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a b s t r a c t
In this study, calcined Ca-Al layered double hydroxides (CaAl-CLDHs) are synthesized from 
eggshells by adopting a facile and effective wet chemistry method, followed by calcination. 
A series of analysis methods such as X-ray diffraction, infrared, transmission electron micros-
copy are used for the detection of CaAl-CLDHs. The results show that the CaAl-CLDHs have 
the physical and chemical characteristics of layered double hydroxides. The CaAl-CLDHs were 
used to study the effect of the removal of Congo red. The influencing factors for Congo red 
removal, including dosage of CaAl-CLDHs and concentration of Congo red have been investi-
gated, respectively. The better fit of the Langmuir model can be seen from the calculated data, by 
which the saturation adsorption capacity of the material for Congo red is derived as 840.3 mg/g. 
The pseudo-first- order, pseudo-second-order kinetic models were used to fit the experimental 
results. The pseudo- second-order kinetic model gives a satisfactory fit to all of the experimental data.
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1. Introduction

The absorption of dyes, by-product of textile and food 
industries, into water reservoirs is becoming a serious issue 
worldwide. The annual dye consumption is more than 
10,000 and 100 tons of dyes are discharged into the water 
every year [1]. Water-containing dyes are hazardous for 
human health, and it threatens the environment as well. 
Therefore, the removal of dyes from water is of significant 
environmental importance [2]. Various techniques, such 
as electrocoagulation [3], flotation [4], chemical oxidation 
[5], filtration [6], membrane separation [7], photocatalytic 
[8,9], and adsorption [1], have been developed for remov-
ing dyes from wastewater. Among these methods, adsorp-
tion is an efficient, versatile, and convenient method. 
Variety of adsorption materials such as carbon material 

[10], molecular sieve [11], production waste [12], clay [13], 
polymer [14], and layered double hydroxide [15,16] has 
been investigated for adsorption of dyes from the aqueous 
solution [17,18]. 

Recently, the use of solid wastes instead of traditional 
adsorption materials to treat various kinds of wastewa-
ters is more concerned [19–22]. Some biomass wastes can 
be used to prepare activated carbon, which can be used to 
remove pollutants. For example, Mittal et al. [23–26] pre-
pared activated carbon materials from recycled wastes 
such as papaya peel and Curcuma and studied their abil-
ity to remove pollutants. However, the adsorption capac-
ities of solid wastes are lower than traditional adsorption 
materials. To enhance the application value of solid wastes, 
many researchers focused on synthesizing a variety of 
effective adsorbents using solid wastes, such as industrial 
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wastes and agricultural by-products, as precursors [27–29]. 
A lot of studies have established that the usage of nature-
friendly solid wastes for water pollution control is an 
attractive and promising option with a double benefit for 
water treatment and waste management. 

Layered double hydroxide (LDH) is a kind of func-
tional material and has attracted wide attention because of 
its potential applications as adsorbents [30]. For instance, 
magnetic layered double hydroxide is used to remove 
dyes from aqueous solutions by Shan et al. [16]. Ahmed 
and Gasser [31] have synthesized of MgFe layered double 
hydroxides for removal of anionic reactive from wastewa-
ter, the results have shown, the saturated adsorption capac-
ity of MgFe layered double hydroxides for Congo red was 
105 mg/g. However, little research has been reported for 
the synthesis of layered double hydroxide from solid waste 
until now. Up to date, this material has been successfully 
synthesized from eggshells by ultrasound synthesis [32]. 

In this work, we reported the preparation of CaAl lay-
ered double hydroxides from eggshells by a facile wet 
chemistry method at room temperature. Congo red is found 
in printing, textile, and industrial wastewater and can be 
harmful to the human respiratory, digestive, and nervous 
systems. In this paper, it is used as a typical dye for adsorp-
tion [33]. The resulting products have excellent adsorption 
capability for removing Congo red. The influence of differ-
ent experimental parameters, including CR concentration, 
the mass of CaAl-CLDHs, pH, and contact time, are deter-
mined to optimize the adsorption efficiency of CaAl-CLDHs 
to remove CR. Adsorption isotherms have been analyzed 
by Langmuir and Freundlich to clarify the adsorption  
process.

