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ABSTRACT

An inorganic–organic hybrid nanocomposite materials has been used as a stable extractor
for the removal of phenol and characterized using Fourier transform infrared (FTIR), and
scanning electron microscopy (SEM) analyses. Batch adsorption experiments were employed
to study the main parameters of kinetic study under various conditions (e.g. contact time,
solution pH, initial metal ion concentration, temperature etc.). The most favourable pH for
the optimum sorption of phenol was found to be 3–5. Langmuir and Freundlich isotherms
were tested to describe the adsorption mechanism. The monolayer adsorption capacity of
polyaniline Sn(IV) silicophosphate (PTSP) for phenol was found to be 3.76, 5.58 and
2.82 μg g−1 at 30, 40 and 50˚C, respectively. Thermodynamic parameters were also com-
puted and their results exposed the spontaneous and endothermic nature of sorption. FTIR
confirmed that the interactions between phenol and PTSP were responsible for adsorption.
SEM image showed the amorphous morphology of untreated PTSP. It was also found that
after adsorption, the morphology of phenol-treated PTSP had been completely changed,
which proved the phenomenon of adsorption. PTSP adsorbent has been successfully used
for the removal of phenol from aqueous solutions.

Keywords: Inorganic–organic hybrid nanocomposite; Kinetic; Adsorption; Isotherm;
Thermodynamic

1. Introduction

Phenols and phenolic compounds in wastewaters
are hazardous organic pollutants which are of great
environmental interest. Their determination has been
increasing in recent years because of their toxicity, even
at low concentrations. Phenolic compounds are often
derived from various manufacturing processes such as
pharmaceutical, oil refineries, coke plants and phenolic
resin plants [1–5]. Discharge of phenolic waste may
cause an unpleasant odour and flavour in concentration
as low as 5 μg L−1 and are poisonous to aquatic life,

plants and humans [6]. It has been reported that inges-
tion of phenols in concentrations from 10 to 240 mg L−1

for long periods causes mouth irritation, vision prob-
lems, diarrhoea and excretion of dark urine [7]. Some
phenolic compounds have been found to accelerate
tumour formation, cancer and mutation [8]. They are
considered as one of the priority pollutants by the US
Environmental Protection Agency [1,9]. World Health
Organisation (WHO) has established the maximum
permissible concentration of phenol in drinking water
as 1 mg L−1 [10]. As a result, various studies have been
conducted for the removal of phenolic compounds
before being discharged to the receiving sink. The treat-
ment of this type of wastewater involves recuperative*Corresponding author.
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techniques such as solvent extraction, adsorption,
filtration, precipitation, ion exchange, biological treat-
ment and destructive techniques such as ozonation and
oxidation [4,11–15]. Adsorption technology using acti-
vated carbon is currently being used extensively for the
removal of pollutants from gaseous and liquid phases.
The main disadvantages associated with this adsorbent
are the high regeneration cost, intraparticle resistance
in adsorption process and poor mechanical strength
[7,16]. The process of adsorption has an edge due to its
sludge free clean operation and removal of phenols
from aqueous solutions having dilute or moderate con-
centrations. Activated carbon, in granular or powdered
form is the most widely used adsorbent [17–19]. In
spite of good capacity it suffers from several disadvan-
tages. The cost of activated carbon as well as thermal
regeneration of spent carbon is expensive, impractical
and produces additional effluent and results in a
considerable loss of the adsorbent [20–23]. Recently,
adsorption has attracted considerable interest espe-
cially chemically and thermally stable adsorbent for
removal of phenols from industrial wastes. These
wastes require little processing to increase their
sorption capacity. Various industrial wastes and agri-
cultural materials such as paper mill sludge, coal, dried
sewage waste, water hyacinth ash, green macro alga
and rice husk ash have been explored for their technical
visibility to remove phenols [1,16,24–26].

In the present study, we report the removal of phe-
nol from aqueous solution using polyaniline Sn(IV)
silicophosphate (PTSP). The objective of this work was
to investigate the effect of various factors such as
initial pH of solution, amount of adsorbent, time of
contact and concentration of adsorbates and tempera-
ture to determine the various isotherms, kinetics,
thermodynamic and equilibrium properties of phenol
adsorption. Equilibrium adsorption data were fitted to
Freundlich and Langmuir adsorption isotherm mod-
els. Several characterization techniques were also used
in order to determine the applicability of this ion
exchange material in the adsorption studies. PTSP has
not yet been tested for the adsorption of phenol from
aqueous solution and thus its excellent adsorption
capacity and technological applications are helpful in
pollution control.

