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Thermodynamic and Kinetic Studies of Effective
 Adsorption of 2,4,6-trichlorophenol onto Calcine 

Mg/Al-CO3 Layered Double Hydroxide
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(College of Chemistry and Chemical Engineering, Central South University, Changsha 410083, China)

Abstract: Adsorption of 2, 4, 6-trichlorophenol (TCP) onto the calcined Mg/Al-CO3 layered double 
hydroxide (CLDH) was investigated. The prepared Mg/Al-CO3 layered double hydroxide (LDH) and CLDH 
were characterized by powder X-ray diffraction (XRD) and thermo gravimetric analyzer-differential scanning 
calorimeters (TG-DSC). Moreover, 2,4,6-trichlorophenol (TCP) was removed effectively (94.7% of removal 
percentage in 9 h) under the optimized experimental conditions. The adsorption kinetics data fitted the pseudo-
second-order model well. The Freundlich, Langmuir, and Tempkin adsorption models were applied to the 
experimental equilibrium adsorption data at different temperatures of solution. The adsorption data fitted the 
Freundlieh adsorption isotherm with good values of the correlation coefficient. A mechanism of the adsorption 
process is proposed according to the intraparticle diffusion model, which indicates that the overall rate of 
adsorption can be described as three steps.                         
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1  Introduction

Chlorinated phenolic compounds are widely 
used as synthetic intermediates in industry and 
biocides in agriculture or wood preservation[1]. The 
2,4,6 - trichlorophenol (TCP) has attracted extensive 
environmental interest due to its toxicity and 
persistence in the environment. TCP is a widespread 
environmental pollutant in soil, surface water and 
groundwater. The concentration of TCP has been found 
up to 1.96 g/L in the chlorinated drinking water[2,3]. 
In order to remove TCP from aqueous solutions, 
various treatment technologies have been applied, 
such as adsorption technology using the multi-walled 
carbon nanotubes removed Cu (II)[4] and the activated 
carbons generated from various sources such as oil 
palm shell[5], biological treatment[6] and photochemical 
treatment[7,8]. The adsorption technique particularly has 

gained significant popularity considering its simplicity, 
versatility and potentiality for regeneration[3,9], which is 
one of the important procedures for the removal of TCP 
from the wastewater. Among many absorbents, a class 
of anionic clays known as layered double hydroxides 
(LDHs) have proved to be effective adsorbents for the 
removal of various anionic pollutants. 

The general formula of LDHs is [MII1-xMIIIx 

(OH)2]
x+(An−)x/n • mH2O, where MII is a divalent metal 

cation (Mg2+, Zn2+, Cu2+, etc), and MIII is a trivalent 
metal cation (Al3+, Cr3+, Fe3+, etc) that occupies 
octahedral sites in the hydroxide layers; An− is an 
exchangeable interlayer anion; and x is defined as 
the ratio of MIII/(MII+MIII) that determines the layer 
charge density[10]. The calcination of LDH containing 
carbonate as interlayer anion has a memory effect[11]. 
This effect makes the formation of MIIMIIIO solid 
solution in the CLDH capable of recovering the LDH 
layered structure upon treatment with water or aqueous 
solution containing various anions. 

The removal of TCP by CLDH has rarely been 
reported recently in the literatures. The goal of our 
study was to investigate the adsorption capacity of TCP 
on CLDH in aqueous medium via various adsorption 
parameters such as pH, initial TCP concentration and 
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temperature. The equilibrium isotherm and kinetic 
models for the adsorption process were also studied 
to evaluate the viability and effectiveness of this 
process. Based on the intraparticle diffusion model, the 
adsorption mechanism was also discussed.