2. Materials and Preparation

2.1. Synthesis of Calcined Ca-LDHs

First, the collected eggshells were placed in a muffle 
furnace and calcined at 920° for 2 h. After that, 5 g of the 
above-calcined product was taken and dispersed into 50 mL 
of distilled water. The dispersion was stirred at room tem-
perature and 50 mL of aluminum nitrate solution of a certain 
concentration was added to the above solution. The molar 
ratio of calcium to aluminum in the above-mixed solution 
is 4 to 1. After the reaction was continued for 2 h at room 
temperature, the precipitate was separated, washed, dried, 
and labeled as Ca-LDHs. CaAl-CLDHs were obtained 
by calcining Ca-LDHs at 450°C for 120 min.

2.2. Removal of Congo red

To multiple 150 mL conical flasks, 50 mL of Congo red 
solution was added, followed by the specified mass of the 
CaAl-CLDHs. These conical flasks were placed in a ther-
mostatic shaker and run at 100 rpm under the specified 
conditions. The supernatant and adsorbent were separated 
at the end of the reaction and the concentration of Congo 
red in the supernatant was determined. The amount of the 
Congo red loading (mg) per unit mass of CaAl-CLDHs, qe, 
and the % removal of Congo red were obtained by Eqs. (S1) 
and (S2), respectively.

2.3. Characterizations

The characterizations were seen in Supplementary 
Material.

3. Results and discussion

3.1. Characterization

The structure of the samples was investigated by XRD 
(seen in Fig. 1). The XRD patterns of the Ca-LDHs exhib-
ited typical layered double hydroxides compounds, seen 
in Fig. 1a. All the peaks can be indexed according to the 
structures of layered double hydroxides [34, 35]. The CaCO3 
phase is observed at 2θ of 29.4° for all samples due to the 
dissolution of CO2 and reaction with Ca2+. Based on the 
results, it can be calculated that the basal spacing of the 
(003) plane in this work is 8.60 Å. This value is close to 
those reported in the literature for intercalation of NO3

– 
ions in LDHs. For Ca-LDHs calcined at 500°C for 2 h, the 
diffraction peaks showed that LDHs structure is degen-
erated and converted to an amorphous material showed 
in Fig. 1b. After the removal of Congo red, the diffrac-
tion peaks of LDHs are recovered, which is known as the 
“memory effect”, with slight shifts toward the high-angle 
side observed in Fig. 1c. It indicates that the basal spacing of 
CaAl-CLDHs after removal of Congo red (7.60 Å), which is 
lower than that of Ca-LDHs, is similar to the report for LDHs 
interlayered of OH– due to the intercalation of OH– ions in  
CaAl-CLDHs [15,36]. The morphological features of the 
Ca-LDHs are shown in Fig. 2. The as-prepared Ca-LDHs 
have a plate-like morphology with a size of 2–5 μm, and 
the smooth surface with sharp edges indicated the incom-
plete crystal growth process. IR spectra of the CaAl-LDHs, 
Congo red, and CaAl-CLDHs after adsorption are seen in 
Fig. 3. A broadband at 3,450 cm–1 and its angular deforma-
tion at 1,623 cm–1 appear in all spectra, which are attributed 
to the stretching vibration of the interlayered water and the 
OH groups. The sharp band with a peak central at 1,385 cm–1 
is observed due to the stretching vibrations of nitrate  
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Fig. 1. Power XRD patterns of as-prepared CaAl-LDH (a),  
CaAl-CLDHs (b) and CaAl-CLDHs after removal of Congo red (c).
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intercalated in the Ca-LDHs. In addition, because of the 
stretching vibration of CO3

