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Abstract 

Adsorption isotherm describes the interaction of adsorbates with adsorbent in equilibrium. Equilibrium data was examined using 

Langmuir and Freundlich isotherm models. Thermodynamic studies were used to evaluate the thermodynamic parameters; heat 

of enthalpy change (ΔH°), Gibbs free energy change (ΔG°) and heat of entropy change (ΔS°) in order to gain information 

regarding the nature of adsorption (exothermic or endothermic). Four reactive dyes of anionic type, Acid Blue 29 (AB29), 

Reactive Black 5 (RB5), Reactive Orange 16 (RO16) and Reactive Red 120 (RR120) were used to obtain equilibrium isotherms 

at 25 °C, 35 °C, 45 °C and 55 °C. Based on Giles' classification, the isotherm produced were of L2-type, indicating strong dye 

affinity towards the adsorbent, and with weak competition with the solvent molecules for active adsorption sites. Equilibrium 

data fitted both Langmuir and Freundlich isotherm models with high correlation coefficient (R2 > 0.91) indicating the possibility 

of both homogeneity and heterogeneous nature of adsorption. The negative values of ΔG° indicate the adsorption processes were 

spontaneous and feasible. The negative values of ΔH° lie between -20 to -75 kJ/mol, suggesting these processes were exothermic 

and physical in nature. The negative values of ΔS° are indication of decreased disorder and randomness of spontaneous 

adsorption of reactive dyes on layered double hydroxide as adsorbent. 
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Abstrak 

Isoterma penjerapan menerangkan interaksi antara bahan dijerap dan bahan jerap yang berada dalam keseimbangan. Data 

keseimbangan yang diperolehi dianalisis menggunakan model Langmuir dan Freundlich. Kajian termodinamik digunakan untuk 

menilai parameter-parameter termodinamik; perubahan haba entalpi (ΔH °), perubahan tenaga Gibbs bebas (ΔG°) dan perubahan 

haba entropi (ΔS°). Ia bertujuan untuk mendapatkan maklumat mengenai jenis penjerapan (eksoterma atau endoterma). Empat 

pewarna reaktif jenis anion iaitu, Asid Biru 29 (AB29), Reaktif Hitam 5 (RB5), Reaktif Jingga 16 (RO16) dan Reaktif Merah 

120 (RR120) digunakan untuk mendapatkan isoterma keseimbangan pada suhu 25 °C, 35 °C, 45 °C dan 55 °C. Berdasarkan 

klasifikasi Giles, isoterma yang dihasilkan adalah jenis L2, yakni menandakan bahawa pewarna-pewarna ini mempunyai afiniti 

tinggi kepada bahan penjerap, dan mempunyai persaingan lemah dengan molekul-molekul pelarut untuk menambat kepada tapak 

atau permukaan aktif bahan penjerap. Data keseimbangan yang diperolehi didapati sesuai dipadankan dengan model isoterma 

Langmuir dan Freundlich dengan pekali korelasi yang tinggi (R2 > 0.91), menunjukkan kemungkinan wujud kedua-dua ciri 

kehomogenan dan heterogen untuk proses penjerapan. Nilai negatif ΔG° menunjukkan proses penjerapan adalah spontan dan 

boleh dilaksanakan. Nilai negatif ΔH° adalah antara -20 dan -75 kJ/mol, dan ini mencadangkan proses penjerapan adalah 

eksoterma dan fizikal. Nilai negatif ΔS° adalah petanda penurunan gangguan dan kerawakkan penjerapan spontan pewarna 

reaktif pada bahan penjerap dwi hidroksida berlapis. 
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Kata kunci: pewarna anion, dwi hidroksida berlapis, isoterma keseimbangan, parameter termodinamik 

 

 

Introduction 

Adsorption isotherm used in adsorption studies describes the interaction of adsorbates with adsorbent in 

equilibrium. It provides insight into adsorption mechanism, surface properties and affinity of adsorbent. 

Consequently it may be used to compare the properties of different adsorbents quantitatively and explicate the 

adsorption state of adsorbate on adsorbent surface. Equilibrium data can be analysed using isotherm models such as 

Langmuir and Freundlich expressions from which equilibrium constants (KL and KF) and maximum adsorption 

capacity (Qo) can be obtained. The Langmuir adsorption assumes that adsorbate molecules occur on a homogenous 

surface with a fixed number of adsorption sites. This results in monolayer adsorption without mutual interactions 

between the adsorbed molecules. The Freundlich model assumes that the dye molecules are adsorbed on the 

heterogeneous surfaces of the adsorbate which are characterized at different energies. Thermodynamic studies are 

used to evaluate the thermodynamic parameters; heat of enthalpy change (ΔH°), Gibbs free energy change (ΔG°) 

and heat of entropy change (ΔS°). These thermodynamic parameters reveal information regarding the nature of 

adsorption (exothermic or endothermic) and the spontaneity of the adsorption process [1]. If the rate of reaction 

increases with increase in temperature, the reaction is endothermic. Endothermic adsorption is characterised by 

increased adsorption capacity and which may involve chemisorption. If an increase in temperature results in 

decreased adsorption capacity, adsorption is exothermic, which most likely involves physisorption. The objective of 

this study is to examine and evaluate the adsorption properties of an anionic clay-layered double hydroxide for four 

anionic dyes (AB29, RB5, RO16 and RR120) in terms of adsorption isotherms and thermodynamic parameters.  

