
Open Journal of Physical Chemistry, 2015, 5, 56-70 
Published Online August 2015 in SciRes. http://www.scirp.org/journal/ojpc 
http://dx.doi.org/10.4236/ojpc.2015.53007  

How to cite this paper: Ayawei, N., Angaye, S.S., Wankasi, D. and Dikio, E.D. (2015) Synthesis, Characterization and Applica-
tion of Mg/Al Layered Double Hydroxide for the Degradation of Congo Red in Aqueous Solution. Open Journal of Physical 
Chemistry, 5, 56-70. http://dx.doi.org/10.4236/ojpc.2015.53007  

 
 

Synthesis, Characterization and Application 
of Mg/Al Layered Double Hydroxide for  
the Degradation of Congo Red in  
Aqueous Solution 
Nimibofa Ayawei1*, Seimokumo Samuel Angaye1, Donbebe Wankasi1,2,  
Ezekiel Dixon Dikio1,2 
1Department of Chemical Sciences, Niger Delta University, Wilberforce Island, Nigeria  
2Applied Chemistry and Nanoscience Laboratory, Department of Chemistry, Vaal University of Technology, 
Vanderbijlpark, South Africa 
Email: *ayawei4acad@gmail.com  

 
Received 6 June 2015; accepted 25 July 2015; published 28 July 2015 

 
Copyright © 2015 by authors and Scientific Research Publishing Inc. 
This work is licensed under the Creative Commons Attribution International License (CC BY). 
http://creativecommons.org/licenses/by/4.0/ 

    
 

 
 

Abstract 
The adsorption properties of layered double hydroxide (Mg/Al-CO3) for the removal of Congo Red 
(CR) dye from aqueous solution were studied. The layered double hydroxide was synthesized by 
co-precipitation method and characterized by X-ray diffraction (XRD), Fourier Transform Infrared 
spectroscopic (FTIR) and Energy-Dispersive X-ray Spectroscopic (EDX). The effects of various ex-
perimental parameters such as contact time, dye concentrations and temperature variation were 
investigated. The results show that the amount of Congo Red adsorbed increases with increase in 
temperature but decreases with increase in initial dye concentration and contact time. The data 
were also fitted to several kinetic models: zero-order kinetic model, first-order kinetic model, 
second-order kinetic model, pseudo-second-order kinetic model and third-order kinetic model 
respectively. The adsorption process was best defined by zero-order-kinetic model (R2 = 1). 
Langmuir, Freundich, Temkin and Dubinin-kaganer-Radushkevich (DPK) adsorption isotherm 
models were applied to analyze adsorption data with Temkin isotherm being the most applicable 
to the adsorption process. Thermodynamic parameters e.g. ∆Go, ∆So, ∆Ho and ∆Hx of the adsorption 
process were found to be endothermic, spontaneous and feasible. 
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1. Introduction 
The wastewater disposed by textile industries is causing major hazards to the environment and drinking water 
due to presence of a large number of contaminants like acids, bases, toxic organic, inorganic, dissolved solids 
and colour [1]. The presence of such compounds in the industrial wastewater may create serious environmental 
problems due to toxicity to aquatic life and mutagenicity to humans. In spite of resistance to biodegradation un-
der aerobic conditions, dyes (in particular azo dyes) undergo reductive splitting of the azo bond relatively easily 
under anaerobic conditions releasing corresponding aromatic amines [2]-[4]. Congo Red is investigated as a mu- 
tagen and reproductive effector. It is a skin, eye, and gastrointestinal irritant. It may affect blood factors such as 
clotting, and induce somnolence and respiratory problems [5]. Therefore, an increased interest has been focused 
on removing of such dyes from the wastewater. Various physical, chemical and biological methods, including 
adsorption, biosorption, ozonation, coagulation/flocculation, advanced oxidation, membrane filtration and liquid- 
liquid extraction have been widely used for the treatment of dye-bearing wastewater [6]-[9]. Adsorption is a 
very effective separation technique and now it is considered to be superior to other techniques for water treat- 
ment in terms of initial cost, simplicity of design, ease of operation and insensitive to toxic substances [10]-[13]. 