2– in CaCO3, overlapping bands 
around 1,400 and 880 cm–1 are observed, consistent with 
the XRD pattern of CaCO3 peak appear at 2θ of 29.4°. The 
vibrations of Me–O or Me–OH (Me = Calcium, Aluminum) 

occur less than 800 cm–1. For the CR, the broad bands at 3,450 
and 1,584 cm–1 are assigned to N–H and –N=N– stretching 
vibration, respectively. And, the bands at 1,060, 1,180 and 
1,220 cm–1 are due to stretching of SO3

2–. After adsorption 
of CR onto CaAl-CLDHs, the new bands were appeared in 
the range of 900–1,300 cm–1, which can be associated with 
the characteristic absorption of CR, surmising the CR has 
been adsorbed onto the surface of CaAl-CLDHs. Notably, 
the shift of peaks for the sulfonate group shift to higher 
wavenumbers in the FTIR of CaAl-CLDHs after adsorption 
further confirms the electrostatic interaction between the 
Congo red and the surface of CaAl-CLDHs [16,31,37]. The 
thermal behavior of Ca-LDHs was investigated by TG-DTA. 
The Ca-LDHs exhibit mass losses in the temperature range 
100°C–600°C can be seen in Fig. 4. Three regions of mass 
losses appear during this procedure. The first region rise 
to 140°C (DTA peak at 84°C) is due to the loss of adsorbed 
H2O. The second region in the temperature range between 
140°C and 400°C (DTA peak at 273°C) is due to the loss of 
the interlayer water and the hydroxyl group from brucite 
layers. The third region in the temperature ranges higher 
than 400°C is because of the loss of interlayer anions 
[38,39]. The nitrogen adsorption–desorption isotherms of 
as-prepared CaAl-LDH, CaAl-CLDHs, and CaAl-CLDHs 
after adsorption are investigated (seen in Fig. 5). All 
the products exhibit IV(a) isotherm and an H3(a)-type 
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Fig. 2. TEM (a, b) and SEM (c, d) images of as-prepared CaAl-LDH.
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Fig. 3. FT-IR patterns of as-prepared CaAl-LDH (a), Congo red 
(b) and CaAl-CLDHs after removal of Congo red (c).
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hysteresis loop (P/P0 = 0.4–0.99) according to the classifi-
cation of IUPAC 2015, which are typical for mesoporous 
materials. The Ca-LDHs induce a specific surface area 
of 11.3 m2/g. After calcination, the CaAl-CLDHs have a 
high specific surface area of 49.9 m2/g due to the forma-
tion of pores by the expulsion of gas. After removing 
Congo red, the surface area decreased to about 5.7 m2/g by 
recovering the original layered structure (seen in Table 1).

3.2. Effect of pH

The pH value is an indicator to characterize the adsorp-
tion performance. As shown in Fig. S1, the removal rate 
of Congo red was greater than 97% when the pH value of 

the solution was in the range of 6–9. The difference in the 
removal rate of Congo red in this range is not significant. 
Above or below this range has a negative effect on the 
removal rate of Congo red. It can be seen that the CaAl-
CLDHs have a good removal effect on Congo red in this 
pH range. Therefore, the pH of the Congo red solution was 
not adjusted in the follow-up experiments.

3.2.1. Adsorbent dosage

The effect of the mass of CaAl-CLDHs on the Congo 
red removal was studied (Fig. 6). It can be seen from the 
graph that the removal rate of Congo red increases with 
the increase of CaAl-CLDHs mass. When the mass of CaAl-
CLDHs is 0.05 g, the removal rate of Congo red approaches 
equilibrium (≥99%). This adsorbent dosage was also 
used in subsequent experiments.