 

Materials and Methods 

Chemicals and raw materials  

Magnesium nitrate hydrate (Mg (NO3)2.6H2O) and Aluminum nitrate hydrate (Al(NO3)2.9H2O) (MERCK)  were 

used to synthesise the adsorbent, layered double hydroxide, Mg-Al-NO3˗LDH by co-precipitation procedure 

followed by hydrothermal treatment as outlined by [2-4].The adsorbates, anionic dyes, RB5, AB29, RO16 and 

RR120 (Sigma Aldrich, Germany) were used to obtain four sets of equilibrium isotherms. The structures of the dyes 

are shown in Fig.1. 

 

 

 

 
 
 

 
 

Acid blue 29 (AB29); C22H14N6Na2O9S Reactive Black 5 (RB5); C26H21N5Na4O19S6 

 

 

 
 
 
 
 
 
 
 

Reactive Orange 16 (RO16); C20H17N3Na2O11S Reactive Red 120 (RR120) ; C44H24Cl2N14Na6O20S 

 

Figure 1.  Chemical structure of anionic dyes 
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by previous studies
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Adsorption Equilibrium  

Adsorption equilibrium between adsorbent anionic clay layered double hydroxide (MgAlNO3-LDH) and adsorbates 

in single dye solution was attained in 24 hours in a water bath shaker operating at 100 rpm and maintained at 

different temperatures (25
 
°C, 35

 
°C, 45 °C and 55°C or 298 K, 308 K, 318 K and 328 K). For comparison purposes 

the initial pH of all dye solutions were kept constant at pH 5.5 ± 0.5 (using dilute HCl and NaOH) which lies in the 

range of optimum pH of dyes solutions. A concentration range of 10 – 100 mg/L of single dye solutions was 

allowed to contact with the adsorbent (0.02 g/50 mL). Based on the equilibrium data of isotherms, the 

thermodynamic parameters were calculated.  

 

Results and Discussion 

Effect of solution temperature on percentage dye removal 

The effect of temperature on percentage dye removal for AB29, RB5, RO16 and RR120 are given in Fig. 2 (a)-(d). 

It was found that the uptake of the dyes by the adsorbent decreased with increasing temperature from 25 °C to 55 

°C, indicating energy was released as a result of adsorption. General surface adsorption by anionic dye onto layered 

double hydroxides can be represented by the expression in equation 1: 

 

LDH-surface + Dye
-
       LDH-Surface

-
/Dye

-
             (1) 

   

  

  

(a) RB5 (b) AB29 

  

(c) RO16 (d) RR120 

 

Figure 2.  Effect of temperature on percentage removal of anionic dyes by LDH (a) RB5 (b) AB29, (c) RO16 (d) 

RR120 at different temperatures 
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This type of adsorption is deemed exothermic in nature [5-7]. This scenario is equivalent to increase in energy 

content of the system, with a reduction of surface activity [8] and the probability of colliding molecules capturing 

one another, thus requiring the adsorbent to have more energy [7]. Therefore the resulting reduction in the rate of 

adsorption may also be explained by the tendency of dye molecules to escape from the solid phase to bulk phase as 

temperature was increased [9]. 

 

The exothermic nature of anionic dye adsorption conforms to most adsorption of dyes including reactive dyes using 

various adsorbents. Examples from previous studies of exothermic adsorption are the uptake of Remazol Black B by 

Rhizopus arrhizus [8] and RO16 onto AC (Ananas comosus (L.)) [10]. 

 

Adsorption Isotherm  

The relationship between the amount of adsorbate adsorbed on the adsorbent's surface and in liquid state when 

equilibrium state is achieved at constant temperature is often represented by curves (qe vs Ce) called adsorption 

isotherm. Adsorption isotherm is characterized by constants which are functions of surface properties, affinity and 

adsorption capacity of adsorbents [8]. Fig. 3(a)-(d) shows the adsorption isotherms for RB5, AB29, RO16 and 

RR120. The shapes of the isotherm give the first diagnostic tool to obtain information about the nature of 

adsorption. This information is vital for an engineer in order to optimize the design parameters for adsorption 

system, besides aiding him to establish the most appropriate correlation for equilibrium curves [11,12] classified 

these isotherms into four main categories: L, S, H and C. Based on the Giles' classification, the isotherms produced 

correspond to the L-type (sub-group 2 or H). L-type isotherms display concavity toward the abscissa axis and are 

characteristics of high affinity of adsorbed molecules towards adsorbents. In L-type isotherms, a monolayer 

formation (plateau) is established. Fig. 3 (a)-(d) indicates that the reactive dyes were effectively removed at lower 

concentration while higher initial concentrations tend to reach maximum capacity as indicated by the plateau. As 

such the anionic dyes used in this study can be considered as favourably removed from solutions with low 

competition from water molecules onto substrates (LDH) until at high solute (dye) concentration when the surface 

coverage reached maximum [13].  

