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a b s t r a c t
Mesopores are materials with pore diameters between 2 and 50 nm, are used in several fields such 
as catalysis, chromatography, adsorption, etc. This study focuses on the potential use of mesoporous 
Si(Mes) and perovskite (P) as adsorbents, their ability to remove hydroxybenzene from aqueous 
solutions and the possibilities of elimination of a certain class of phenolic compounds, whose chem-
ical structures of which contain functions capable of interacting on the surface of the supports. 
The adsorbent was characterized by Brunauer–Emmett–Teller, Fourier-transform infrared spectros-
copy and X-ray diffraction methods. Batch adsorption experiments were undertaken to assess the 
effect of physical parameters on the hydroxybenzene removal efficiency. It has been observed that 
under optimized conditions (pH 4; adsorbent dose 1 g L–1; agitation speed 200 rpm; contact time 
90 min); up qmax of 4.210 g of hydroxybenzene/g adsorbent at 25°C were removed from the solution. 
The adsorption by the adsorbent follows a pseudo-second-order kinetic model with a determina-
tion coefficient (R2) of 0.999; which relies on the assumption that the physisorption may be the 
rate-limiting step. The adsorption at different temperatures has been used for the determination of 
thermodynamic parameters, the negative free energy (ΔG°) and positive enthalpy (ΔH°) indicate 
that the overall adsorption is spontaneous and endothermic, while the negative value (ΔS°) states 
clearly that the randomness increases at the solid-solution interface during the phenol adsorption 
onto Si(Mes)-(P), indicating that some structural exchange may occur among the active sites of the 
adsorbent and the ions.
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1. Introduction

Many wastewaters contain significant levels of organic 
contaminants, which are toxic or otherwise undesirable 
because they generate odor, unsightly color, foaming, etc [1]. 
Among the different organic pollutants of aquatic ecosys-
tems, the phenols, especially chlorinated, are considered as 
priority pollutants since they are harmful to plants, animals, 

and humans, even at low concentrations [2]. The problem of 
water pollution is a big challenge in time, due to rapid pop-
ulation growth, water demand every day higher [3]. The dis-
charge of the wastewater containing large amounts of organic 
contaminants represents a serious risk to the general popula-
tion [4]. Wastewater containing phenolic compounds implies 
serious discharge problems, due to their poor biodegrad-
ability, high toxicity, and accumulation in the environment. 
Phenols are introduced into surface water from industrial 
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effluents, such as plastic, leather, paint, rubber, pharmaceu-
ticals, petrochemicals and pesticides, among others [5–7]. It 
is a fact that hydroxybenzene and its derivatives in natural 
water sources represent a threat to human health and water 
quality [8] because of their high toxicity and carcinogenic-
ity even at low concentrations. Environmental Protection 
Agency (EPA) regulations demand lowering hydroxyben-
zene content in wastewater to less than 1 mg L–1 [9]. There are 
many methods for the treatment of phenolic compounds, but 
the adsorption remains one of the most widely used due to 
its simple implementation and low operation cost. Research 
has been carried out to find effective materials for the treat-
ment of phenolic wastes and there is a necessity to develop 
new adsorbents for their elimination and the activated car-
bon is among the most effective adsorbents [10,13]. Ideally, 
removal processes must be simple, effective and inexpen-
sive and several techniques have been suggested, including 
biological and physic-chemical methods. However, adsorp-
tion has been proven as an effective and reliable method. 
Its major advantages for the control of water pollution are 
less investment in terms of development cost, simple design, 
easy operation, free from the generation of toxic substances, 
and easy and safe recovery of the adsorbent as well as adsor-
bate materials. Activated carbons are widely used in the 
water treatment which enables the adsorption of both cat-
ionic and anionic pollutants. Recently, the use of agricul-
tural waste as activated carbon precursors has proved to be 
renewable and less expensive. Therefore, the research has 
been focused on the preparation of activated carbons based 
on agricultural wastes and lignocelluloses materials such 
as coffee waste [11], date pits [12], apricot stone [13–15]. On 
the other hand, the inorganic compounds crystallizing in 
perovskite structure are widely used in modern electronics 
because of their high Chenopodium album [16], rice straw and 
biomass material [17,18] dielectric permittivity, high piezo-
electric coefficient of their ferroelectricity, semiconductiv-
ity, thermoelectricity, catalytic activity and photocatalysis. 
These properties lend themselves to many applications in 
optoelectronics, dielectric for the manufacture of multilayer 
capacitors and transducers. In this study, it was necessary 
to understand how the phenol interacts with the adsorbent 
during discoloration and to describe the processes involved 
in these interactions. For this purpose, parametric research 
of the adsorption has been undertaken by studying the effect 
of several significant parameters on the decolorizing power 
of the material particularly the contact time, the adsorbent 
dose, pH, stirring speed and temperature. Furthermore, the 
adsorption isotherms were performed and their modeling 
was achieved by applying known models. The performances 
of adsorbent on the phenol adsorptions were evaluated 
using equilibrium, kinetic and thermodynamic studies.