3.2.2. Adsorption isotherms

The adsorption isotherms of Congo red on CaAl-
CLDHs are shown in Fig. 7. And, the Langmuir isotherms 
(Eq. (4) in Supporting Information) and the Freundlich 
isotherms (Eq. (5) in Supporting Information) have been 
used to analyze the adsorption data. The adsorption iso-
therms are shown in Figs. 8 and 9. It was observed that the 
correlation coefficient for the Langmuir isotherm model 
(R2 = 0.99) was higher compared to those for Freundlich 
(R2 = 0.72) (Table 2). Therefore, Langmuir isotherm yielded 
a better fit to the experimental data with regard to Congo 
red adsorption on CaAl-CLDHs, which is consistent with 
the results of the nonlinear fit [40,41]. These facts suggest 
that Congo red was adsorbed in the form of monolayer 

100 200 300 400 500 600 700
60

70

80

90

100

W
ei

gh
t l

os
s/

%

DS
C 

m
W

 m
g

Temperature O C

-10

-5

0

5

10

273 OC

83 OC

Fig. 4. TG-DTA curves of as-prepared Ca-LDHs.
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coverage on the surface of the adsorbent. The maximum 
adsorption capacity of the CaAl-CLDHs for CR can be cal-
culated from the Langmuir isotherm to be 840.3 mg/g. The 
values of maximum adsorption capacity (q0) and Langmuir 

constant (b) were evaluated from the intercept and slope 
of the Langmuir plots and given in Table 2. And, the val-
ues of Kf and n were obtained from the slope and inter-
cept of the linear Freundlich plots and listed in Table 2. 
The calculated n lies in the range between 0.1 and 1, denot-
ing favorable adsorption of Congo red onto the synthetic  
CaAl-CLDHs [42]. 

3.2.3. Adsorption thermodynamics

The adsorption studies were carried out at different 
temperatures 298, 308, and 318 K. The adsorption standard 
free energy (ΔG°) was calculated from Eqs. (5)–(7) (Seen in 
Supporting Information) ΔH° and ΔS° are calculated from 
van’t Hoff’s equation and represented in Table 3, from the 
slope and intercept of the linear plot of lnK vs. 1/T (Fig. 10). 
The standard enthalpy of adsorption ΔH°= 14.95 kJ/mol 
indicated an endothermic process. The negative standard 

Table 1
Specific surface areas and pore parameters of different samples

Sample Ca-LDHs CaAl-CLDHs CaAl-CLDHs after 
removal of CR

SBET (m2/g)a 11.3 49.9 5.7
VP (cm3/g)b 0.034 0.116 0.017
dP (nm)b 2.77 2.76 2.77

aPerformed by the multipoint BET method;
bCumulative desorption pore volume and average pore diameter 
performed by the BJH method.
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free energy (ΔG°) and the positive standard entropy (ΔS°) 
indicate that the adsorption reaction is a spontaneous 
process and more favorable at higher temperatures [43,44].

3.3. Effect of adsorption time

At the conditions of 0.05 g CaAl-CLDHs, pH 7.0 and 
100~1,000 mg L−1 Congo red, the time dependence of 
Congo red adsorption experiments are shown in Fig. 11. 
The result showed that the adsorption capacity of Congo 
red onto CaAl-CLDHs increases with the increase in 
adsorption time and reaches adsorption equilibrium 
within 2 h when the initial concentration of Congo red 
is 1,000 mg L−1. And less time has been used to meet the 
adsorption equilibrium when the initial concentration of 
Congo red is lower than 1,000 mg L−1. After 2 h, the change 
in adsorption capacity is not obvious. 

