, environmental friendliness, and low cost compared with 
other conventional fabrication processes, etc. [30–32]. In this 
study, a microwave-assisted heating method was adopted 
to prepare Mg–Al LDHs by using ethylene glycol (EG) and 
a water solvent, and the addition of EG improved the syn-
thesis efficiency because of the higher microwave absorp-
tion properties of EG. Maple-ball-like as-synthesized Mg–Al 
LDHs were obtained with considerable adsorption proper-
ties for the cationic dye methylene orange (MO) in aqueous 
solution. A possible adsorption mechanism between LDH 
particles and dye molecules was also proposed.

2. Experimental section

2.1. Mg–Al LDHs preparation

Magnesium chloride hexahydrate (MgCl2·6H2O) and EG 
(EG, MW = 62.07) were purchased from Sinopharm Chemical 
Reagent Co. Ltd., (Shanghai, China). Aluminum nitrate hexa-
hydrate (AlCl3·6H2O) and sodium hydroxide (NaOH) were 
purchased from Shanghai Aladdin Biochemical Technology 
Co. Ltd. Deionized water (18.25 MΩ cm) was used through-
out all experiments.

The Mg–Al LDH material was synthesized via a micro-
wave heating method with a molar ratio of Mg2+:Al3+ = 2:1. 
Typically, 0.1  mol of MgCl2·6H2O, 0.05  mol of AlCl3·6H2O 
and 0.2  mol of NaOH were dissolved in a 75  mL aqueous 
solution, and then the solution was transferred into a 250 mL 
round-bottomed flask. Afterward, 25  mL of EG was added 
to the flask and mixed with shaking. Then, the flask was 
quickly placed in a microwave reaction device and heated 
at 300  W (2.45  ×  109  Hz working frequency, power density 
10 mW cm–2) and maintained for 30 min. After natural cool-
ing to room temperature, the white precipitate was retrieved 
by filtration, washed three times with deionized water and 
then dried at 60°C for 24 h.

2.2. Characterization of LDHs

X-ray diffraction (XRD) patterns of the sample were 
recorded using a SHIMADZU XRD-6000 X-ray diffractom-
eter (Kyoto, Japan) with Cu kα radiation (λ  =  1.5406 Å) at 
40 kV and 20 mA. Fourier transform infrared (FT-IR) spectra 
were recorded on a Nicolet iS 50 attenuated total reflection 
instrument (Massachusetts, USA) over the range of 400–
4,000 cm–1 by using the KBr pellet technique. The morpholo-
gies of the LDHs were characterized by using scanning elec-
tron microscopy (SEM) (Hitachi SU-8010, Tokyo, Japan). The 
pore structure of the LDH samples was analyzed by nitro-
gen adsorption–desorption at 77  K on a BEL MAX surface 
area analyzer (Osaka, Japan). The surface area was evaluated 
by the Brunauer–Emmett–Teller model, and the pore size 

distribution was estimated via the Barrett–Joyner–Halenda 
theory. Thermogravimetric analysis (TGA) data were col-
lected from a thermogravimetric analyzer instrument (STA 
409 PC, Netzsch, Bavaria, Germany) under nitrogen flow, 
and the temperature ranged from room temperature to 800°C 
with a heating rate of 10°C min–1. A PerkinElmer Lambda 950 
UV-Vis spectrum spectrophotometer (Massachusetts, USA) 
was used to measure the concentration of the dye.

2.3. Adsorption experiments

MO adsorption experiments were carried out by vary-
ing the reaction conditions, including the contact time, 
initial concentration of MO, pH and adsorption tempera-
ture. For each test, only one parameter was varied while the 
others were kept constant. The MO absorption capacity of 
(Qt, mg g–1) and removal rate (R%) for each experiment were 
calculated using the following equations:

Q
C C V
mt

t=
−( )0 	 (1)

R
C C
C

e% %=
−

×0

0

100 	 (2)

where C0 and Ct are the dye concentration at the initial time 
and the given time t (min), respectively, V is the volume 
of dye solution, m is the weight of absorbent, and Ce is the 
equilibrium concentration.