2. Materials and methods

2.1. Preparation of phenol solutions

Phenol solutions were used as a surrogate indicator to 
simulate industrial wastewater and to evaluate the adsorp-
tion capacity of Si(Mes)-(P). The characteristics and molec-
ular structure of phenol (hydroxybenzene) are illustrated 
in Table 1; Phenol was purchased from Merck (India) Ltd. 

The solutions were prepared using crystallized phenol and 
distilled water to have a good reproducibility of adsorption 
results. We prepared a large volume (1 L) of stock solution 
(1,000 mg L–1); then it was diluted to prepare standard solu-
tions to study the effect of the initial dye concentration. 
The phenol concentration was titrated with a UV-Visible 
spectrophotometer (lmax = 270 nm). The initial pH of the solu-
tion was adjusted by using HCl or NaOH solution (0.1 M).

2.2. Preparation of mesoporous silica Si(Mes)

Generally, during the synthesis of mesoporous materi-
als, four major elements are used: (a) anionic, cationic, non-
ionic or neutral surfactant molecule (structuring agent) for 
directing the final structure of the material. (b) Source of 
silica (fumed silica, sodium silicate, etc). (c) Solvent (water, 
ethanol, etc). (d) Acidic, basic or neutral catalyst according 
to the desired synthesis. The formation of the mesoporous 
material can be explained as follows: the surfactant 
molecules with a positive, negative or neutral charge, a 
hydrophilic head, and a long hydrophobic chain. When the 
solutions containing the surfactant molecules and the silica 
source are mixed, three types of interaction can take place: 
organic–inorganic, organic–organic and inorganic–inor-
ganic. In order to minimize the free energy of the system, we 
observe the formation of organic–inorganic interface (ion 
exchange), the organization of organic micelles with each 
other so as to form a cubic, hexagonal or lamellar structure 
and the condensation of the inorganic phase [19].

2.3. Syntheses of monoporous silica Si(Mes)

Si(Mes) was prepared using nonionic surfactant glycols 
based polymer, more particularly the three-block copolymer 
consisting of an assembly of polyethylene glycol-polypro-
pylene glycol-polyethylene glycol units such as Pluronics. 
The Si(Mes) type samples used in this work were prepared 
from the protocol described by the Roggenbuck Method 

Table 1
Physicochemical properties of phenol

Parameter Value

Melting temperature (°C) 43
Boiling temperature (°C ) 182
Auto-ignition temperature (°C ) 715
Saturation vapor pressure at 20°C 47 Pa
Half life time in the air (h) 20
Half life time in water (h) 55
Solubility (g L–1) 97
Volumic mass (g cm–3) 1.073
Chemical formula C6H6O
Molar mass (g mol–1) 94.1112 ± 0.0055
Composition C: 76.57%; H: 6.43%; O: 17%
Dipolar moment (D) 1.220 ± 0.008
Molecular diameter (nm) 0.55
International Union of Pure and 
Applied Chemistry

Hydroxybenzene
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[20], 12 g of commercial Pluronic was dissolved in 360 g 
of distilled water and 43 g of HCl (32% wt.%). The solu-
tion was stirred at 35°C to allow the complete dissolution 
of the structurant. 24 g of tetraethyl orthosilicate was then 
added under sustained agitation. The molar gel composi-
tion obtained was fixed at 1, tetraethyl orthosilicate: 0.018 
commercial Pluronic: 3.3 HCl: 187 H2O. The solution was 
stirred for 24 h at 35°C, transferred into an autoclave for 
aging during 24 h at 50°C, 100°C or 140°C to obtain respec-
tive pore diameters of the order of 6, 8 and 10 nm. After 
aging, the solid was recovered by filtration, washing and 
drying at 80°C for 12 h. The solid was finally calcined at 
550°C under airflow for 3 h (Fig. 1).