  

(a) RB5 (b) AB29 

  

(c) RO16 (d) RR120 

Figure 3.   Adsorption Isotherms for dyes- LDH (a)-(d): RB5, AB29, RO16, RR120 at different temperatures 
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Adsorption isotherms modeling 

Quantification of dye removal and the use of equilibrium models offer insight into the characterization of these solid 

surfaces especially on heterogeneity of the adsorbent surface. Two well-known and widely used models, the 

Freundlich and Langmuir isotherms, have been adopted to explicate dye-clay interaction. To account for the 

relevance of these two isotherm models, the values of Langmuir and Freundlich parameters correlation coefficients, 

R
2
 at various temperatures together with their respective constants were obtained from the linear plots. The 

linearised Langmuir equation (1) can be presented graphically in the form of (Ce/qe) vs Ce in Fig.4 (a)-(d).  

 

 Ce

qe

=
1

 QOKL

+
Ce

QO

          (1) 

 

Ce = dye concentration at equilibrium, mg/L; qe= adsorption capacity at equilibrium, mg/g and Qo=maximum 

monolayer capacity (mg/g); 𝐾𝐿 = Langmuir constant related to the free energy of adsorption;  

 

The linearized Freundlich equation is given in equation 2 

 

 
 log qe =   log  KF +   

1

n
 logCe (2) 

 

 

The Freundlich constant, n, reflects both the average binding energy and the energetic heterogeneity of the sorbent 

binding sites [14]. The constant, KF indicates adsorption capacity. As shown in Fig. 5, the plot of ln qe versus ln Ce 

is employed to determine the value of KF and n from intercept and slope respectively. 

 

  

  

RB5 AB29 

 

 

 
 

(c) RO16 (d) RR120 

Figure 4.  Langmuir  isotherm at different temperatures for (a) AB29 (b) RB5 (c) RO16 (d) RR120 
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(a) RB5 (b) AB29 

  

(c) RO16 (d) RR120 

 

Figure 5.  Freundlich isotherm at different temperatures for (a) AB29 (b) RB5 (c) RO16 (d) RR120 

 

 

The high correlation coefficient values (R
2
 = 0.906 - 1.000) for Langmuir and Freundlich (0.91-1.00) models 

strongly imply the fact that the dye-LDH adsorption closely follows both Langmuir and Freundlich models of 

adsorption under the present experimental conditions. This finding is not unusual as previous study by Ip et al. [15] 

also found that adsorption of RB5 by bamboo activated carbon followed a hybrid of Langmuir and Freundlich 

equations. The dye binding capacities reflected by maximum monolayer adsorption capacities, Qo (mg/g) were 

found to be in the order: RB5 (277.8) > AB29 (186.4) > RO16 (172.4) > RR120 (166.7). 

 

Thermodynamics of adsorption  

Analysis of thermodynamic parameters reveals negative values of ΔG°, indicating that the process of adsorption 

was spontaneous and feasible. The values of negative ΔG° also decreased slightly as temperature was increased 

from 298K to 328K, showing that the adsorption process was thermodynamically feasible at room temperature but 

less with higher temperatures. The negative values of enthalpy change, ΔH° confirm the exothermic nature of dye-

LDH adsorption system. In this study, the negative values of ΔH° lie between -20 to -75 kJ/mol suggesting the 

process was physical in nature. The negative values of ΔS° are indication of decreased disorder and randomness of 

spontaneous adsorption of reactive dyes on the adsorbent.  

 

Conclusion 

The high correlation coefficient values (R
2
= 0.906 - 1.000) of anionic dyes indicate the adsorption equilibrium data 

was well described by Freundlich and Langmuir isotherm models suggesting  the existence of more than a single 

mechanism in adsorption of anionic dyes by LDH. In this case the conformity to Langmuir implied homogeneity 

and second order reaction, meanwhile the compliance to Freundlich indicate the heterogeneity. The adsorption 
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capacity of RB5, AB29, RO16 and RR120 onto LDH decreased with increasing temperature indicating exothermic 

adsorption. The affinity of anionic dyes towards LDH followed the order: RB5 > AB29 > RO16 > RR120. 

Thermodynamically, dye uptake was spontaneous and exothermic and mainly physical in nature.  
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