Layered double hydroxides also known as hydrotalcite-like compounds or anionic clays, have received much 
attention in the past decades due to their wide spread applicability. LDHs have positively charged layers of met-
al hydroxides and the anions and water molecules are located between the layers. The positive charges that are 
produce from the isomorphous substitution of divalent cations and trivalent cations, are counter balanced by  
anions located between the layers [14]. LDHs have a general formula of ( )2 3

1 22M M OH A H On
x x x n m+ + −

−   ⋅    ,  

where M2+ and M3+ are divalent and trivalent metal cations, respectively; A is the anions, and x is ratio M3+/(M2+ 
+ M3+) [15]. The anions between the layers can be polymers, organic dyes, surfactants and organic acids [16]. 
Layered double hydroxides (LDHs) have in the past three decades received considerable attention due to their 
flexible interlayer region. A variety of layered materials have been synthesized by different methods and LDHs 
have widespread applications as catalysts or catalyst precursors [17], adsorbents [18] [19], anionic exchangers 
[15], in biochemistry [20], polymer additives [21] and as hybrid pigments [22]. This study aims to replicate hy-
drotalcites which are clays in a laboratory condition for the degradation of Congo Red in aqueous solution. 

2. Experimental  
2.1. Synthesis of Mg/Al-CO3  
Carbonate form of Mg-Al LDH was synthesized by co-precipitation method. A 50 ml aqueous solution contain-
ing 0.3 M Mg(NO3)2⋅6H2O and 0.1 M Al(NO3)3⋅9H2O with Mg/Al ratios 4:1, was added drop wise into a 50 ml 
mixed solution of NaOH (2 M) + Na2CO3 (1 M) with vigorous stirring and maintaining a pH of greater than 10 
at room temperature. After complete addition which last between 2 hours 30 minutes to 3 hours, the slurry 
formed was aged at 60˚C for 18 hours. The products were centrifuged at 5000 rpm for 5 minutes, with distilled 
water 3 - 4 times and dried by freeze drying.  

2.2. Characterization of Layered Double Hydroxide 
X-ray diffraction (XRD) pattern of the sample was characterized by using a Shimadzu XRD-6000 diffractometer, 
with Ni-filtered Cu-Kα radiation (λ = 1.54 Å) at 40 kV and 200 mA. Solid samples were mounted on alumina 
sample holder and basal spacing (d-spacing) was determined via powder technique. Samples scan were carried 
out at 10˚ - 60˚, 2θ/min at 0.003˚ steps.  

FTIR spectrum was obtained using a Perkin Elmer 1725X spectrometer where samples will be were finely 
ground and mixed with KBr and pressed into a disc. Spectrums of samples were scanned at 2 cm−1 resolution 
between 400 and 4000 cm−1.  

FESEM/EDX was obtained using Carl Zeiss SMT supra 40 VPFESEM Germany and inca penta FET ×3 EDX, 
Oxford. It was operated at extra high tension (HT) at 5.0 kV and magnification at 20000×. FESEM uses electron 
to produce images (morphology) of samples and was attached with EDX for qualitative elemental analysis. 

2.3. Preparation of Congo Red Solution  
Congo Red (Figure 1) was supplied by Merck (Mumbai, India). A stock solution of CR dye was prepare  
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Figure 1. Molecular formula of Congo Red.               

 
(100 mg/L) by dissolving a required amount of dye powder in deionized water. The stock solution was diluted 
with deionized water to obtain the desired concentrations of 20, 30 and 40 mg/L. The supernatants were ana-
lyzed using a UV-vis spectrophotometer (Shimadzu, Kyoto, Japan) at wavelength of 497 nm. 

2.4. Adsorption Isotherm Studies  
The quantity of Congo Red removed by the layerd double hydroxide in aqueous solution and the percentage 
were calculated using Equations (1) and (2) below:  

init eql
eql

C C
q

m
−

=                                       (1) 

% 100init eql

eql

C C
R

C
−

= ×                                     (2) 

where Cinit and Ceql are, respectively, the initial and equilibrium concentrations of dye in solution (mmol/l) and 
m is the layered double hydroxide dosage (g/l).  

The data for the uptake of Congo Red at different temperatures has been processed in accordance with the li-
nearised form of the Freundlich and Langmuir isotherm equations.  