3.3.1. Adsorption kinetics

To examine the diffusion mechanism, the experimental 
data are fitted to the pseudo-first-order (PFO) kinetic model 
and the pseudo-second-order (PSO) kinetic model, which 
is defined as Eqs. (8) and (9), respectively (Supporting 
Information). The result showed that the PSO kinetic model 
gives a satisfactory fit to all of the experimental data. 
The linear plots of Congo red adsorption kinetics to the 
PSO kinetic model and the calculated kinetic parameters 
are given in Figs. 12, 13 and Table 4, respectively. Based 
on R2 > 0.9999, the adsorption kinetics is consistent with 
the PSO kinetic model. According to the hypothesis of 
this model, the adsorption of Congo red by CaAl-CLDHs 
is chemisorption. This result is corroborated by the non-
linear fit. Electrostatic attraction and surface complexation 
are the two possible chemisorption mechanisms [45–47].

3.4. Effect of coexisting ions

As real-world wastewater is a multi-component 
system containing various organic and inorganic pol-
lutants, it is important to study the effect of various 

coexisting ions on the adsorption property. In this exper-
iment, potassium salt was added as a coexisting anion, 
nitrate was added as a coexisting cation, and methylene 
blue was also added as a comparison. The concentra-
tions of all the coexisting ions in solution were kept at 
1 mmol/L. As shown in Fig. S2, the presence of cations has 
essentially no effect on the adsorption efficiency, and the 
presence of phosphate and carbonate causes some effect 
on the adsorption efficiency, which may be due to com-
petitive adsorption. In addition, the presence of methylene 
blue also affected the adsorption effect.

3.5. Recyclability

The efficiency of recycling is an important parame-
ter for adsorbents. In this study, the used CaAl-CLDH 
was calcined at 500°C and then used for adsorption of CR 
again. The results are shown in Fig. S3. It can be seen that 
the adsorption capacity of the adsorbent decreases more 

Table 2
Isotherm parameters for adsorption of Congo red on 
CaAl-CLDHs

Freundlich Langmuir

kF n R2 qe (mg/g) b (L/mg) R2

224.84 0.2644 0.72 840.3 0.02644 0.999

Table 3
Thermodynamic parameters for adsorption of Congo red on 
CaAl-CLDHs

Temp. (°C) ΔG° (kJ/mol) ΔH° (kJ/mol) ΔS° (J/mol/K)

25 –3.7793
14.95 62.8535 –4.4078

45 –5.0363

0.00315 0.00320 0.00325 0.00330 0.00335
1.5

1.6

1.7

1.8

1.9

 

 

Ln
 K

d

1/T (1/K)
 

Fig. 10. Van’t Hoff plot for removal of Congo red by CaAl-CLDHs.
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significantly after the first recycling. The adsorption capac-
ity of the adsorbent was slightly reduced for the subsequent 
cycles. Overall this adsorbent has a certain recycling capacity.

3.6. Comparison with other adsorbents

Table 5 depicts the adsorption capacities of different 
adsorbents for CR. It can be seen that the adsorption capac-
ity of this material for CR is lower than that of hierarchical 
LDH synthesized by complex methods. However, it has 
advantages over other materials [48–52]. This indicates that 
this material has the prospect of practical application for dye 
removal in water.

4. Conclusion

Adsorbent CaAl-CLDHs are prepared by the wet 
chemistry method using eggshells as raw materials.  

The CaAl-CLDHs have excellent adsorption capac-
ity for CR. Experimental data analysis indicates that the 
Langmuir adsorption isotherm indicates the adsorption 
of Congo red onto CaAl-CLDHs. The adsorption kinetic 
data indicate that the pseudo-second-order model is more 
appropriate for this result. The negative value of ΔG° at 
different temperatures indicates spontaneity and the pos-
itive value of ΔH° shows the endothermic nature of CR 
adsorption. The prepared CaAl-CLDHs have been demon-
strated to be effective for removing CR with an equilibrium 
time of 2 h and optimal adsorption capacity of 840.3 mg/g.
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Supplementry information

S1. Characterizations

X-ray diffraction measurements used to character-
ize the crystalline phase were carried out on a Bruker D8 
advance diffractometer, Fourier-transform infrared (FTIR) 
spectra were collected on a VERTEX80 spectrophotom-
eter in the wavenumber range 400–4,000 cm–1. Thermal 
analysis was performed by TG-DTA (EXSTAR 6300) under 
N2. The Brunauer–Emmett–Teller (BET) specific surface 
areas of the products were analyzed by nitrogen adsorp-
tion in a NOVA 2000e nitrogen adsorption apparatus. 
All the products were degassed at 100°C prior to nitrogen 
adsorption measurements. The concentration of the Congo 
red was analyzed with a Cary4000 spectrophotometer, 
measuring the absorbance at λmax = 488 nm.