2. Experimental

2.1. Reagents and instruments

The main reagents for the synthesis were aniline,
potassium persulphate, stannic chloride, sodium sili-
cate and orthophosphoric acid, which is procured
from Merck (Darmstadt, Germany). All other reagents

and chemicals were of Sigma (St. Louis, MO, USA).
Solutions of stannic chloride (0.25 M), orthophosphoric
acid (0.25 M) and sodium silicate (0.25 M) were all
prepared in demineralized water (DMW), while a 10%
solution (v/v) of aniline and 0.10 M potassium
persulphate were prepared in a 1 M HCl solution. A
stock solution of phenol was prepared (1,000 mg L−1)
in ethanol. Solutions were then diluted to
(20–100 mg L−1) to concentration in DMW for further
study.

2.2. Materials and methods

The main reagents for the synthesis aniline, potas-
sium persulphate, stannic chloride and orthrophos-
phoric acids were procured from E-Merck (India), and
sodium silicate was obtained from CDH (India). Other
chemicals and reagents were of analytical grade and
used as received without further purification. The
solutions of sodium silicate (0.20 M) and orthophos-
phoric acid (0.20 M) were prepared with DMW and
the solution of SnCl4 (0.20 M) was prepared in DMW,
while 10% solution (v/v) of aniline and 0.10 M
solution of potassium persulphate were prepared in a
1.0 M solution of HCl.

2.3. Synthesis of PTSP

The gel of polyaniline was synthesized using the
same method as explained in our previous paper [27].
The inorganic precipitate of Sn(IV) silicophosphate
was prepared by mixing 0.20 M solutions of
orthophosphoric acid, sodium silicate and stannic
chloride steadily with continuous stirring at 25 ± 2˚C
for 1 h, whereby a white gel type slurry was obtained.
The pH of the solution was maintained by adding a
dilute solution of HCl. The resulting white precipitate
so formed was kept overnight in the mother liquor for
digestion.

The PTSP composite material was prepared by the
mixing of inorganic precipitate and polyaniline gel (in
1:1 volume ratio) with continuous stirring for 1 h at
25 ± 2˚C. The resultant dark green gel obtained was
kept for 24 h at room temperature for digestion. The
supernatant liquid was decanted and the gel was fil-
tered under suction. The excess acid was removed by
washing with DMW and the material was dried in an
oven at 50 ± 2˚C. The dried material was grounded
into small granules, sieved and converted into
H+ form by treating with 1.0 M nitric acid solution for
24 h with occasional shaking intermittently replacing
the supernatant liquid with fresh acid. The excess acid
was removed after several washings with DMW and
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finally dried at 50 ± 2˚C in an oven. By applying
above chemical route, a number of samples of PTSP
composite were synthesized under different conditions
of mixing volume ratios, concentration and of reac-
tants with varying pH. On the basis of better ion
exchange uptake capacity together with the physical
appearance of the beads and percentage yield, one
selected sample was selected for detailed studies.

A LabIndia UV-3200 double beam spectrophotome-
ter with 10 mm matched quartz cells was used for
spectrophotometric determination. The infrared (IR)
spectra were recorded on Fourier transform infrared
(FTIR) Spectrometer (Perkin Elmer [1730, USA]) using
KBr disc method. An X’Pert PRO analytical diffrac-
tometer (PW-3040/60 Netherlands with CuKa radia-
tion l = 1.5418 Å) was used for X-ray diffraction (XRD)
measurement. The scanning electron microscopy
instrument (SEM; LEO, 435 VF) was used for SEM
images of the material at different magnifications.
Transmission electron microscopy (TEM) analysis was
carried out on a Jeol H-7500.

2.4. Adsorbate

Phenol has the following chemical structure and
its molar mass is 94.111. The cross-sectional area
(nm2 mol−1) of phenol is 0.42 nm2 [28], while its
solubility in water (g L−1) at 20˚C is 82 [29].

2.5. Adsorption studies

Batch process was used for the adsorption studies.
An adsorbent of 0.30 g was placed in a conical flask
with 30 mL solution of phenol of concentration
(40 ppm) was added and the mixture was shaken in
different pH solutions (at pH 1.0, 3.0, 5.0, 7.0, 9.0 and
11.0), contact time (10–210 min) and different tempera-
ture (30–50˚C) then filtered using Whatman filter 41
and final concentration of pollutant was determined in
the filtrate by UV spectrophotometer at wavelength of
270 nm.