The Langmuir model linearization (a plot of 1/qeql vs 1/Ceql) was expected to give a straight line with intercept 
of 1/qmax:  

1 1 1

eql l mas eql eqlq K q C q
= +                                    (3) 

The essential characteristics of the Langmuir isotherm were expressed in terms of a dimensionless separation 
factor or equilibrium parameter Sf.  

1
1f

o

S
aC

=
+

                                       (4) 

With Co as initial concentration of Congo Red in solution, the magnitude of the parameter Sf provides a meas-
ure of the type of adsorption isotherm. If Sf > 1.0, the isotherm is unfavourable; Sf = 1.0 (linear); 0< Sf < 1.0 (fa-
vourable) and Sf = 0 (irreversible). 

For the Freundlich isotherm the In-In version was used:  

1
eql f eqlInq InK InC

n
= +                                   (5) 

The DKR isotherm is reported to be more general than the Langmuir and Freundlich isotherms. It helps to 
determine the apparent energy of adsorption. The characteristic porosity of adsorbent toward the adsorbate and 
does not assume a homogenous surface or constant sorption potential [23].  

The Dubinin-Kaganer-Radushkevich (DKR) model has the linear form 
2

e mInq InX βε= −                                   (6) 

where Xm is the maximum sorption capacity, β is the activity coefficient related to mean sorption energy, and ε is 
the Polanyi potential, which is equal to  

H N2

N
N

N
N

NH2

SO Na3

NaO S3
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11
e

RTIn
C

ε
 

= + 
 

                                  (7) 

where R is the gas constant (kJ/kmol). The slope of the plot of Inqe versus ε2 gives β (mol2/J2) and the intercept 
yields the sorption capacity, Xm (mg/g). The values of β and Xm, as a function of temperature are listed in Table 
1 with their corresponding value of the correlation coefficient, R2. It can be observed that the values of β in-
crease as temperature increases while the values of Xm decrease with increasing temperature.  

The values of the adsorption energy, E, was obtained from the relationship [24]  

( ) 1 22E β −=                                       (8) 

The Temkins isotherm model was also applied to the experimental data, unlike the Langmuir and Freundlich 
isotherm models, this isotherm takes into account the interactions between adsorbents and dye to be adsorbed 
and is based on the adsorption that the free energy of adsorption is simply a function of surface coverage [25]. 
The linear form of the Temkins isotherm model equation is given in (9).  

ln lne eq B A B C= +                                   (9)  

where B = [RT/bT] in (J/mol) corresponding to the heat of adsorption, R is the ideal gas constant, T (K) is the 
absolute temperature, bT is the Temkins isotherm constant and A (L/g) is the equilibrium binding constant cor-
responding to the maximum binding energy. 

Kinetic Studies 
The experimental data were further subjected to certain kinetic parameters. 

Zero-order kinetic model,  

t o oq q K t= +                                      (10) 

First-Order Kinetic model, 

1t oInq Inq K t= +                                    (11) 

Second-Order Kinetic model, 

2
t o

I I K t
q q

= +                                     (12) 

Third-order kinetic model 

32 2

1 1

t o

K t
q q

= +                                     (13) 

Pseudo-second order model 

1 1

t o e

t
q h q t

= +                                     (14) 

where qo (mg/g) and qt (mg/g) are the adsorbed amounts of CR at equilibrium and time t(min); Ko, K1, K2 and K3 
are the adsorption rate constants for the kinetic models. 

2.5. Thermodynamic Studies 
The thermodynamic parameters such as change in free energy ∆Go, enthalpy change ∆Ho and entropy change 
∆So were determined by using the following equations: 

o
dG RTInK= −                                    (15) 

* * *G H T S∆ = ∆ − ∆                                  (16) 
where Kd equals the ratio of Csolid and Cliquid. Csolid is the equilibrium concentration of adsorbate on the adsorbent 
(mg/L), Cliquid is the equilibrium concentration of adsorbate in solution (mg/L), T is temperature (K) and R is the 
ideal gas constant (8.314 J⋅mol−1⋅K−1). 
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Table 1. Characteristic parameters of the adsorption isotherm models for Congo Red adsorption by layered 
double hydroxide.                                                                                        