2.4. Synthesis of massive perovskites (P)

This method consists of dissolving masses of precur-
sor (metal and lanthanum nitrates) corresponding to the 
desired percentages of the solid in a known quantity of 
distilled water. After the dissolution of nitrates, glycine 
(H2NCH2CO2H) fuel was added as a complexing agent 
(NO3

–/glycine = 1) [21] while maintaining agitation, water 
was evaporated by increasing the temperature to 100°C. 
After that, a dry gel was obtained. Then, the temperature 
was increased to 280°C to allow the self-burning of glycine. 
All samples were calcined at 600°C to remove the residual 
carbon from incomplete glycine combustion. The crystal-
lographic structure of perovskite is represented in Fig. 2 
and the characteristics are as follows (lattice: cubic P (ide-
alized structure), 1 ABO3 per mesh, pattern: (A+2 to (0, 0, 0); 
B4+ to (1/2, 1/2, 1/2); 3O2– to (1/2, 0, 0), (0, 1/2, 0), (0, 0, 1/2).

2.5. Characterizations

The Fourier-transform infrared spectroscopy (FTIR) 
analysis was carried out with a spectrometer (BRUKER 
VERTEX 70) with a resolution of 4 cm–1 where the band range 
varies from 400 to 4,000 cm–1, controlled by a microcomputer 
(Bruker Corporation, Germany). To analyze our samples, we 
used the method of pelletization with KBr of spectroscopic 
quality. It consisted of intimately mixing the solid sub-
stance with a quantity of KBr, in an agate mortar and finally 

compressed in a vacuum hydraulic press. The material was 
transformed under a cold flow into a transparent pellet, the 
latter was then placed in the path of the light beam.

The X-ray diffraction (XRD) patterns were obtained 
with a Philips PW 1730 diffractometer equipped with Cu-Ka 
radiation (40 kV, 30 mA) (Philips Research Eindhoven, The 
Netherlands).

The specific surface area of sample clay was determined 
by the Brunauer–Emmett–Teller (BET) method by using 
Quantachrome Asi Quin (Corporate Headquarters, Boynton 
Beach, Florida, USA), Automated Gas Sorption Analyzer 
(Quantachrome Instrument Version 2.02, using the ASAP 
2010 Micromeritics Equipment, Corporate Headquarters, 
Boynton Beach, Florida, USA).

2.6. Adsorption studies

The effects of the initial phenol concentration (C0: 20–100 
mg L–1), solution pH (1.5–5), adsorbent dose (0–50 g L–1) 
and temperature (293–333 K) on the phenol adsorption 
were investigated in batch mode for variable specific peri-
ods (0–120 min) under constant agitation (200 rpm). The 
phenol solutions were made up of dissolution of the stock 
solution (1 g L–1) of phenol (99%) in distilled water, to the 
required concentration; pH was adjusted with HCl or NaOH 
(0.1 mol L–1). For the kinetic studies, desired quantities of 
Si(Mes)-(P) were contacted with 50 mL of phenol solutions in 
Erlenmeyer flasks and placed on a rotary shaker at 200 rpm, 
the aliquots were withdrawn at regular times and subjected to 
vigorous centrifugation (3,000 rpm and 10 min). The remain-
ing phenol concentration was titrated with a PerkinElmer 
LAMBDA 365 UV/Vis Spectrophotometer, (India) model 
550S (lmax = 270 nm). The (%) removal of phenol adsorbed 
Rt (%) by Si(Mes)-(P) was calculated from the relation:

R
C C
Ct

t=
−

×0

0

100  (1)

where Ct is phenol concentration (mg L–1) at the time (t). 
Due to the inherent bias resulting from the transformation 
that overlaps toward a diverse form of parameters estimation 
errors and fits distortion, several mathematically rigorous 

Fig. 1. Structure of Si(Mes) before and after heat treatment at 
550°C. Fig. 2. Crystal structure of perovskite ABO3.
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error functions. Because of the inherent bias resulting from 
the linearization of isotherm models, the non-linear regres-
sion Chi-squares (χ2) Eq. (2) the test was used as a criterion 
for the fitting quality. A smaller χ2 value indicates a better 
curve fitting [22–24].

χ2

2

1
=

−( )
∑
q q

q
e e

e

N
,exp ,

,

cal

cal

 (2)

where qe,exp (mg g–1) is the uptake experimental, qe,cal the 
calculated value of uptake using a model (mg g–1) and N 
the number of data points in the experiment.

2.7. Effect of different parameters for the adsorption processes

2.7.1. Effect of pH

The pH of the solution is one of the most sensitive 
parameters of adsorption, particularly on its capacity. 
The influence of pH on the phenol adsorption on the 
mesoporous material was carried out with solutions 
of phenol (25 mg L–1) placed in contact with 0.2 g of the 
adsorbent Si(Mes)-(P) and with pHs varying between 1.5 
and 5. Fig. 3 shows that the adsorption efficiency of phenol 
increases with increasing the solution pH. The best perfor-
mance (~70%) was obtained at pH 4. In an acid medium, 
the positive charge is dominant on the adsorbent surface 
and thus a substantially high electrostatic attraction exists 
with the negative charges of formed phenolates, thus 
favoring the adsorption (Fig. 4).

Conversely, high pH causes the reduction of the elec-
trostatic repulsion, due to the reduction of positive charge 
density on the active sites of the adsorbent resulting in a 
decreased adsorption of the phenol ions; the OH– ions com-
pete with the phenol ions to occupy the active sites of the 
adsorbent surface. The maximum adsorption is obtained at 
pH 4, which allows us to retain this optimal value for the rest 
of the parametric study.

2.7.2. Effect of contact time on phenol removal efficiency

The influence of the contact time on the adsorption of 
phenol by the mesoporous is also an important step because 
it enables us to determine the required duration to reach 
equilibrium. The results obtained are reported in Fig. 5, 
which illustrates the evolution of the removal efficiency of 
the phenol as a function of time. We can deduce that the 
adsorption is done in three steps:

• Accelerated adsorption of the phenol in solution due 
to the presence of free sites on the surface of the adsor-
bent particles, which reflects the linear increase in the 
adsorption capacity over time. This step lasts 20 min. 
under the intended conditions of use.

• Reduction in the adsorption rate resulting in a very small 
increase in the capacity due to the decrease in the amount 
of phenol in solution and the number of available sites; 
this step lasts from 20 to 60 min.

• Stability of the adsorption capacity observed from 
60 min, due to the almost total occupancy of adsorption 
sites, which results in a level.

The phenol ions are adsorbed initially on the external 
adsorbent surface area which makes the adsorption rate 
easy and fast. Once the external surface is saturated, the 
phenol ions entered inside the pores and absorb on the 
internal surface of particles and such a phenomenon takes 
a relatively long time. This may be attributed to an increase 
of the driving force due to the concentration gradient with 
increasing C0 in order to overcome the mass transfer resis-
tance of phenol ions between the aqueous and solid phases. 
Therefore, a higher initial phenol concentration C0 increases 
the adsorption capacity; similar results were obtained in 
the literature [25].

Fig. 3. Influence of pH on phenol removal efficiency by 
Si(Mes)-(P). Fig. 5. Effect of contact time on phenol removal efficiency.

Fig. 4. Phenol dissociation equilibrium in an aqueous medium.
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2.7.3. Effect of initial pollutant concentration on removal 
efficiency

For this present experiment, 0.2 g samples of the 
modified support were contacted with organic solutions 
(50 mL), at pH 4 and at different phenol concentrations 
C0. The results (Fig. 6) show that the phenol extraction rate 
decreases with increasing C0. This effect can be explained as 
follows; at low concentrations, the adsorption of phenolic 
ions occurs at high energy sites. As C0 increases, high energy 
sites are saturated and the adsorption begins at lower 
energy sites, resulting in decreased adsorption efficiency.