2  Experimental 

2.1  Materials
2,4,6-Trichlorophenol (C6H3Cl3O, 98% purity), 

supplied by Aladdin Chemistry Co. Ltd. was used 
without any further purification. ZnCl2·6H2O, 
AlCl3·6H2O, NaOH and Na2CO3 were purchased from 
Beijing Chemical Co. Ltd.
2.2  Preparation of CLDH

Mg/Al-CO3 LDH was prepared by the co-
precipitation method. A mixed solution of MgCl2·6H2O 
(0.15 mol) and AlCl3·6H2O (0.05 mol) in 150.0 mL 
of deionized water was added to 150 mL of the alkali 
solution containing NaOH (0.45 mol) and Na2CO3 (0.15 
mol) with vigorous stirring during the whole process 
of addition. During the co-precipitation process, the 
pH value of the mixed solution was maintained slightly 
higher than 9 with NaOH solution (0.1 mM). The 
obtained suspension was submitted to the hydrothermal 
treatment at 80 ℃ for 24 h, and then centrifuged, 
washed with deionized water and dried at 80 ℃ 
overnight. CLDH was prepared by calcining LDH in a 
muffle furnace at the designated temperature of 500 ℃ 
for 5 h. 
2.3  Characterization

The LDH precursor and CLDH materials before 
and after the adsorption of TCP were characterized 
by several techniques. The powder X-ray diffraction 
(XRD) patterns were recorded on a powder X-ray 
diffractometer (Rigaku Rint 6000), using Ni-filtered 
Cu/Ka (λ=1.5406Å) radiation at voltage 40 kV and 
current 250 mA. The samples were scanned in steps 
of 0.04° (2θ) in the range of 3°-70° with a count time 
of 4 s per step. Thermal gravimetric analysis DSC-TG 
measurements were conducted on a STA449C thermal 
analyzer under air atmosphere at a heating rate of 10 
℃/min from 25 ℃ to 800 ℃. The measurements for 
the reconstructed LDH were made after TCP removal 
of 94.7% by CLDH with adsorbent dose 3 g/L, at 
temperature 25 ℃ and initial pH 5.2 for 24 h. 
2.4  Adsorption experiments

A temperature-controlled shaker bath (tolerance: 
±0.5 ℃) was used for the equilibrium studies. The 
adsorption experiments were carried out in 250 mL 

sealed conical flasks. The flasks were placed in the 
shaker bath immediately after mixing a 50.0 mL 
TCP solution of appropriate concentration with the 
prearranged amount of CLDH. Two milliliter of 
samples were extracted at selected time intervals, 
separated by filtration and conserved in the vial for 
latter detection. The pH of each solution was measured 
with a digital pH meter (Model pHS-3C).

Concentrations of TCP were analyzed by a UV-
9600 spectrophotometer, and the absorbance was 
measured at 294 nm[11]. The quantity of TCP adsorbed 
by 1.0 g CLDH at time t, qt was calculated using the 
following equation:

                                              (1)

The removal efficiency was measured by the 
percentage removal of TCP, which was denoted by 
another equation:

        (2)

where, q t is the adsorption amount at any time t 
(mg/g), C0 and Ce are the initial concentration and 
equilibrium concentration of the TCP in solution (mg/
L), respectively.