Isotherm model Isotherm parameter Results 

Freundlich 

1/n 1.0875 

KF, mg/L 2.2403 

R2 0.9936 

Langmuir 
RL 0.802 

R2 0.9925 

Dubinin-Kaganer-Radushkevich 

E, kJ/mol 0.698 

βD, mol2/kJ2 1.0263 

qD, mg/g 0.9543 

R2 0.996 

Temkin 

A 1.372 

b 1.36 × 103 

B 1.6637 

R2 1 

 
The differential isosteric heat of adsorption (∆Hx) at constant surface coverage was calculated using the Clau-

sius-Clapeyron equation:  

( )
2

d

d
eql x

In C H
T RT

∆
= −                                    (17) 

Integration gives the following equation [18]:  

( ) 1x
eql

H
In C k

R T
∆

= +                                   (18) 

where K is a constant. The differential isosteric heat of adsorption was calculated from the slope of the plot of 
ln(Ceql) vs 1/T and was used for an indication of the adsorbent surface heterogeneity.  

The linear form of the modified Arrhenius expression was applied to the experimental data to evaluate the ac-
tivation energy (Ea) and sticking probability S* as shown in Equation (19).  

( ) *1 aE
In S

RT
θ− = +                                    (19) 

where θ is the degree of surface coverage, T is absolute solution temperature and R is gas constant (8.314 
J/mol−1⋅K−1.  

3. Results and Discussion 
3.1. Characterization of LDH 

1) SEM 
Figure 2 clearly show the pre & post adsorption SEM images. The SEM image of post adsorption shows 

coverage of available pores in relation to pre-adsorption image. 
2) XRD 
The typical XRD pattern (Figure 3) shows a lamellar structure of LDH material. Peaks at 8.6, 23.4 and 34.6 

correspond to d-spacing at 1.027 nm, 0.3797 nm and 0.259 nm respectively. This is consistent with layered ma-
terials. 

3) FT-IR 
The pre and post adsorption FT-IR spectra as shown in Figure 4 resemble those of other hydrotalcite-like 

phases. The pre-adsorption (a) band at 3408 cm−1 could be attributed to the stretching vibration of hydroxyl  
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(a)                                                         (b) 

Figure 2. Scanning Electron Microscope (SEM) micrograph of Mg/Al-CO3 before (a) and after (b) adsorption studies.            
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Figure 3. Mg/Al-CO3 X-ray powder diffraction.                                                                     
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(a)                                                         (b) 

Figure 4. Mg/Al-CO3 Fourier transform infrared spectroscopy, before (a) and after (b) adsorption studies.                     
 
group. The low intensity band at 1632 cm−1 is assigned to bending vibration of strongly adsorbed water (solva-
tion water for compensating anion vibration). The band at 1363 cm−1 is assigned to carbonate vibration ( )2

3CO − , 
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the bands at 672 is due to M-O vibration. While the shrinking of the post-adsorption spectra as shown in (b), is 
attributed to the aromatic ring about 1015 cm−1, the band between 1100 cm−1 - 1200 cm−1 is due to phosphate 
stressing and the out-of-plane wagging at 650 cm−1 - 900 cm−1 are characteristic of 1˚ amines. The change in the 
FTIR spectra confirms the formation of complex between the functional groups present in the adsorbent and 
Congo Red [26] [27]. 

3.2. Effect of Concentration  
Removal efficiency of Congo Red by adsorbents is illustrated in Figure 5. It shows that removal efficiency de-
creased with increasing of initial concentration (47.5%, 46.7% and 43%) respectively, this is probably due to 
rapid adsorption at all available site and relatively small amount of adsorbent that was used, an increase in the 
amount of adsorbent may therefore reverse adsorption trend. 

3.3. Isotherm Analysis 
To investigate an interaction of adsorbate molecules and adsorbent surface, four well-known models, the Lang-
muir, Freundlich, Dubinin-Kaganer-Radushkevic and Temkin isotherms, were selected to explicate LDH inte-
raction in this study. 

The Langmuir plot in Figure 6 fitted the experimental data with R2 = 0.9925 and therefore, confirm monolay-
er coverage. The favourability or otherwise of a Langmuir type isotherm is determined by a dimensionless con-
stant separation factor (RL), given by Equation (4). The calculated value of RL from Figure 6 is 0.802, which is 
within the range of 0 - 1, thus confirms the favourable uptake of the Congo Red by the LDH. The degree of fa-
vourability is generally related to the irreversibility of the system, giving a qualitative assessment of the layered 
double hydroxide interactions. 