2.7.4. Effect of agitation speed

The effect of the stirring speed in the range (100–700 rpm) 
on the adsorption capacity of phenol onto Si(Mes)-(P) is 
also studied. The optimal capacity is obtained for a speed 
of 200 rpm, which gives the best homogeneity of the mix-
ture suspension. Above 200 rpm, a desorption phenomenon 
occurs. Therefore, the optimal rotational speed of 200 rpm is 
selected for subsequent tests.

2.7.5. Effect of adsorbent dose

The effect of the concentration of the modified support 
on the retention of phenol ions by Si(Mes)-(P) was stud-
ied at optimal pH (=4) and 2 h of contact; the dose ranges 
from 0 to 45 g mg–1. Fig. 7 illustrates the evolution of the 
extraction yield as a function of the concentration of the 
mesopore support, clearly reveals a gradual increase in 
the extraction rate until the appearance of a plateau from 
Si(Mes)-(P); this is due to the increased exchange surface. 
Therefore, this optimal adsorbent dose will be used for the 
next parametric study.

3. Results and discussion

3.1. BET surface area and pore size

The specific surface area (Ssp) of the sample clay was 
determined by the BET method. Ssp and pore structure of 
the activated carbons were characterized by N2 adsorption– 
desorption isotherms at −196°C, the isotherm is identical 
to type II at low pressures and Ssp was determined by 
the BET equation. The external surface area, micropore 
area and micropore volume were calculated by the t-plot 
method. The total pore volume was evaluated from the liq-
uid volume of N2 at high relative pressure near unity 0.99. 
The mesopore volume was calculated by subtracting the 
micro-pore volume from the total volume. The pore size 
distribution was determined using the density functional 
theory model. The textural characteristics of Si(Mes) and 
Si(Mes)-(P) are presented in Table 2.

3.2. Infrared spectroscopy study

The samples were analyzed by the FTIR spectroscopy 
for the identification of natural minerals [26]. It is a useful 
technique to qualitatively determine the characteristic func-
tional groups of the adsorbents; it is also a physical method 
of structural analysis. It reveals the nature of interatomic 

bonds in a molecule and identifies the functional groups 
[27]. The FTIR spectra of the solids before adsorption show, 
the presence of silicate network characteristic bands. The 
band centered at 454 cm–1 is assigned to the Si–O bond, while 
the band at 802 is due to Si–O. The band located between 
1,500 and 2,000 cm–1 corresponds to the deformation of Si–
OH group while the broadband at 3,441 cm–1 with a low 
intensity ascribed to silanol Si–OH is observed for the sol-
ids before adsorption. The spectrum after adsorption (Fig. 8) 
shows a broad band centered at 3,446 cm–1 characteristic of 
phenol, clearly confirming its adsorption on the support.

3.3. Structural analysis of Si(Mes) and Si(Mes)-(P) by XRD

At low angles of support (Fig. 9) allowed the detec-
tion of three well-resolved reflection peaks at 2θ between 
1° and 2°, characteristic of the reflection of (100), (110) 
and (200) of the hexagonal structure P6mm of the pores. 

Fig. 6. Effect of initial pollutant concentration on removal 
efficiency.

Fig. 7. Influence of the concentration of the adsorbent.
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Nevertheless, the shift of reflection peak at low 2θ values 
with the impregnation-auto-combustion cycle leads to a 
slight increase in the mesh parameters. The presence of 
the three reflections of the nanocomposites derived from 
Si(Mes) suggests that the pore structure is not or slightly 
affected by the formation of mixed oxide particles. Wide 
XRD angles of the analyzed solids revealed the formation 
of mixed oxide nanocrystals for all synthesized nanocom-
posites. Comparing with the perovskite mass, the analysis 
of nanocomposites does not allow the detection of charac-
teristic reflections of this structure. Indeed, the low reflec-
tion at 2θ = 42.9° corresponds to the single metal oxide.

