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Abstract  Developed a method of synthesis of layered double hydroxides (LDH) of different composition. The 
investigations the processes of adsorption of phenols on LDH variable composition. Were designed kinetic 
parameters the processes of adsorption of phenols. 
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1. Introduction 
At the present an increase of phenol and its derivatives 

concentration in the environment takes place, due to 
discharge it into the water from inadequately treated 
wastewater of different enterprises, especially coke and 
petrochemical enterprises [1]. Phenol can cause different 
diseases of organisms, including humans. Phenol is 
particularly dangerous because of its relatively good 
solubility in water. 

To reduce the penetration of phenol into the 
environment may take place primarily due to the effective 
treatment of industrial wastewater, in which the phenol 
and its derivatives are found. 

There are various methods of purification of industrial 
waste waters from the dissolved phenol. Liquid extraction 
is used for the purification of waste water containing 
phenols [2]. The feasibility of wastewater treatment 
through extraction is determined by the concentration of 
organic impurities. Extraction of phenols from wastewater 
is economically inefficient process, because of use of 
costly ethers and esters for the extraction of phenols from 
wastewater. 

The radiation treatment is used to remove phenol from 
wastewater. During the γ-radiation (Со50, Сs137) oxidation 
and polymerization of organic and inorganic substances 
(including not biodegradable and toxic compounds) takes 
place. The deposition of colloidal and suspended solids, 
disinfection and deodorization take place too. Radiation 
treatment, as a fast single-stage process gives the complex 
effect [3]. 

Со60 γ-irradiation of aqueous solutions containing 10 
mg/l of phenol in a flow system with a dose of 0,48 W/kg 
for 20 min completely decomposes it to water and carbon 
dioxide, the decomposition rate is 0.25 mg/(l min). 

However, through radiation treatment the removal of 
phenol and its derivatives up to the level of MPC is not 
achieved. 

The final purification achieving MPC (0.1 g/l) is only 
under the use of adsorption technology possible. 
Adsorption methods are widely used for wastewater 
treatment from dissolved organic substances. The 
advantage of this method is its high efficiency, and the 
possibility of sewage directly from many toxic substances. 
The effectiveness of adsorption reaches 80-95 %, 
depending on the nature of the adsorbent, the adsorption 
surface and its accessibility, on the chemical structure of 
substance and its state in solution [4]. 

Most of all, activated carbons [5] are used as a sorbent 
for the removal of phenols. However, their use is limited 
by their high cost. In addition, the sorption process on 
activated carbon are physical process, the sorbed ions are 
not associated with a matrix by chemical bonds, which 
makes the disposal process risky due to the possible of the 
reverse process of desorption. Also, carbon sorbents have 
disadvantages such as long-term establishment of sorption 
equilibrium and the low degree of sorption. 

The most promising sorbents are the sorbents based on 
clays, synthetic and natural [6]. They are cheap, accessible 
and efficient, universal sorbents, and they have a high 
absorption capacity, resistance to environmental 
influences and can serve as excellent carriers for mounting 
on the surface of various compounds at their modification. 

The aim of our work is the search for new anionic 
sorbents, the use of which would allow effective remove 
of phenols from wastewater. 

For this aim LDHs with variable composition were 
investigated, and their physical-chemical- as well 
adsorption properties were studied. Also we studied the 
kinetics of ion-exchange sorption of phenol on the LDHs 
of different composition, the structure of LDHs and its 
changes during the phenol sorption. 
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2. Experimental Section 
Synthesis of layered double hydroxides was carried out 

by the method described in [7,8]. Samples were kindly 
provided by SASOL Germany GmbH. 

The obtained sorbents have the following 
characteristics (Table 1). 