3  Results and discussion

3.1  XRD analysis
The XRD pattern of the synthesized LDH was 

observed that the more intense peaks were located 
at lower 2θ while less intense lines were present at 
higher 2θ values, which corresponds to a hydrotalcite 
phase. The sharpness of the (003) and (006) peaks 
demonstrates the well-crystallized LDH and layered 
structure of the samples, and similar results have been 
also reported in the literature[12]. After calcination, the 
(003) and (006) reflections essentially disappeared, 
indicating that the structure of LDH was destroyed 
and the stacking of the layers became disordered. 
Only a few diffused peaks were observed, which 
are attributed to MgO. After TCP adsorption at the 
concentration of 50 mg·L−1, the re-appearance of 
(003) and (006) reflections confirmed the “memory 
effect” of the LDH precursor by the reconstruction to 
its original LDH structure. Even though these peaks 
were broadened and the intensity decreased because 
of some reduction in crystallinity followed by the 
calcination and rehydration, there are no significant 
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changes in the interlayer space compared to those of 
the original LDH matrixes. This unchanged “gallery 
height” indicates that the intercalation of TCP into the 
interlayer did not occur, and TCP molecules may be 
adsorbed onto the surface of the absorbent. To verify 
the external surface adsorption, the XRD pattern of 
the reconstructed LDH (RLDH) obtained under the 
N2 atmosphere using the CO2-free deionized water is 
shown in Fig.1. It can be observed that the LDH, which 
was restored from CO2-free TCP solution, exhibited the 
reduction in peaks intensity. However, an insignificant 
shift in the interlayer spacing suggests that it is difficult 
to intercalate TCP molecules into the interlayer even 
in the CO2-free water. And the low concentration of 
CO3

2- in the CO2-removed water caused the reduction 
in peak intensity and increase in peak width, indicating 
the lower crystallinity. Therefore, TCP has a very weak 
affinity for CLDH and its intercalation is difficult.

3.2  TG-DSC analysis
The TG-DSC curves for LDH and RLDH are 

illustrated in Fig.2. The TG-DSC curve for LDH 
Fig.2 (a) shows three distinct weight losses in the 
temperature ranges 0-220 ℃, 220-500 ℃ and 500-800 
℃, and the percentage of weight loss is 8.57%, 8.14%, 
and 2.34 %, respectively. The first weight loss is due to 
the loss of water cointercalated with carbonates in the 
hydrotalcite phases and the condensation water, with a 
small endothermic effect at 120 ℃. The second weight 
loss involves the dehydroxylation of the layers and loss 
of volatile species (CO3

2−) arising from the interlayer 
anions. The final mass loss that occurs at higher than 
460 ℃ can be due to the continuous dehydroxylation 
and decarbonatation and the formation of oxide metals. 
However, the TG curve for the RLDH at Ci =50 mg·L−1 
of TCP in Fig.2(b) shows two weight losses. The first 
one, up to 320 ℃, corresponds to the removal of water 

physisorbed on the external surface of the crystallinity 
as well as the water intercalated in the interlayer 
galleries and corresponds to up to 17.13% of the 
total weight of the sample. The second step, occurred 
between 320 ℃ and 800 ℃, presents a significant 
weight loss of 29.41% with a large endothermic effect 
at 455 ℃, which is assigned to the dehydroxylation 
of the material as well as the decomposition of TCP. 
It is worth mentioning that the temperature at which 
the maximum rate of heat consumption occurred for 
the second degradation process was higher than that of 
the LDH, indicating the stronger bonding of the TCP 
anions.

3.3  Effect of Mg/Al ratio
Taking the important role of Mg in the adsorption 

into account, we studied the influence of molar ratio 
of Mg/Al on its removal activity, which is shown in
Fig.3. The CLDH samples with different Mg/Al ratios 
are denoted as MgnAl, where n is the molar ratio of 
Mg2+/Al3+ employed in the synthesized mixture. It was 
found that the removal of TCP by the Mg3Al reached 
94%, compared to 30% and 64% by the samples with 
Mg2Al and Mg4Al, respectively. This phenomenon can 
be explained by the increase of the specific surface 
area[13] and the decrease of the layer charge[14] with 
the increase of the molar ratio of Mg2+/Al3+. Mg4Al 
represents the highest specific surface area, which 
improves the surface adsorption. Since the behavior 
of Mg3Al sample was better than that of Mg2Al and 
Mg4Al, the detailed investigation was performed only 
on the Mg3Al sample.
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3.4 Effect of contact time and initial TCP 
concentration