3.4. Adsorption kinetic study

In order to elucidate the phenol adsorption on Si(Mes)-(P), 
particularly the rate-controlling step, the adsorption data 
were analyzed by the pseudo-first-order model:

The pseudo-first-order equation [28] is given by:

log log
.

q q q t
K

e t e−( ) = − ×1

2 303
 (3)

and pseudo-second-order model [29]:

t
q K qq

t
t e e

=
⋅

+ ⋅
1 1

2
2  (4)

where qt (mg g–1) is the amount of adsorbed phenol on 
Si(Mes)-(P) at time t (min); K1 (min–1) and K2 (g mg–1 min–1) 
are the pseudo-first-order and pseudo-second-order kinet-
ics constants respectively. The slope and intercept of the 
plots ln(qe – qt) vs. t are used to determine the constants 
K1 and qe while the slope and intercept of the plot of t/qe 
vs. t permit to determine the constants K2 and qe; the rate 
constants the corresponding determination coefficients are 
summarized in Table 3. For the pseudo-first-order kinetic 
(Fig. 10a), the experimental data deviate from the linearity 
as evidenced by the low values of qe and C0. Therefore, this 
model is inapplicable in the present system. By contrast, 
the qe,cal value determined from the pseudo-second-order 
kinetic model agrees with the experimental data (Fig. 10b) 
and the model suggests that the phenol adsorption onto 
Si(Mes)-(P) is based on chemical reaction, involving an 
exchange of electrons between adsorbent and adsorbate. 
In the chemisorption, the phenol ions are attached to the 
adsorbent surface by chemical bonds and tend to find sites 
that maximize their coordination number with the sur-
face. The rate-limiting step is also an important factor to 

Table 2
Textural characteristics of Si(Mes) and Si(Mes)-(P)

Compose Surface area 
(m2 g–1)

Pore diameter 
(nm)

Pore volume 
(cm3 g–1)

Si(Mes) 426 9.6 1.23
Si(Mes)-(P) 450 10.3 1.42

Si(Mes): mesoporous silicate; (P): perovskite ABO3 (LaNiO3)

Fig. 8. FTIR spectra of the mixture Si(Mes)-(P) before and 
after adsorption in the range 500–4,000 cm−1.

Fig. 9. Low-angle X-ray diffraction spectrum of Si(Mes) and 
perovskite (P).

Table 3
Pseudo-first-order and pseudo-second-order model constants and determination coefficients for phenol adsorption

Pseudo-second-order kinetic Pseudo-first-order kinetic

C0 qe,exp qe,cal K2 R2 χ2 Δq/q qe,cal K1 R2 χ2 Δq/q

25 20 21.59 6.023 × 10–3 0.999 0.104 7.37 13.74 4.8 × 10–2 0.974 2.852 31.30
75 60 64.52 2.018 × 10–3 0.998 0.316 7.01 41.20 2.5 × 10–2 0.972 8.579 31.33
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consider in the adsorption. The phenol and silanol groups 
of the adsorbent surface area in a protonated form, making 
it possible that the phenol is adsorbed by hydrogen bond-
ing (Fig. 11). This mechanism is similar to that reported for 
the adsorption of phenol onto the surface of silica [30].

3.5. Adsorption isotherms

Several models are reported in the literature to describe 
the experimental adsorption data; the analysis of isotherms 
is important to develop equations that represent the results 
that could be used for design purposes. In this study, three 
models (Langmuir, Freundlich and Temkin) were used to 
describe the relationship between the amount of adsorbed 
phenol and its equilibrium concentration; the isotherm is 
represented in Fig. 12. According to Langmuir [31], there 
is a fixed number of homogeneous active binding sites 
on the adsorbent surface, and the interaction adsorbent/
adsorbate stops once the active binding sites are saturated. 
This isotherm explains the monolayer adsorption process.