Table 1. The characteristics of layered double hydroxides 
Mg/Mg+Al, mol/mol 0.52 0.72 0.81 0.86 

d, Å 3.038 3.036 3.045 3.058 
с, Å 22.62 22.67 22.81 23.40 

Specific surface area, m2/g 250 200 192 180 
Pore volume, ml/g 0.5 0.2 0.2 0.2 

Acidity, meq/g 0.41 0.32 0.21 0.06 
Basicity, meq/g 0.73 0.54 0.63 0.85 

Еdin., meq/g 0.075 0.081 0.041 0.036 

Еstat., meq/g 0.38 0.41 0.10 0.08 
The resulting LDHs were investigated to determine the 

surface basicity. 
Determination was carried out by titration in the 

presence of Hammett indicators [9]. Analysis were carried 
out by the following procedure. In a glass beaker (20 ml), 
mounted on a magnetic stirrer was placed a sample of a 
layered double hydroxide, and then a glass was filled with 
benzene. Then a glass cylinder, divided by a porous 
partition with a standard sample on it was placed in the 
beaker. Hammett indicator was added into benzene, and 
the color change can be observed on the surface of a 
standard sample. The followed indicators were used: 
bromothymol blue (pKa = 7.2), 2-chloro-4-nitroaniline 
(pKa = 17.2), 4-chloroaniline (pKa = 26.5), 2,4,6-
trinitroanilin (pKa = 12 and 2), 2,4-dinitroaniline (pK = 
15.0), 4-nitroaniline (pKa = 18.4). Calcined MgO was 
used as a comparison standard. 

Structure of LDHs was studied by X-ray diffraction 
(Figure 1). The X-ray diffraction experiments were 
performed using a SIEMENS D-500 diffractometer with 
Co Kα - radiation. Special computer programs were used 
for smoothing, background correction and decomposition 
of overlapped diffraction peaks.  

 

Figure 1. XRD patterns of LDH Mg/(Mg+Al) = 0,72 mol/mol (as-
prepared, with naphthalene, with β-naphtol) 

X-ray fluorescence spectroscopy (XRF), Shimadzu 
XRF-1700 sequential XRF spectrometer was used to 
determine the Mg/Al atomic ratios of the samples. 

The nitrogen adsorption–desorption isotherms were 
recorded at 77 K on a Coulter SA 3100 automated gas 
adsorption system on samples previously degassed at 383 
K for 7 h under vacuum. Specific surface areas (S-BET) 
were determined using the Brunauer–Emmett Teller (BET) 
method on the basis of adsorption data. The pore volume 
(Vp) values were determined by using the t-plot method of 
De Boer. 

Thermal behavior was studied by thermo-analytical 
methods, the samples calcined on the air (the temperature 
was raised with 10 K/min to 1273 K). 

The concentration of phenols was determined 
photometrically through the reaction of formation of the 
colored compound with 4-aminoantipyrine in an alkaline 
medium (pH=10) in the presence of ammonium persulfate. 
The concentration of alcohol, naphthalene and β-naphthol 
was determined by chromatography on a chromatograph 
HP 5890.  

Sorption studies were performed in periodic conditions, 
loading the sorbent in a solution containing sorbed 
substances (alcohols, phenols, naphthalene derivatives), 
and samples were taken after vigorous mixing for some 
time.  

3. Results and Discussion 
LDHs are products of isomorphic substitution of metal 

cations in the hydroxides of metal cations of higher 
oxidation degree [13], as shown in Figure 2. 

 

Figure 2. – Structure of layered double hydroxides 

The acid properties of phenol are beneficial for using of 
LDHs for the phenol adsorption is. Studying LDHs, unlike 
most natural clays, are not solid bases, not acids. The 
basic site in such compounds may be represented by a 
hydroxyl group, which is localized at the tetrahedral 
aluminum. Lewis basic sites are a lone electron pair of 
oxygen: 
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The presence of the basic sites of Brønsted and Lewis 

types allows the process of anion exchange in the inner 
space of layered double hydroxides. The anion-exchange 
reaction for phenol and its derivatives on layered double 
hydroxides proceeds as follows: 

OH  +  PhOH OPh  +  H2O
 

Since phenol is an acid, so the represented reaction of 
anion exchange takes place almost irreversibly. In addition, 
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phenol is a rather strong organic acid, so the process of 
ion-exchange takes place very quickly. 

