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a b s t r a c t
Recently, layered double hydroxides (LDH) have been applied intensively and attracted tremen-
dous attention due to their flexible chemical composition and physical properties. In this study, 
we prepared a series of M (Mg and Zn)-Fe LDH at different conditions using the co-precipitation 
method. The influence of several important parameters was studied including M (Mg and Zn):Fe 
molar ratio, M-Fe LDH concentration, and pH. In this work, the potentialities of both synthesized 
adsorbents of M (Mg and Zn)-Fe LDH for the separation of cationic Alizarin red dye (ARD) from 
aqueous solutions were studied. The obtained results investigated that the maximum separation 
efficiency of 20 mg/L ARD was achieved at the molar ratio (4:1) of both adsorbents M (Mg and 
Zn):Fe at pH 6.0 and room temperature. Both pseudo-second-order kinetic models of Langmuir and 
Freundlich were successfully applied for the adsorption of ARD on both M (Mg and Zn)-Fe LDH 
adsorbents. By comparing the qm values for both adsorbents, we obtained that Mg-Fe LDH had a sig-
nificantly higher adsorption capacity of 72.4 mg/g than that obtained from Zn-Fe LDH of 33.8 mg/g. 
These results indicated that Mg-Fe LDH has better adsorption efficiency than Zn-Fe LDH for ARD.

Keywords:  M-Fe layered double hydroxides (LDH); Separation; Alizarin red dye; Pseudo-second-order 
kinetic models

1. Introduction

Recently, with rapid industrial development, the aquatic 
environment has suffered from several serious problems. 
Water pollution has become one of the top environmental 
problems [1]. One of the most affecting reasons for water 
contamination is the discharge of dyeing wastewater. These 
dye contaminants could pollute water streams and ground-
water sources as well, causing severe human health problems 
[2,3]. The discharge of dye contaminants into wastewater 
is a result of inefficient industrial dyeing processes that 
may add as much as 15% of unused dyestuff directly to 

the watercourses [3]. The average concentration levels of 
effluent-containing dyes normally vary from 10 to 50 mg/L 
[4,5]. Thus, it may be considered polluted and unacceptable. 
Alizarin red dye (ARD) or 1,2-dihydroxyanthracene-9,10-di-
one is the main composition for the madder lake pigments 
that are commercially known as Rose madder and Alizarin 
crimson. Alizarin red dye is considered to be one of the 
most widely used and commercially available dyes in dif-
ferent facilities. ARD is a common type of cationic dye that 
is usually used in the industry of textile dyeing [6].

ARD has a highly toxic effect on humans, biota, and ani-
mals, thus needs to be effectively eliminated from dyeing 
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wastewater [7]. This exhibits a challenge for the treatment 
methods to eliminate ARD from wastewater. Different 
treatment techniques have been applied to deal with waste-
water containing dyes, such as ozonation, membrane fil-
tration, reverse osmosis [8], chemical precipitation [9–11], 
and coagulation [12]. Moreover, the adsorption technique 
is considered the most effective treatment method for 
wastewater containing ARD dye. This may be attributed to 
its simple design, relatively low cost, and high separation 
efficiency [13,14].

Nowadays, the application of synthetic anionic clays 
such as layered double hydroxide (LDH) for the treatment 
of aqueous liquids containing dyes as an effective adsorptive 
separation technique has attracted great attention [15,16]. 
These adsorbents exhibited better physicochemical proper-
ties, and they are common for the removal of undesirable 
color, odor, taste, and other organic and inorganic impuri-
ties from wastewater owing to their microporous structure, 
large surface area, and commercial availability. Moreover, 
such adsorbents are showing higher adsorption capacities 
and reusability for the removal of organic dyes in differ-
ent water matrices [17,18]. Consequently, there have been 
numerous and significant studies conducted on the appli-
cation of LDH for ARD [18–20]. In this work, we compare 
the efficiency of both Mg-Fe and Zn-Fe LDH as adsorbent 
materials for removing ARD. This could be attributed to 
M-Fe LDH having structured layers, strong performance for 
ion exchange, a large specific surface area, and a relatively 
low cost. In this study, co-precipitation with a double titra-
tion method was performed to synthesize the M-Fe LDH. 
This method gave better crystallinity and provided the best 
control of the particle size [21,22]. The morphological and 
physical characteristics, besides the structural information 
of M-Fe LDH were identified via several characterization 
techniques such as Brunauer–Emmett–Teller (BET), Fourier-
transform infrared spectroscopy (FTIR), X-ray diffraction 
(XRD), and scanning electron microscopy (SEM). The influ-
ence of pH, Mg:Fe molar ratio, and M-Fe LDH concentra-
tion on the separation of ARD was studied. Besides, the 
adsorption kinetics, and isotherms were investigated to fit 
with the M-Fe LDH theory for ARD separation.