The Langmuir isotherm is expressed as follows:

1 1 1
q q K

C
qe m L

e
m

=
⋅

+  (5)

where Ce is the equilibrium concentration (mg L–1), qmax the 
monolayer adsorption capacity (mg g–1) and KL the constant 
related to the free adsorption energy (Langmuir constant, 
L mg–1). Fig. 13a shows a linear plot for the adsorption iso-
therm. The equilibrium parameter for the isotherm called 
separation factor (RL), expressed by the relation:

R
K CL
L

=
+
1

1 0

 (6)

RL indicates the shape of the isotherm: RL > 1 is unfavor-
able, RL = 1 is linear, RL = 0 is irreversible and finally 0 < RL < 1 
is favorable.

The linear form of Freundlich isotherm is given by equa-
tion [32]:

ln ln lnq K
n

Ce F e= +
1  (7)

where KF is the constant indicative of the adsorption capacity 
of the adsorbent (L g–1). 1/n varies between 0 and 1 and shows 
the adsorption intensity of phenol; it is useful to describe 
the removal ability of the adsorbent. The plot lnqe vs. lnCe 
(Fig. 13b) gives a straight line whose slope and intercept 

Fig. 10. Adsorption kinetics (a) pseudo-first-order kinetics and (b) pseudo-second-order kinetics.

Table 4
Parameters of the adsorption isotherms for phenol onto Si(Mes)-(P)

Model Langmuir Freundlich Temkin

qmax = 4,210 mg g–1 n = 0.7415 BT = 0.621
KL = 0.00504 L mg–1 KF = 7.558 mg g–1 AT = 86.488 L mg–1

ΔQ = 168,085.5 kJ mol–1

R2 0.9903 0.9685 0.9988
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provides the values of n and KF respectively. The adsorbent 
can adsorb the phenol only from its high concentration solu-
tion if 1/n is higher than 1. On the other hand, the value of 
1/n < 1 suggests the applicability of the adsorbent over the 
entire concentration range.

The Temkin adsorption isotherm [33] indicates the 
adsorption of adsorbate occurs on energetic and non- 
equivalent adsorption sites on the adsorbent surface and 
the adsorption takes place on the more energetic adsorp-
tion sites at first [34]. There is a linear increase in the heat of 

adsorption with the coverage of phenol molecules over the 
adsorbent surface; the linear form is expressed as:

q B C B Ae T e T T= +ln ln  (8)

where BT = RT/b.

Fig. 11. Proposed adsorption mechanism of phenol molecules 
onto the surface of the adsorbent. Fig. 12. Pollutant adsorption isotherm under optimal conditions.

(a) (b)

(c)

Fig. 13. (a) Isotherm modeling according to (a) Langmuir’s, (b) Freundlich, and (c) Temkin theoretical model.
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The constant BT (L mg–1) is related to the adsorption heat, 
AT (mg L–1) a constant of the Temkin isotherm, b (J mol–1) the 
energy constant of the isotherm, R (8.314 J K–1 mol–1) the gas 
constant and T(K) the absolute temperature. Fig. 13c shows 
a linear plot of the Temkin adsorption isotherm. The calcu-
lated parameters, characteristics of each model are given in 
Table 4. It can be seen that the Langmuir isotherm fits bet-
ter than the other two others with a higher determination 
coefficients R2 very close to unity, while the smaller χ2 values 
confirm the better curve fitting. For all studied temperatures, 
we can note that the evolution of RL which lies between 0 and 
1, indicating that the phenol adsorption onto Si(Mes)-(P) is a 
favorable process.

3.6. Thermodynamic study

The adsorption reaction of phenol molecules on the 
adsorbent surface implies a variation of the free energy 
(ΔG°) between the initial and final states. The adsorption 
capacity of Si(Mes)-(P) increase with increasing temperature 
(293–333 K), indicating that the adsorption is favored at high 
temperature. The thermodynamic functions ΔG°, ΔH°, and 
entropy ΔS°) are calculated from the following equations [35]:

∆ ∆ ∆G H T S° = ° − ° �  (9)

∆G RT Kd° = − ln  (10)

where Kd is the distribution coefficient (=qe/Ce). The apparent 
enthalpy (ΔH°) and entropy (ΔS°) of the adsorption are cal-
culated from adsorption data at different temperatures using 
the van’t Hoff Eq. (11) as follows:

lnK H
RT

S
Rd = −

°
+

°∆ ∆  (11)

The adsorption is described by the functions ΔH°, ΔS°, 
and ΔG° due to the transfer of solute to the solid-liquid 
interface. ΔH° and ΔS° are calculated by plotting lnKd as 
a function of 1/T (Fig. 14) [36], the values are presented 
in Table 5. The positive enthalpy (ΔH°) confirm that the 
phenol adsorption on the adsorbent sites is endothermic 
and indicates by the increase of the adsorbed quantity 
with raising the temperature and that the molecule/parti-
cle interactions are of physical nature (ΔH° < 40 kJ mol–1) 
which confirms that the bonds are of the electrostatic type 
(hydrogen bond).