The effect of contact time (up to 24 h) at 
various initial concentrations (50-400 mg/L) of TCP 
was investigated at 25 ℃. As depicted in Fig.4, the 
adsorption capacity of TCP increased with the contact 
time and attained equilibrium earlier for solutions with 
lower initial concentrations. At the initial contact time 
within 3 h, the adsorption of TCP occurred quickly, 
which may be due to the availability of a large number 
of vacant surface sites. The later slow rate of TCP 
adsorption is probably due to the electrostatic hindrance 
as well as the slow pore diffusion of the solute into the 
bulk of the adsorbent. And the equilibrium time became 
longer in higher initial TCP concentration solution. 
In this study, the adsorption equilibrium capacity 
increased from 8.63 to 122.04 mg/g with an increase 
in initial concentration from 30 to 400 mg/L. The 
high equilibrium adsorption capacity of TCP at initial 
concentration 400 mg/L may be explained in terms of 
the polarity of TCP and the mass transfer driving force. 
The TCP species have large polarity owing to large 
dipole moments of three chloro groups and hydroxyl 

group (1.86 D and 1.69 D for chloro and hydroxyl, 
respectively). The polarity matching between CLDH 
and TCP is expected to result in the high adsorption 
capacity. In addition, the mass transfer driving force 
would become larger as the initial concentration 
increased, which could result in the higher TCP 
adsorption. 
3.5  Effect of temperature

The effect of temperature on TCP uptake capacity 
(qe) of CLDH was investigated at the adsorbent dose of 
3 g/L and the results are given in Fig.5. It is shown that 
the TCP uptake capacity (qe) increased with increasing 
temperature up to 55 ℃, indicating that the adsorption 
of TCP was favored at higher temperatures. The 
adsorption of TCP is endothermic so that the extent 
of adsorption increased at higher temperature. In this 
study, all further experiments were carried out at 25 ℃ 

in an isothermal water bath shaker.

3.6  Adsorption isotherm studies
The adsorption isotherm is to describe the 

adsorbate -adsorbent interactions in an adsorption 
system, and this information is essential in optimizing 
the use of adsorbents. For the liquid-solid system, 
adsorption isotherm equations commonly use 
the Langmuir equilibrium model, the Freundlich 
equilibrium model and the Tempkin equilibrium model. 
Langmuir's equation is based on the hypothesis that the 
maximum adsorption capacity consists of a monolayer 
on the free surface, and there is no interaction between 
adsorbed molecules. It is used for estimating the 
maximum uptake values which cannot be reached 
in the experiments. The empirical Freundlich model 
was chosen to estimate the adsorption capacity of 
the adsorbate on the adsorbent surface, which suited 
the non-ideal system. It is based on the fact that 
the adsorbent has a highly heterogeneous surface 
composed of different classes of adsorption sites. The 
Tempkin equilibrium model is based on the assumption 
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of multilayer adsorption, which considered the effects 
of some indirect adsorbent-adsorbate interactions on 
adsorption isotherms. The Langmuir equilibrium model 
(Eq.3), the empirical Freundlich model (Eq.4) and the 
Tempkin equilibrium model (Eq.5) can be described by 
the following linear forms of equations[15,16]:

                          (3)

where, KL is the equilibrium adsorption coefficient 
(L·mg-1) and qm the maximum adsorption capacity 
(mg·g-1), qe is the amount adsorbed at equilibrium (mg/
g).

                   (4)

where, Kf is the adsorption capacity at unit concent-
ration, and n is adsorption intensity:

                               (5)

where, BT=(RT)/b, T is the absolute temperature in 
Kelvin and R is the universal gas constant, 8.314 J/ (mol 
K); A is the equilibrium binding constant (L·min-1) 
corresponding to the maximum binding energy.