3. Results and discussion

3.1. Characterization of Mg–Al LDHs

The XRD patterns of the samples containing Mg–Al 
LDHs as the major phase are displayed in Fig. 1. Comparing 
the standard reference pattern of simulated Mg–Al LDHs 
(JCPDS no. 35–0965, Fig. 1a) and that of the synthesized 
Mg–Al LDH sample reveals that the peaks corresponding 
to (003), (006), (012), (015), and (110) are the characteristic 
peaks of the Mg–Al LDH material in the synthesized sample 
(Fig. 1b). Moreover, the wideness of the peaks indicates the 
small crystallite size of the LDH particles, and the symmetric 
peaks of the (003) and (006) planes at lower 2θ angles rep-
resent the stacking order of layers in the Mg–Al LDHs. The 
interlayer spacing (d) of 7.71 Å was calculated from the char-
acteristic (003) plane at a 2θ of 11.47° [33]. When only water 
was used as the solvent, the intensity of the peaks of (003) 
and (006) decreased slightly, indicating the high crystallinity 
of the LDHs obtained from the EG/water solution.

The FT-IR spectra of the Mg–Al LDHs are shown in 
Fig. 2. The strong and broad absorption band at 3,468 cm–1 
can be attributed to the O–H stretching vibration of surface 
and/or interlayer water molecules. In addition, the band at 
1,642 cm–1 is ascribed to the O–H bending vibration of water 
molecules [34]. The absorption band at 1,398 cm–1 is the char-
acteristic asymmetrical stretching vibration of CO3

2–, which 
may result from the dissolved CO2 in solution [35]. The broad 
peak at approximately 624  cm–1 is from the O–H vibration 
of the hydroxide layer [36].
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Fig. 3 shows typical field emission scanning electron 
microscopy images of the as-prepared Mg–Al LDHs. The 
spherical-like morphology of the Mg–Al LDHs can be seen 
in the low-magnification SEM image (Fig. 3a); however, the 
Mg–Al LDH spheres are composed of non-uniform glob-
ules with a size distribution between 0.5 and 1.0 µm in the 
high-magnification SEM image (Fig. 3b). Interestingly, the 
surface of these globules consists of nanometric building 

blocks, and these ultrathin platelets are interconnected to 
each other to self-assemble into maple-ball-like hierarchi-
cal structures without sticking together. However, if no EG 
molecules were added to the solution, only some irregular 
aggregated particles were obtained (Figs. 3c and d), which 
indicates that EG molecules enhanced the maple-ball-like 
LDH particle formation. This kind of maple-ball-like mor-
phology of Mg–Al LDHs is different from those obtained 

Fig. 1. X-ray diffraction patterns of simulated and Mg–Al LDH 
obtained from water (a) and EG/water solution (b).

Fig. 3. FESEM images of the Mg–Al LDHs particles obtained from EG/water solution (a,b) and water (c,d).

Fig. 2. FT-IR spectra of Mg–Al LDHs particles obtained from 
water (a) and EG/water solution (b).
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by hydrothermal synthesis and coprecipitation methods, 
which exhibit globular aggregates [37], bead-like fine par-
ticle aggregates [38], and hexagonal platelets [39]. EG mol-
ecules are small and can form hydrogen-bonded networks 
similar in nature to those of water but possess larger a tan-
gent loss than H2O molecules. Microwave radiation can lead 
to a high heating rate via dielectric loss during the nucle-
ation process [40], which is important for fast nucleation and 
crystal growth and has also widely facilitated the formation 
of better-dispersed and size-tailored crystals [41,42]. In this 
work, microwave irradiation probably enhanced the interac-
tions between the EG molecules and the Mg–Al LDH nuclei. 
In pure water, driven by the hydrophobic effect, the nuclei 
aggregate together and further grow into microspheres via 
oriented attachment growth [34]. In contrast, in EG/water 
solution, the hydrogen bonding between the Mg–Al LDH 
nuclei and the hydroxyl groups on EG molecules results in 
the enrichment of EG around Mg–Al LDHs, which tends to 
inhibit the aggregation of the Mg–Al LDH nuclei and leads 
to the formation of 2-dimensional platelets after oriented 
attachment [43], which ultimately results in the formation of 
a Mg–Al LDH maple-ball-like morphology.