The main objectives of this study are to evaluate 
the adsorptive efficiency of Mg-Fe LDH ligands in the 
adsorption of ARD and investigate the adsorption kinet-
ics of the applied material throughout the Langmuir and 
Freundlich adsorption isotherms.

2. Experimental set-up

2.1. Chemical reagents and preparations

In this study, all the chemicals and solvents used were 
of high analytical grade. In addition, all the solutions 
were prepared with de-ionized water. The co-precipita-
tion method was used in the preparation of the adsorbent 
materials. Then we dissolve 2.7 mol of NaOH and 0.9 mol of 
Na2CO3 in 1 L of de-ionized water to prepare the base solu-
tion. Then we prepared the metal solution with the same 
ratios of (4:1) by dissolving 0.09 mol of MCl2 (MgCl2and 
ZnCl2) and 0.03 mol of FeCl3·4H2O into 100 mL of de-ionized 

water. Then with maintaining the pH in the alkaline media 
at about 8–10, we add in a drop wise way both base and 
metal solutions to about 20 mL of de-ionized water. The fil-
tration process was carried out and the filtrate was washed 
out with excess water. The obtained sample was dried in 
the oven at about 350 K for 24 h. These prepared samples 
were known as M-Fe LDH represented in Mg-Fe LDH 
and Zn-Fe LDH.

2.2. Adsorption studies

The adsorption efficiency of M-Fe LDH could be investi-
gated for the enhanced separation of ARD (100 mL) 20 mg/L 
at room temperature throughout a series of batch exper-
iments that were carried out under varying the adsorption 
factors as follows; molar ratios of M (Mg and Zn):Fe (from 
1:1–4:1), M-Fe LDH adsorbent dosage (from 0.3–2.1 g/L), ini-
tial concentration of ARD (from 5–100 mg/L), contact time 
intervals (5–120 min) and pH of the solution (from 2 to 10) 
The pH values were determined by using a pH meter and 
adjusting 0.1 mol/L HCl and 0.1 mol/L NaOH solutions.

2.3. Adsorption kinetics and characterization

In this work, every batch of experiments was run 
with both blank samples containing no dye and another 
containing ARD dye. All experiments were carried out 
in duplicate, and the average values were obtained for  
evaluation.

The used adsorbents of M-Fe LDH were characterized 
before and after the adsorption of ARD by the XRD tech-
nique to determine the crystal structures. The crystallin-
ity of the adsorbents could be investigated via PANalytical 
(Empyrean) X-ray diffraction using Cu Kα radiation (wave-
length 1.54060 A0), with an accelerating voltage of 40 kV, scan 
angle range from 10° to 60°, step scan of 0.05° and a used 
current of 30 mA. The vibrations of chemical bonds were 
determined via the instrument of FTIR spectroscopy by using 
Bruker (Vertex 70 FTIR-FT Raman) Germany spectropho-
tometry with a frequency covering a range of 400–4,000 cm–1 
with serial number 1341 and using a disc of potassium bro-
mide. A high-resolution transmission electron microscope 
(HRTEM, JEOL-JEM 2100) was used to examine the micro-
structure of adsorbents. The morphology of the adsorbent 
material was characterized through field-emission scanning 
electron microscopy. The BET was used to determine the 
specific surface area, specific pore volume, and pore sizes of 
the adsorbent materials through the cumulative adsorption 
of nitrogen at 77 K using a Micromeritics 2000 instrument 
[23,24].