  All the correlation coefficient, R2 values and 
the constants obtained from these three isotherm 
models applied for the adsorption of TCP onto CLDH 
at various temperatures are summarized in Table 1. 
It can be noticed that the Freundlich isotherm is a 
better model (correlation coefficient R>0.99) than the 
Langmuir isotherm and the Temkin isotherms, whereas, 
the low correlation coefficients (R<0.80) show 
poor agreement of the Langmuir isotherms with the 
experimental data, indicating the multilayer adsorption 

on surface. The better fitting Freundlich parameters are 
shown in Table 1. The parameter n (0.8826<n <1.0059) 
in the Freundlich equation reveals adsorption sites with 
low energetical heterogeneity of this natural adsorbent. 
The constant n and Kf reached their corresponding 
maximum values with the highest  correlation 
coefficient R = 0.9976 at 328 K, which implies that 
the binding capacity reached the highest value and the 
affinity between the absorbent and TCP was also higher 
than those values investigated at other temperatures.
3.7  Thermodynamic of adsorption 

Since the adsorption capacity depends on 
thermodynamic parameters, the adsorption process was 
assessed by the thermodynamic parameters such as the 
standard free energy change (ΔG0), standard enthalpy 
change (ΔH0) and standard entropy change (ΔS0). The 
thermodynamic parameters were calculated using the 
following equations: 

                                 (6)

                              (7)

The calculated values of  thermodynamic 
parameters are shown in Table 2. The ΔG0 values 
decrease from -1.635 to -4.045 kJ/mol when 
the temperature increases from 298 to 328 K, 
suggesting that a better adsorption occurred at higher 
temperatures. The negative values of ΔG0 at different 
temperatures confirmed the feasibility and spontaneity 
of the adsorption of TCP onto CLDH. It is interesting 
to observe the positive values of ΔS0 since there is a 
decrease in the freedom degree of the systems during 
the adsorption of TCP to the adsorbent. However, it 
should be noted that the reaction involves the release 
of the water of hydration from the TCP species and the 
surface of CLDH, which would lead to a positive value 
of ΔS0. And the positive values of ΔS0 indicated that 
this structural change in adsorbate and absorbent lead 
to a large positive ΔS0 during the adsorption process. 
The positive values of ΔH0 confirmed the endothermic 
nature of the adsorption process. When the value of 
ΔH0 is smaller than 40 kJ/mol, it is the physisorption[17]. 
Based on the given ΔH0, the adsorption of TCP onto 
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CLDH was a physisorption process. Similar results 
have been reported for the adsorption of other organic 
anions[18,19]. 
3.8  Effect of temperature on kinetics

Since temperature is a highly significant parameter 
in the adsorption process, the kinetics for removal of 
TCP at different temperatures were studied and various 
kinetic models were applied to fit the experiment 
results: Lagergren’s first order kinetic model (Eq.8), 
Ho’s pseudo second order model (Eq. 9), and Chien’s 
Elovich model (Eq.10). 

The Lagergren’s first order kinetic model and 
Ho’s pseudo second order model in linear forms are 
expressed as[20]:

                                 (8)

                                           (9)

where, k1 and k2 represent the rate constants of pseudo- 
first-order adsorption(min−1) and pseudo- second-order 
adsorption (g·mg−1·min−1) respectively.

The kinetics of adsorption of TCP onto CLDH 
was also examined using Elovich equation:

                                 (10)

where, α is the initial adsorption rate (mg·g-1·min-1), 
β is the desorption constant (g·mg-1) during any one 
experiment.

The parameters and the correlation coefficients 
are presented in Table 3. From the table, it can be seen 
that the pseudo-second-order kinetic model better 
represented the adsorption kinetics. The values of K2, 
qe,exp and qe,cal all increased with the temperature. Ozcan 
et al[21] reported that the adsorption of Acid Blue 93 by 
natural sepiolite was physisorption, in which increasing 
the temperature increases the adsorption rate. And 
this result was in agreement with the thermodynamic 
analyses. The rate-limiting step of the adsorption would 
be discussed in the following section.