To determine the process parameters of sorption of 
phenols on LDH kinetic studies were carried out. 
Conducting of kinetic studies under the conditions far 
from the sorption equilibrium was predetermined by the 

fact that in real industrial conditions the sorption processes 
in exactly non-equilibrium conditions. The study was 
carried out in the mixed reactor with periodic feeding, the 
concentration of phenol was determined by 
spectrophotometry. The obtained data are depicted on 
Figure 3. 
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Figure 3. Changing the phenol concentration ft time at different mass of sorbent: 1 - 0.1g, 2 - 0.15g, 3 - 0.2g; (Mg/(Mg + Al) = 0.72 mol / mol, t = 20°C) 

At the initial moment, at high degree of conversion, the 
experimental results are well linearizing in the ln (со/с) – τ 

coordinates (Figure 4), indicating the first order on 
adsorbate concentration. 
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Figure 4. - Dependence of ln(сo/с) on the sorption time, 1 - 0.1g, 2 - 0.15g, 3 - 0.2g; (Mg/(Mg + Al) = 0.72 mol/mol, t = 20°C) 

Investigation of the kinetics of the reaction showed that 
the rate of sorption depends on the concentration of 
phenol and amount of LDHs. To replace the mass of the 
sorbent on the concentration of active sites (Cas) in a 
volume of solution used the values of the dynamic 
capacity of LDHs, defined in dynamic conditions (Table 
2). 

Table 2. The dynamic capacity of LDHs (phenol) 

Mg/(Mg+Al), mol/mol 0.52 0.72 0.81 0.86 

Е, meq/g 0.18 0.31 0.36 0.46 

The kinetic equation of sorption of phenol is as follows: 

 PhOH ask C Cϑ = ⋅ ⋅   

We investigated the adsorption capacity of phenol in 
reactions with sorbents with varying degrees of 
isomorphous substitution. Rate constants for phenol 
sorption for sorbents with different molar ratio of Mg / 
(Mg + Al) have been calculated. The obtained values of 
the constants are presented in Table 3. 

Table 3. Second order constants of sorption  

Mg/(Mg+Al), mol/mol 0.52 0.72 0.81 0.86 

k ·103, l/mol·s 0.83 1.29 1.67 1.70 

To determine the activation parameters of sorption of 
phenols on LDHs, the ion exchange at different 
temperatures has been studied. These data are presented as 
curves on Figure 5. 
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Figure 5. Changing of phenol concentration in time at different temperatures; 1 – 21°C, 2 – 40°C, 3 – 60°C, 4 – 75°C 

Since the reaction of a rather strong organic acid with a 
solid base proceeds quickly, the linearization performed at 
the initial moment of reaction. The rate constants of 
sorption of phenol at different temperatures were 
determined. The obtained data are presented in Table 4. 

Table 4. The value of the rate constants of the sorption at different 
temperatures  

Т, К 294 313 333 348 

k, s-1 0.08 0.24 0.33 0.46 

Е = 29.1 kJ/mol kо = 9.9 · 103 l/mol·s 

Dependence of the rate of phenol sorption on the 
temperature has been investigated only for the sorbent 
Mg/(Mg+Al) = 0,72 mol/mol, however, we can assume 
that for other sorbents will be observed a similar dependence. 

The full kinetic equation for the phenol sorption of 
phenol sorbent has the form: 

 3 29,1/RTk k  9.9 10о е−= = ⋅ ⋅  

The obtained value of activation energy suggests that 
the reaction proceeds in the diffusion region, but close enough 
to the kinetic region, due to the high acidity of phenol.  

The reaction with phenol proceeds rapidly and after 15-
20 minutes the dynamic equilibrium set. Due to the high 
acidity of phenol the equilibrium is strongly shifted 
toward the formation of products, the reaction proceeds to 
completion.  

However, if at the end of the sorption to leave the 
LDHs in a solution of phenol in a long time (48 hours), 
the degree of adsorption increases, a simultaneous 
increase the inter-planar distance from 3,03 to 5,76 Å. By 
our assumption, this is due to the reorientation of the 
aromatic rings in the inner space of LDHs (Figure 6), with 
increased availability of active sites. 
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Figure 6. Change the location of the molecules of phenol in the LDHs 

4. Conclusions 
1. Physical-chemical properties of LDHs. It has shown 

that changing the composition of LDH the 
concentration and strength of active sites on their 
surface can be regulated, and thus we can regulate 
the sorption properties. 

2. The kinetics of phenol adsorption on the LDH of 
variable composition have been studied. 

3. The dependence of the kinetic parameters of the 
adsorption on the composition of LDHs has been 
shown. 

4. The kinetic and activation parameters of the sorption 
of phenol on the LDHs, which may be the basis for 
the calculation of process plants for the removal of 
phenols from industrial wastewater, have been 
determined. 
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