The surface area, pore volume and average pore diam-
eter of the Mg–Al LDH maple-like balls are 67.56  m2  g–1, 
15.52 cm3 g–1, and 4.21 nm, respectively. The N2 adsorption–
desorption isotherm of the Mg–Al LDHs is shown in Fig. 4. 
The isotherm can be classified as a type IV curve according 
to the International Union of Pure and Applied Chemistry 
classification because of the typical H3 hysteresis loop at high 
relative pressure, which indicates that the plate-like particle 
aggregation led to the formation of pores and the mesoporos-
ity of the Mg–Al LDHs. It is expected that this LDH material 
can be used as a potential adsorbent.

The stability of the Mg–Al LDH samples under continu-
ous heating was investigated using TGA. As shown in Fig. 5, 
there are three main consecutive weight loss stages at the 
given heating rate of 10°C min–1. In detail, the weight loss of 
14.2% from 25°C to 230°C involves the release of the phys-
ically adsorbed water both on the surface and in the layers 
of LDHs [42]. The second mass loss stage observed between 

230°C and 430°C is approximately 23.5%, corresponding to 
water molecule removal by a dehydroxylation process [41]. 
The last mass loss step happened from 430°C to 800°C, and 
the approximately 4.8% mass loss is probably because of the 
removal of interlayer carbonate species [42].

3.2. Adsorption performance of Mg–Al LDHs

The adsorption performance of the as-prepared Mg–Al 
LDHs for organic cationic dyes was studied by performing 
adsorption experiments with MO. The concentration of MO 
was determined by observing the change in UV-visible spec-
tra. Fig. 6 shows the relationship between the removal rate of 
MO and the solution pH value at an initial MO concentration 
of 100 ppm. The removal ratio of MO increased with pH in 
the range of 4 to 8 but decreased with pH in the range of 9–12, 
and the maximum adsorption capacity and removal ratio 
reached 167.82 mg g–1 and 85.0%, respectively, at pH = 8. The 
solution pH remarkably affects the adsorption behavior at the 
water-absorbent interface, and this effect can be represented 
by the point of zero charge (pHpzc), an important parameter 
for determining the surface charge of an adsorbent. If the pH 
is lower than the pHpzc, the positive surface charge of the 
adsorbent will facilitate electrostatic interactions between the 
adsorbent and MO. It has been reported that the pHpzc value 
of Mg–Al LDHs is between 6.8 and 8.9 [44], so the electro-
static attraction between the sulfonate groups of MO and the 
active sites of the absorbent at pH 4.0–8.0 is increased, which 
promotes the adsorption capacity of the dye. If the pH value 
is greater than 9.0, the electrostatic interactions between the 
MO dye molecules and LDHs will be reduced due to the 
competitive behavior between OH– ions and MO for adsorp-
tion onto Mg–Al LDHs. Therefore, an optimum pH value of 
8 for testing the adsorption performance of the Mg–Al LDH 
absorbent was adopted in follow-up experiments. However, 
the maximum adsorption capacity and removal ratio of parti-
cles from water only reached 65.36 mg g–1 and 33.1%, respec-
tively. This result indicates that the mesoporous structure of 
the maple-ball-like Mg–Al LDHs effectively increased the 
adsorption capacity.