The efficiency of Si(Mes)-(P) for the phenol adsorp-
tion presented in this work is positively compared with 
other adsorbents which have been reported in the literature 
(Table 6), the maximum adsorption capacity is used as a 
comparative parameter. Our adsorption capacity shows that 
Si(Mes)-(P) is one of the good adsorbents and could be used 
for the preparation of activated carbons.

Table 5
Thermodynamic functions ΔG°, ΔS° and ΔH° of phenol adsorbed on the Si(Mes)-(P)

T (K) 1/T (K–1) lnKd ΔH° (kJ mol–1) ΔS° (J mol–1 K–1) ΔG° (J mol–1)

293 0.0030 0.0734

1.052 3.77

–52.47
303 0.0031 0.0607 –90.17
313 0.0032 0.0480 –127.87
323 0.0033 0.0353 –165.67
333 0.0034 0.0227 –203.27

Table 6
Comparison of maximum adsorbed capacities for phenol with literature data

Adsorbent qmax (mg g–1) Reference

Clay pyrophyllite (PB) 11.49 [36]
Treated clay pyrophyllite (PT) 13.70
Natural clay T = 296 K 11.09 [37]
       T = 301 K 9.107
       T = 306 K 7.630
Activated clay T = 296 K 18.86
       T = 301 K 15.45
       T = 306 K 12.51
Multiwaled carbon nano materials two dimension (MWNT) 25.38 [38]
Multiwaled carbon nano materials one dimension (MWNTO) 19.608
Multiwaled carbon (MWNT) 25.381
Reduced graphene oxide (RGO) 22.27
Multiwalled carbon nanotubes (MWCNT) 28.98
Si(Mes)-(P) 4,210 This study
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This study has given encouraging results, and we wish 
in the near future to carry out column adsorption tests 
under the conditions applicable to the treatment of indus-
trial effluents.

4. Conclusion

The present study showed the successful preparation 
of activated carbon from mesoporous silica and perovskite 
and its efficiency as an adsorbent for the phenol removal 
from aqueous solution. Textural and surface characteriza-
tions of the adsorbent gave a BET surface of 450 m2 g–1. The 
adsorption capacity of phenol increased with increasing the 
phenol concentration and time; the kinetics indicated an 
optimum pH 4 and contact time of 60 min via three stages 
of adsorption kinetic profile. The phenol adsorption fol-
lows a pseudo-second-order kinetic model with determi-
nation coefficients R2 very close to unity; which relies on 
the assumption that physisorption may be the rate-limiting 
step. The equilibrium adsorption data for the phenol onto 
Si(Mes)-(P) were analyzed by the different models, the 
results indicated that the Langmuir and Temkin models 
provide the best correlation.

The negative free enthalpy (ΔG°) and positive enthalpy 
(ΔH°) indicated that the phenol adsorption is spontaneous 
and endothermic over the studied temperatures range. The 
enthalpy clearly indicates a strong attachment of phenol to 
the adsorbent by forming a chemical bond and tends to find 
sites that maximize their coordination number with the sur-
face. The negative entropy (ΔS°) states clearly that the ran-
domness increases at the solid-solution interface during the 
phenol adsorption onto Si(Mes)-(P), indicating that some 
structural exchange may occur among the active sites of 
the adsorbent. The comparison of the adsorption capacity 
of the prepared adsorbent with those reported in the liter-
ature show edits attractive properties from industrial and 
economic interests. Thus, overall, it can be concluded that 
activated carbon prepared would make a promising cost- 
effective adsorbent.
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