The qe (mg/g) is the adsorption that was calculated 
using Eq. (1):

q
C C V
me

e�
�� �0  (1)

where C0 (mg/L) is the ARD initial concentrations, Ce (mg/L) 
is the ARD equilibrium concentrations, V (L) is the total 
volume, and m (g) is the mass of the adsorbent M-Fe LDH.
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3. Results and discussion

3.1. Effect of M (Mg and Zn):Fe molar ratio on the separation of 
ARD

The separation efficiency of ARD was increased by 
increasing the M:Fe molar ratio from 1:1 to 4:1, then lowered 
by increasing the molar ratio of M:Fe from 4:1 to 6:1 at pH 
6.2 as represented in Fig. 1. This may be because when the 
molar ratio of M/Fe is lower than 4, the adsorption capacity 
of ARD on M-Fe LDH is restricted to the electrostatic inter-
action on the adsorbent surface assuming the existence of 
strong interactions between the layers carrying charges in 
LDH of high charge densities [25,26]. These charge interac-
tions lower the ability of the LDH to be expanded and accom-
modate a large number of anions within the interlayer region 
of LDH. Whereas, when the molar ratio of M/Fe equals 4, 
the adsorption capacity of M-Fe LDH for ARD will include 
both the electrostatic adsorption of the most outer layer cat-
ions and the exchange adsorption of the interlayer anions. 
This finding is attributed to the fact that M-Fe LDH (M/

Al = 4) has the best crystalline structure of LDH [27]. This 
structure could increase the uptake ability of the additional 
species to be up-taken or adsorbed within the LDH interlay-
ers and consequently lead to the highest adsorption affinity 
for ARD [28]. While, at M-Fe LDH (M/Fe) synthesized molar 
ratios higher than 4 (5 and 6), certain amounts of amorphous 
metal hydroxides might be contained in the LDH struc-
ture, which could strongly reduce the adsorption efficiency 
of M-Fe LDH [29]. The achieved separation efficiencies of 
M (Mg and Zn)/Fe with a molar ratio of 4:1, which is the 
optimum molar ratio of M/Fe to wipe off ARD, were about 
84% and 60% for Mg-Fe LDH and Zn-Fe LDH, respectively.

The physical characteristics and morphological struc-
ture of M-Fe LDH at the molar ratio of (4:1) were studied via 
different characterizing techniques such as FTIR, XRD, BET, 
and SEM. The morphological structure of both M-(Mg and 
Zn)-Fe was studied using the SEM technique, which showed 
that the surface of Mg-Fe LDH has a much larger flocs dis-
tribution, more staggered pores, and a more rough texture 
than that of Zn-Fe LDH (Fig. 2a and b). At the same time, 
the N2-BET technique was used to determine the particle size 
and the specific surface area of both M-Fe LDH which indi-
cated that Mg-Fe LDH has a bigger pore size and a larger 
surface area than that of Zn-Fe LDH. Where, the calculated 
specific surface areas were 105.21 and 22.13 m2/g, for Mg-Fe 
LDH and Zn-Fe LDH, respectively. These results confirmed 
that Mg-Fe LDH has a favorable and greater absorptivity 
for ARD than that of Zn-Fe LDH.

Since the adsorbent chemical structure is of great impor-
tance in interpreting the adsorption process. The spectrum 
of the FTIR technique is an essential tool to identify the 
functional groups’ characteristics [29,30]. The functional 
groups and the corresponding infrared adsorption bands 
before and after adsorption on the M-Fe LDH are shown in 
Fig. 3. Several adsorption peaks were detected throughout 
the spectrum display, indicating that M-Fe LDH has sev-
eral active functional groups. The FTIR spectrum for both 
M-Fe LDH revealed a broad band near 3,500 cm–1 that may 
be related to the vibrational stretching of hydrogen-bonded 
hydroxyl groups of the water layers and interlayer [30]. 
Mg-Fe LDH and Zn-Fe LDH are shown in Fig. 3. Besides, 
sharp bands were detected around 1,450 and 1,650 cm–1 

 

Fig. 1. Effect of the molar ratio of both adsorbents M (Mg and 
Zn):Fe molar on the removal of ARD.

 
Fig. 2. Scanning electron microscopy image of both M-Fe LDH adsorbents: (a) Mg-Fe LDH and (b) Zn-Fe LDH.
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investigated symmetric and asymmetric stretching vibra-
tions of the carboxyl (C=O) group. These detected charac-
teristics were identical for layered double hydroxide (LDH) 
materials [31]. The detected bands below 1,000 cm–1 could 
be related to metal-oxygen stretching, and metal-hydrogen 
bonding. The crystallinity and phase information of both 
adsorbents M (Mg and Zn)-Fe LDH could be detected via 
XRD. The XRD patterns investigated that both synthesized 
Mg-Fe LDH and Zn-Fe LDH have very similar crystalline 
structures under the same conditions, as shown in Fig. 4.