Fig. 4. N2 adsorption/desorption isotherms of maple-ball like 
Mg–Al LDHs. Fig. 5. TGA curve of maple-ball like Mg–Al LDHs.
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In general, Mg–Al LDHs are anionic minerals [45] 
and are thus potential adsorbents for removing dyes from 
wastewater. For cationic MO molecules, the electrostatic 
attraction between the surface of the Mg–Al LDHs and MO 
molecules is an important factor influencing the adsorp-
tion performance [46–48]. Moreover, materials possessing 
hierarchically porous structures and large specific surface 
areas possibly provide more efficient transport pathways 
and available active adsorption sites to improve adsorption 
performance [49,50]. Compared with the aggregated Mg–
Al LDH particles obtained from water solution, the meso-
porous hierarchical maple-like Mg–Al LDH balls without 
stacking are composed of interconnected nanosheets with a 
higher surface area and can provide more active adsorption 
sites, which are conducive to the fast transport of MO dyes 
in interconnected pore structure systems, thus enhancing the 
adsorption capacity [45].

Fig. 7 demonstrates the effect of the initial dye concen-
tration (i.e., 20, 40, 60, 80, 100, 120, 150, and 200 ppm) on the 
amount adsorbed onto 500 ppm Mg–Al LDHs at pH = 8.0. 
As shown in Fig. 7a, the adsorption capacity increased as the 
initial dye concentration increased at a fixed adsorbent dose 
since the interaction between higher ionic concentrations of 
MO and the adsorbent was stronger. Fig. 7b reveals that the 
removal efficiency reached 100% at a lower dye initial con-
centration (20, 40, and 60  ppm) and the removal efficiency 
decreased to 85.3% when the MO initial dye concentration 
increased to 200 ppm. The adsorption rate of MO is very fast, 
and the adsorption equilibrium was reached within 5  min. 
This rapid adsorption rate can be ascribed to the availability 
of more active adsorption sites on the surface of the Mg–Al 
LDHs upon initial contact.

For practical applications, the stability and reusability 
of adsorbents are greatly important, so a cycling experiment 
was further carried out with the Mg–Al LDHs. The concen-
trations of adsorbent and MO used in the experiments were 
200 and 500 ppm (50 mL), respectively. After the first 50 min 
of adsorption, the Mg–Al LDH adsorbent was recovered, 
washed with 1 mol L–1 NaOH solution, and re-dispersed in 

MO dye solution for the next run. The MO removal rates 
were 85.3%, 82.1%, 79.5%, 75.8%, and 73.4% for the first to 
fifth runs (Fig. 8). The removal efficiency of Mg–Al LDHs 
for MO dye was reduced by 10.9% after five successive runs. 
This decrease during the repeated runs is probably ascribed 
to the consumption of the Mg–Al LDH adsorbent during the 
recovery and redispersion process.

Adsorption kinetic studies were further carried out 
to investigate the pivotal step that governs the overall 
removal efficiency of the adsorption process. Pseudo-first 
and pseudo-second-order kinetic models were applied 
to fit the experimental data, as described in the following 
equations [51]:

log ln
.

Q Q Q
k t

e t e−( ) = − 1

2 303
	 (3)

t
Q k Q

t
Qt e e

= +
1

2
2 	 (4)

where Qe and Qt are the adsorption capacity (mg g–1) of Mg–Al 
at equilibrium and time t, respectively, and k1 (min−1) and k2 

Fig. 6. Effect of solution pH on adsorption capacity of MO 
onto the Mg–Al LDH obtained from water (a) and EG/water 
solution (b).

Fig. 7. Effect of initial dye concentration on adsorption capacity 
(a) and removal efficiency (b) of MO on maple-ball like Mg–Al 
LDHs.
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(g  mg–1  min–1) are the equilibrium rate constants of pseu-
do-first and pseudo-second-order adsorption, respectively. 
A  comparison of pseudo-first and pseudo-second-order 
model parameters, calculated Qe,cal values and experimental 
Qe,exp values is summarized in Table 1, and a linear plot of t/Qt 
vs. time t is given in Fig. 9. The pseudo-second-order kinetic 
model fits better according to the correlation coefficient (R2), 
while the Qe,cal calculated by the pseudo-second-order model 
is much closer to the experimental Qe,exp. Therefore, it is con-
sidered that the adsorption rate-determining step is chemical 
adsorption involving electrostatic interactions between the 
MO molecules and Mg–Al LDHs.