Kf is a constant describing the adsorption capacity (mg/L) and n is an empirical parameter related to the ad-
sorption intensity, the plot of lnqe against lnCe is shown in Figure 7 gives 2.2403 and 0.92 as values for KF and 
n respectively.  

The values of kF and n determine the steepness and curvature of the isotherm. The Freundlich equation fre-
quently gives n adequate description of adsorption data over a restricted range of concentration, even though it is 
not based on any theoretical background. Apart from a homogeneous surface, the Freundlich equation is also 
suitable for a highly heterogeneous surface and an adsorption isotherm lacking a plateau, indicating a multi- 
layer adsorption [28]. The values of 1/n, less than unity is an indication that significant adsorption takes place at 
low concentration but the increase in the amount adsorbed with concentration becomes less significant at higher 
concentration and vice versa [29]. The magnitude of KF and n shows easy separation of Congo Red dye from 
wastewater and high adsorption capacity.  
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Figure 5. Effect of concentration on adsorption of Congo Red onto layered double hydroxide.           
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Figure 6. Langmuir isotherm plot for adsorption of Congo Red onto layered double hydroxide.                 
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Figure 7. Freundlich isotherm plot for adsorption of Congo Red onto layered double hydroxide.                
 

The fraction of the layered double hydroxide surface covered by the Congo Red is given as 0.47 (Table 1). 
This value indicates that 47% of the pore spaces of the layered double hydroxide surface were covered by the 
Congo Red which means less than average degree of adsorption. 

The plots of Inqe against ε2 as shown in Figure 8 yielded straight lines and indicates a good fit of the isotherm 
to the experimental data. The values of linear regression R2, qD, BD and apparent energy E are calculated from 
the intercepts slopes of the plots respectively are shown on Table 1 and Equation (8). From the linear plot of 
DRK model, qD was determined to 0.9543 mg/g, the mean energy, E = 0.698 kJ/mol indicating a physiosorption 
process and the R2 = 0.996. 

Temkin adsorption isotherm model is usually chosen to evaluate the adsorption potentials of an adsorbent for 
the adsorbate from an experimental data. This model gives the mechanism and adsorption capacity of an adsor-
bate in a sorption process. From the Temkin plot shown in Figure 9, the following values were estimated: 

A = 1.372 L/g, B = 1.6637 J/mol which is an indication of the heat of sorption, indicating a physical adsorp-
tion process and the R2 = 1. 



N. Ayawei et al. 
 

 
64 

y = -0.046x + 1.026
R² = 0.996

-0.8

-0.7

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

0

0.000 5.000 10.000 15.000 20.000 25.000 30.000 35.000 40.000

In
 q

e

ε2

 
 

Figure 8. Dubinin-Kaganer-Radushkevic (DKR) isotherm plot for adsorption of Congo Red 
onto layered double hydroxide.                                                             
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Figure 9. Temkin isotherm model plot for adsorption of Congo Red onto layered double 
hydroxide.                                                                             

3.4. Effect of Temperature  
As shown in Figure 10 adsorption was lowest at 313 K (52%), and increased slightly to 333 K (55%) and 353 K 
(56%). This means that adsorption capacity increase with higher temperature. 

The values of the enthalpy change (∆Ho) and entropy change ∆So were calculated from Equation (10) to be 
3.67 kJ/mol and 12.5 J/mol·K respectively, as shown in Figure 11. A positive ∆Ho suggests that sorption pro-
ceeded favourably at a higher temperature and the sorption mechanism was endothermic. A positive value of 
ΔSo (12.5 J/mol·K) reflects the affinity of the adsorbent towards the adsorbate species. In addition, positive val-
ue of ΔSo suggests increased randomness at the solid/solution interface with some structural changes in the ad-
sorbate and the adsorbent. The adsorbed solvent molecules, which are displaced by the adsorbate species, gain 
more translational entropy than is lost by the adsorbate ions/molecules, thus allowing for the prevalence of ran-
domness in the system. The positive ΔSo value also corresponds to an increase in the degree of freedom of the 
adsorbed species. 