The adsorption rate constant k can be described 
by the well-known Arrhenius expression. The plot of 
the adsorption rate against the reciprocal temperature is 
depicted, giving a reasonable straight line (R2=0.992). 
The slope (Ea/R) and activation energy (Ea) can be 
calculated from Arrhenius expression: 

                                   (11)

The magnitude of activation energy gives an idea 

about the type of adsorption which is mainly physical 
or chemical. For the diffusion-controlled process, the 
value of Ea is smaller than 20 kJ/mol[22]. The calculated 
Ea value, in our case, 2.087 kJ/mol, indicates that the 
process of TCP removal is controlled by the diffusion 
rather than the reaction between TCP and CLDH.

3.9 Adsorption mechanism 
Typically, various mechanisms control the 

adsorption kinetics and the predominating mechanism 
is the diffusion mechanism, including external 
diffusion, boundary layer diffusion and intraparticle 
diffusion[23]. In order to study the mechanism and rate-
controlling steps affecting the kinetics of adsorption, 
the experimental data were further processed in this 
work. The intraparticle diffusion model was tested, and 
an intra-particle diffusion coefficient kp (mg·g-1·h-0.5) is 
defined by the equation[24]:

          qt=kp×t1/2+C                        (12)

The relationships between qt  and t1/2 at various 
initial concentrations (50-400 mg·L−1) TCP are given 
in Fig.6. As can be seen from Fig. 6, the plots of 
different initial concentrations show similar features 
that the plot obtained consists of three straight lines, 
and similar results could be found in the reported 
Ref.[25]. In addition, the plots were not linear over 
the whole time range, implying that more than one 
processes affected the adsorption, which contains both 
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the surface adsorption and intraparticle diffusion. The 
first linear section can be attributed to the diffusion 
of adsorbate through the solution and the boundary 
layer to the external surface of adsorbent. In the linear 
second section, plots do not pass through the origin, 
which suggests that the intraparticle diffusion is not the 
rate-limiting step, but some degree of boundary layer 
control. After two linear segments, the last plateau 
section described the final equilibrium for which the 
intraparticle diffusion started to slow down. However, it 
can be noticed that the slopes of the first linear section 
and the second linear section were increased with an 
increase in initial concentration, respectively. The slope 
of the linear portion indicated the rate of the adsorption. 
The lower slope corresponded to a slower adsorption 
process. The increase of slope can be explained by the 
increase of the mass transfer driving force. And the 
constants of kp and C for the second linear section are 
shown in Table 3. From the table, it can be noticed that 
the intraparticle diffusion coefficient kp for the diffusion 
in the second region is increased from 3.31 to 27.79 
mg·g−1·h−0.5 with an increase in initial concentration. 
The value of the intercept C in this second section 
provides information related to the thickness of the 
boundary layer, which increased with increasing initial 
concentration. The increase of the intercept C suggests 
that increasing the TCP concentration of the solution 
would increase the rate of diffusion of TCP in the 
boundary layer. In other words, the surface diffusion 
became more important at high concentration. Similar 
results could be found in the reported literatures[19, 26].

4  Conclusions

The results of this study indicated that calcined 
Mg/Al-CO3 layered double hydroxide may potentially 

be employed as an adsorbent in the removal of 
TCP (94.7% of removal percentage in initial TCP 
concentration 50 mg/L, CLDH dose 3 g/L). The 
kinetics of adsorption was shown to be suitably 
described by the pseudo-second-order kinetics model, 
and the calculated value of Ea was 2.087 kJ·mol-1, 
indicating that diffusion controlled the process of 
TCP removal. The thermodynamic analysis presented 
that the processes of adsorption were endothermic, 
spontaneous and entropy-gained nature of the process. 
The Freundlich isotherm model obtained well fitted the 
experimental data. With the supports of characterization 
by several techniques and thermodynamic analysis, 
the adsorption is a physical adsorption process. The 
intraparticle diffusion model showed that increasing 
the TCP concentration of the solution would increase 
the rate of diffusion of TCP in the boundary layer, and 
the overall rate of adsorption can be described by three 
steps: surface diffusion, particle diffusion and diffusion 
equilibrium.
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