3.2. Effect of M-Fe LDH dosage

The effect of M-Fe LDH dosage at a molar ratio of 
(M:Fe = 4:1) on the separation efficiency of 20 mg/L of ARD 
is shown in Fig. 4. The obtained results indicated that by 
increasing the concentration of M-Fe LDH from 0.3 to 2.1 g/L, 
the separation efficiency of ARD increased. This may be 
attributed to the adsorbent dose increasing the number of 
active sites on the adsorbent surface, enhancing the ability 
of more ARD to be adsorbed on the surface of the adsorbent, 
resulting in increasing the separation efficiency of the M-Fe 
LDH. Whereas, with increasing the M-Fe LDH concentration 
between 2.1 and 2.7 g/L the ARD separation efficiency was 
almost maintained constant. The highest achieved separa-
tion efficiencies were about 82% and 54% for Mg-Fe LDH, 
and Zn-Fe LDH, respectively. This may be because, as the 
adsorbent dosage increases, the rate of collision between 
particles increases, particle aggregation increases form-
ing a larger particle size, and then the separation efficiency 
increases. These results were consistent with [32,33]. Hence, 
the investigated optimum adsorbent (M-Fe LDH) dosage 
for the ARD separation was determined at 2.1 g/L, which 
could be applied for the other subsequent experiments.

3.3. Effect of pH on the separation of ARD

Since the pH of an aqueous solution can affect the sur-
face charge of the adsorbents as well as the ionization degree 
and speciation of different contaminants [31]. The influence 

of pH solution on the removal of ARD by M-Fe LDH was 
studied over a pH range of 2–12. Fig. 5 shows the effect of 
pH on the separation efficiency of ARD (20 mg/L). This effect 
has been studied using 2.1 g/L M-Fe LDH at room tempera-
ture for 30 min. The removal percentage of ARD increased 
steadily up to pH 6, and behind that, the removal percent-
age showed relatively unchanged values. This behavior can 
be explained by the fact that the solution pH can affect both 
the surface charge of the M-Fe LDH and the ARD molecu-
lar nature (cationic molecule) in the solution as well [33]. 
The obtained results indicated that the maximum separa-
tion efficiency of ARD was achieved at pH 6.0, which is 
slightly acidic and very close to the natural ARD solution’s 
of pH (6.3). Where, at lower pH (pH < 6.0), H+ was pumped 
in excess making the adsorbent surface positively charged. 
Then an adsorption completion was produced between H+ 
and the positively charged ARD. So, the rate of ARD separa-
tion decreased at a lower pH. At higher pH values (pH > 6.0) 
the produced negatively charged OH– and positively charged 

Fig. 3. Fourier-transform infrared spectrum of both adsorbents 
Mg-Fe LDH and Zn-Fe LDH.

Fig. 4. X-ray diffraction of both adsorbents Mg-Fe LDH and 
Zn-Fe LDH at dosage molar ratio of (M:Fe = 4:1).

 

Fig. 5. Effect of pH on the removal of ARD.
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ARD react together forming a precipitate. Thus, all other sub-
sequent experiments to study the adsorption variables for 
ARD separation efficiencies were carried out at pH 6.0.

3.4. Adsorption kinetics

The contact time (t) between the contaminant (ARD) and 
the adsorbent (M-Fe LDH) is considered an important fac-
tor in the adsorption process. The effect of contact time on 
the separation efficiency of M-Fe LDH for 20 mg/L ARD at 
room temperature could be shown in Fig. 6. At the begin-
ning of contact time, the rate of ARD adsorption increased 
rapidly, this may be attributed to the availability of large 
numbers of active adsorption sites at the adsorbent surface. 
After a time, the adsorption rate of ARD reached an equi-
librium state because the available number of adsorption 
active sites was lowered. As time progressed, the adsorp-
tion process was limited to the rate of ARD transferred from 
the outer to the inner surface sites of the adsorbents until 
the full occupation of all available active sites [34,35]. The 
obtained results confirmed that Mg-Fe LDH had a much 
higher adsorption capacity for ARD than that obtained 
from Zn-Fe LDH. In this study, [Eq. (2)] the pseudo-second- 
order equation was applied to interpret the adsorption 
kinetics of ARD on the surface of M-Fe LDH adsorbents 
[36]. The relation between the adsorption capacities vs. time 
is represented in Fig. 7. Moreover, the other correspond-
ing kinetic parameters are listed in Table 1. The obtained 
values of R2 (>0.999) investigated that the adsorption rate 
of M-Fe LDH for ARD was best fitted with the model of 
pseudo-second-order. The equilibrium adsorption capac-
ity values achieved in the experiments were in agreement 
with the calculated pseudo-second-order kinetic values. 
These results were matched with [37,38].

t
q kq

t
qt e e

� �
1
2  (2)

where k is the constant of adsorption rate (g/mg·min), 
qt (mg/g), qe (mg/g), and t (min) is time are the adsorption 
capacities at equilibrium at the time t.