Isosteric heat of adsorption ∆Hx is one of the basic requirements for the characterization and optimization of 



N. Ayawei et al. 
 

 
65 

an adsorption process and is a critical design variable in estimating the performance of an adsorptive separation 
process. It also gives some indication about the surface energetic heterogeneity. Knowledge of the heats of sorp-
tion is very important for equipment and process design. A plot of InCe against 1/T in Figure 12 gives a slope 
equal to ∆Hx. The value of ∆Hx derived from Equation (11) was 40.03 kJ/mol which indicates that adsorption 
mechanism was physical adsorption and in an heterogeneous surface. 

The activation energy Ea and the sticking probability S* were calculated from Equation (12). The values 
shown in Table 2 for Ea and S* are −10.13 kJ/mol and 0.47 respectively, extrapolated from the plot in Figure 13. 
The value of activation energy shows that the sorption process was a physical one less than 4.2 kJ/mol. 

3.5. Effect of Time 
The adsorption kinetic study is important in predicting the mechanisms (chemical reaction or mass-transport 
process) that control the rate of the pollutant removal and retention time of adsorbed species at the solid-liquid 
interface [28] [29]. That information is important in the design of appropriate sorption treatment plants.  

The effect of contact time of the phases on removal of Congo Red by the Layered double hydroxide from so-
lutions of initial concentration equal to 400 mg CR/L at three different times (10, 20 and 30 minutes) is pre-
sented in Figure 14. 

The result shows that adsorption was highest at 10 minutes, thereafter, a gradual decrease occurred (10 = 
56.6%, 20 = 55% and 30 = 53%). 

The experimental data were fitted into different kinetic models as shown in Figures 15-18 including zero- 
order-kinetic model, second-order-kinetic model, pseudo-second-order-kinetic model and third-order-kinetic 
model to ascertain the suitability of the models [30]. The correlation coefficient values of 1, 0.9995, 0.9996 and 
0.999 respectively confirming the applicability of all the studied models. 

4. Conclusion 
Layered double hydroxide (Mg/Al-CO3) was successfully synthesized and characterized for the adsorption of  

 

0

10

20

30

40

50

60

0 10 20 30 40 50 60 70 80 90

%
 A

ds
or

pt
io

n

Temperature (oC)

 
 

Figure 10. Effect of temperature on adsorption of Congo Red onto layered double hydroxide.              
 

Table 2. Thermodynamic parameters of the adsorption of Congo Red onto layered double 
hydroxide.                                                                               

T, K ∆Go, kJ/mol ∆Ho, kJ/mol ∆So, J/mol⋅K Ea, kJ/mol ∆Hx, kJ/mol 

313 −0.208 

3.67 12.5 −10.13 40.03 333 −0.550 

353 −0.707 
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Figure 11. Plot of ∆Go vs. temperature for the adsorption of Congo Red onto 
layered double hydroxide.                                                     
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Figure 12. Plot of InCe vs. 1/T for the adsorption of Congo Red onto layered 
double hydroxide.                                                                  
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Figure 13. Plot of Ln(1 − θ) vs. 1/T (K−1) for the adsorption of Congo Red onto 
layered double hydroxide.                                                                
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Figure 14. Effect of contact time on adsorption of Congo Red onto layered double 
hydroxide.                                                                         
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Figure 15. Plot of qt vs. t for the adsorption of Congo Red onto layered double 
hydroxide.                                                                    
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Figure 16. Plot of 1/qt vs. t for the adsorption of Congo Red onto layered double 
hydroxide.                                                                   
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Figure 17. Plot of 1/qt vs. t for the adsorption of Congo Red onto layered double 
hydroxide.                                                                      
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Figure 18. Plot of 21 tq  vs. t for the adsorption of Congo Red onto layered 
double hydroxide.                                                                    

 
Congo Red dye in aqueous solution. The experimental data were best defined by Temkin isotherm (R2 = 1) and 
zero-order kinetic model (R2 = 1). The values of ∆Ho and ∆So indicated that the adsorption process was endo-
thermic and process was dependent on increase in temperature, thereby increasing the randomness of the solid/ 
liquid phase of the reaction system. 
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