Temperature also affects the adsorption process [52]. 
The temperature effect on MO dye adsorption behavior was 
evaluated at 298, 308, 318 and 328  K. Three basic thermo-
dynamic parameters, including the changes in the standard 
enthalpy (∆H°), the standard Gibbs free energy (∆G°) and 
the standard entropy (∆S°), were calculated using the fol-
lowing equations:

k
Q
Cd
t

e

=
(5)

∆G RT kd° = ln (6)

ln k S
R

H
RTd =

° − °∆ ∆ (7)

where kd (L  g–1) is the distribution coefficient, T (K) is the 
system temperature and R (8.314  J mol–1 K–1) is the univer-
sal gas constant. The values of ∆H° and ∆S° were calculated 

Table 1
Kinetics parameters of the adsorption

First-order parameter Second-order parameter

C0 (mg L–1) Qe,exp (mg L–1) Qe,cal (mg L–1) k1 (min–1) R2 Qe,cal (mg L–1) k2 × 103 (g mg–1 min–1) R2

40 80.00 20.44 0.0462 0.9798 82.30 0.1476 0.9969
60 120.00 70.72 0.1138 0.9729 127.23 0.0618 0.9987
80 135.45 66.65 0.1261 0.8741 139.66 0.0512 0.9991
100 167.82 42.89 0.1082 0.7263 170.36 0.0345 0.9998
120 211.38 24.36 0.0681 0.9472 213.22 0.0220 0.9999
150 261.39 17.52 0.0808 0.9232 262.47 0.0145 0.9999
200 354.10 15.61 0.0605 0.9444 355.87 0.0079 0.9995

Fig. 8. Cycling runs for dye removal efficiency of MO on maple-
ball like Mg–Al LDHs.

Fig. 10. Effects of temperature on Mg–Al LDHs adsorption 
process.

Fig. 9. Adsorption kinetics fitting of pseudo-second-order on 
maple-ball like Mg–Al LDHs.
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by using the van’t Hoff equation, and all the thermodynamic 
parameters are listed in Table 2. The van’t Hoff plots for 
the adsorption of MO onto the Mg–Al LDHs are shown in 
Fig. 10. The negative values of ∆G° under different condi-
tions indicate the spontaneous adsorption process of MO on 
the Mg–Al LDHs. The value of ∆G° increased from –6.466 to 
–5.323  KJ  mol–1, and the removal efficiency decreased with
temperature, indicating that adsorption is more favorable at
low temperatures. The negative value of ∆H° indicates that
the adsorption process is exothermic and more favorable as
the temperature decreases [47]. Moreover, the positive value
of ∆S° indicates that the adsorption of MO onto the Mg–Al
LDHs results in a randomness decrease at the solid–liquid
interface [53].

4. Conclusions

Maple-ball like Mg–Al LDHs were rapidly prepared
via a simple microwave-assisted synthesis method that can 
be applied for the removal of cationic dye MO from aque-
ous solution. The N2 adsorption–desorption results show 
that the Mg–Al LDHs are predominantly mesoporous. The 
adsorption process of MO quickly reached equilibrium 
within 5 min, and the experimental kinetic data are in good 
agreement with the pseudo-second-order kinetic model. 
The adsorption of MO onto Mg–Al LDHs is pH-dependent 
and decreases as the temperature increases from 298 to 
328 K. This simple synthesis method and the spontaneous 
and rapid adsorption of cationic dye ensure that this kind of 
Mg–Al LDH material could be applied as an effective adsor-
bent for the removal of dye from wastewater.
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