3.5. Adsorption isotherms

The main target of the work is to investigate the max-
imum adsorption capacity of M (Mg and Zn)-Fe LDH 
adsorbents for the separation of ARD from wastewater. 
The adsorption isotherms can be predicted via the two-pa-
rameter adsorption isotherms of Langmuir and Freundlich 
that are usually applied to fit the adsorption capacities 
of given materials [39]. Where Langmuir isotherm was 
mostly applied for the description of the monolayer surface 
homogeneous adsorption as represented in the following  
equation:

C
q

C
q K q

e

e

e

m L m

� �
1  (3)

where Ce is the concentration of ARD after adsorption equi-
librium, qe is the capacity of adsorption equilibrium, KL is 
the adsorption constant and qm is the maximum adsorption 
capacity.

Whereas Freundlich isotherm was applied to describe 
the adsorption on heterogeneous surfaces according to the 
following equation:

log log logq
n

C Ke e f� �
1  (4)

where n is the adsorption constant and Kf is the Freundlich 
constant.

 
Fig. 6. Effect of contact time on the removal of ARD.

 

Fig. 7. Pseudo-second-order plot representing the removal 
of ARD.

Table 1
Parameters of the pseudo-second-order kinetic models

Adsorbents Concentration 
of ARD (mg/L)

k qe
cal 

(mg/g)
qe

exp 
(mg/g)

R2

Mg-Fe LDH 20 0.265 4.1031 4.012 0.99993
Zn-Fe LDH 20 0.901 2.823 3.172 0.99998
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The parameters of both Langmuir and Freundlich 
adsorption isotherms are shown in Table 2. The linear 
plots of such adsorption isotherms were represented in 
Fig. 8a and b as well. The obtained results showed that the 
Langmuir adsorption isotherm correlation coefficient and 
R2 were higher than those obtained from the Freundlich 
model, which proved the Langmuir adsorption isotherms 
were more favorable to interpreting the adsorption pro-
cess of ARD by using M-Fe LDH adsorbent. As a result, the 
Langmuir adsorption isotherms referred to the uniformity 
and homogeneous distribution of the active sites on the 
adsorbent surface and consequently, the adsorption process 
was monolayer adsorption [40–42]. By comparing the qm 
values for ARD of Mg-Fe LDH and Zn-Fe LDH adsorbents 
we obtained that Mg-Fe LDH had a significantly higher 
adsorption capacity of 72.362 mg/g than that obtained from 
Zn-Fe LDH of (33. 753). These results indicated that Mg-Fe 
LDH was a better adsorbent than Zn-Fe LDH for ARD.

4. Conclusions

In this work, the M (Mg and Zn)-Fe, layered double 
hydroxides were prepared using the co-precipitation method 
as efficient adsorbents for the separation of ARD. The ratio 
of M (Mg and Zn):Fe was 4:1 as an optimal molar ratio 
for the enhanced separation of ARD. The obtained results 
investigated the effective dose of M-Fe LDH (2.1 g/L) for the 
separation of ARD (20 mg/L) was the best at pH 6.0. The 
kinetic study applied for the adsorption separation of ARD 
on M-Fe LDH is represented by the pseudo-second-order 

kinetic model. The achieved results of both adsorbents of 
M-Fe LDH proved that a Langmuir adsorption isotherm 
was best fitted. Where the maximum adsorption capacities 
(qm) of both adsorbents Mg-Fe LDH and Zn-Fe LDH were 
72.4 and 33.8 mg/g, respectively. These results indicated 
that Mg-Fe LDH could be considered a promising and 
effective adsorbent material for ARD-enhanced separation 
from aqueous liquids.

Data availability

The datasets used and/or analyzed during the current 
study are available from the corresponding author on rea-
sonable request.
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