S2. Formula

The amount of the Congo red loading (mg) per unit mass 
of CLDHs, qe, and the % removal of Congo red were obtained 
by Eqs. (1) and (2), respectively:

q C C V
me e= −( )0  (S1)

Removal %( ) = ×
−

100 0

0

C C
C

e  (S2)

where C0 and Ce are initial and equilibrium concentrations 
in mg/L, m is the mass of adsorbent in grams, and V is the 
volume of solution in liters.

The adsorption isotherms thus obtained are depicted in 
Figs. 8 and 9. 

The Langmuir and Freundlich equation has the form:

1 1 1

0 0q q bC qe e

= +  (S3)

log log logq K n Ce f e= +  (S4)

where Ce is the equilibrium concentration in the solu-
tion (mg/L), qe is the amount adsorbed on the adsorbent at 

equilibrium (mg/g), q0 is the maximum adsorption capac-
ity (mg/g), b is a constant related to the adsorption energy 
(L/mg), Kf is the Freundlich adsorption constant (mg/g) 
(L/mg)n, and n is the adsorption intensity parameter.

The adsorption studies were carried out at different 
temperatures 298, 308, and 318 K. The adsorption standard 
free energy (ΔG°) was calculated from

K
q
C
e

e

=  (S5)

lnK S
R

H
RT

=
°

−
°∆ ∆  (S6)

∆ ∆ ∆G H T S° = ° − °  (S7)

 

Fig. S1. Effect of solution pH on adsorption of Congo red by 
CaAl-CLDHs. (Adsorption dosage 0.05 g, C0 = 500 mg/L, reaction 
time 2 h, T = 25°C and pH = 4–12).

 
Fig. S2. Effect of the major cations and anions on adsorption.
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where K is the Langmuir equilibrium constant; R is the 
gas constant (8.314 J/mol K) and T is the temperature in K. 
ΔH° and ΔS° are calculated from the van’t Hoff’s equation 
and represented in Table 3, from the slope and intercept of 
the linear plot of lnK vs. 1/T.

In order to examine the diffusion mechanism involved 
during the adsorption process, various kinetic mod-
els were tested. Initially, the adsorption data are fitted to 
pseudo-first-order kinetic model, which is defined as:

ln q q q k te t e−( ) = −ln 1  (S8)

where qe and qt are the amount of Congo red adsorbed 
(mg/g) at equilibrium and at time t (min), respectively, 
and k1 (min–1) is the pseudo-first-order rate constant. 
Values of k1 are calculated from the plots of ln(qe – qt) vs. t 
(Fig. 12) for the adsorbent samples. The R2 values obtained 
are relatively small and the experimental qe values do 
not agree with the values calculated from the linear plots. 

Secondly, the pseudo-second-order kinetic model is 
expressed as the following:

t
q k q

t
qt e e

= +
1

2
2  (S9)

where qe and qt are the amount of Congo red adsorbed on 
adsorbent (mg/g) at equilibrium and at time t (h), respec-
tively, and k2 is the pseudo-second-order rate constant (g/
mg h). Based on the experimental data of qt and t, the 
equilibrium adsorption capacity (qe) and the pseudo- 
second-order rate constant (k2) can be determined from the 
slope and intercept of a plot of t/qe vs. t.

 
Fig. S3. Recyclability of CaAl-CLDHs for the CR adsorption.
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