2.6. Characterizations of the adsorbent

XRD was used for the identification of nature of
solid composite material. SEM was used to identify
the surface quality and morphology of the adsorbent
before and after adsorption. FTIR was recorded,
to identify the binding groups present before and
after adsorption on the adsorbent surface and their
involvement in adsorption process. TEM images were
also recorded for the average particle size of the
adsorbent. The N2 adsorption isotherm of the samples

was measured by Brunauer–Emmett–Teller (BET)
method with the help of BET surface area analyzer.
BET method is the most widely used procedure
for the determination of the surface area of
solid materials. Surface area = 155.515 m g−1, pore
volume = 0.142 cc g−1, pore radius Dv(r) = 15.970 Å,
particle size approx 30–50 nm.

2.7. Effect of contact time and initial concentration

Effect of time on the adsorption of phenol was
determined separately by analyzing the residual pollu-
tant in the liquid after contact period from 10 to
210 min. Experiments were performed using batch
process at room temperature. 250 mg of adsorbent
was added to 25 mL solution with various initial
concentrations of phenol (20–100 mg L−1). Samples
were withdrawn from conical flasks after specified
time interval and analyzed for residual phenol content
in the filtrate.

2.8. Effect of temperature

The effect of temperature on the adsorption of
phenol was studied by fixed volume (30 mL) of the
phenol solution and dose of adsorbent (0.3 g) with ini-
tial concentration of 40 mg L−1 in conical flasks. These
flasks were kept in a temperature controlled water
bath shaker at different temperatures (30–50˚C) for 4 h
at 150 rpm to reach the equilibrium and then filtered.
The final concentration of the compound in the filtrate
from each flask was then determined as described
earlier.

2.9. Effect of pH

The experiment was performed by taking 300 mg
each of PTSP into six (100 mL) conical flasks. Twenty-
five millilitres of 40 mg L−1 solutions of phenol were
added into it. The pH value of these suspensions was
adjusted to 1.0, 3.0, 5.0, 7.0, 9.0 and 11.0 by adding a
solution of conc. HCl or NaOH and after equilibrium,
the final pH of phenol was determined using pH
metre (ELICO-Li, India).

3. Results and discussion

3.1. Characterizations of the adsorbent

The functional groups or the binding sites were
identified by FTIR spectra of native and treated adsor-
bent with a view to understand the surface binding
mechanism. Fig. 1(a) and (b) show the FTIR spectra of
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PTSP before and after phenol adsorption and
represented the comparison of FTIR spectrum of
native and phenol-treated PTSP. The FTIR spectrum of
the composite cation-exchanger (Fig. 1(a)) indicates A
broadband (in the region 3,457–3,904 cm−1) and a low
intensity band at 1,649 cm−1 correspond to the pres-
ence of interstitial water molecule and free –OH
group, respectively [30]. A weak intensity band at
1,560 cm−1 is attributed to the presence of secondary
aromatic amine although the peak at 1,384 cm−1, and a
merged broad band in the range of 1,052–1,309 cm−1

are ascribed in plane –CH bending [31]. The bands at
~807 attributed to ν (P = O) [30], ν 427–471 cm−1 and
ν (Sn–O) vibration [32], respectively.

However, there were some new peaks observed in
treated adsorbent showing that adsorption process
takes place at the surface of adsorbent. There were
shifts in wave number of peaks associated with the
treated adsorbent (Fig. 1(b)). The peaks at 1,300 cm−1

may be due to deformation vibration of metal
hydroxyl group. An assembly of peaks in the region
500–650 cm−1 was due to the metal–oxygen stretching
vibrations. These shifts in band indicated that there
was a high potential for binding process. A clear shift
from 1,560 to 1,572 cm−1 after phenol treatment was

due to C=C stretching. The shift from 1,384 cm−1 to
1,300 cm−1 assigned to N–O stretch. The peaks at
1,120–1,244 cm−1 region in treated adsorbent assigned
to C–O stretching vibration. The peaks around
550–470 cm−1 showed strong adsorption due to
C≡C–H bend.

3.2. Scanning electron microscopy

The SEM analysis gives a sufficient general sum-
mary of the surface morphology of the adsorbent. The
SEM micrographs of native and phenol-treated PTSP
are shown in Fig. 2(a). The morphology of the surface
is slightly changed after phenol adsorption (Fig. 2(b)).
Adsorbed phenol on the surface of the PTSP can be
seen clearly in the form of white patches (Fig. 2(b)).
As compared to native (Fig. 2(a)), the surface of
adsorbed phenol PTSP is more irregular and porous,
which indicates that the surface area and pore volume
increased. The distinct morphology is due to the
aggregates of phenol deposition, which may briefly
indicate that the pores were prominent on the surface
of adsorbent before adsorption (Fig. 2(a)) and after the
adsorption of phenol, the pores were filled showing
adherence of phenol on the surface (Fig. 2(b)) in the

Fig. 1. (a) IR spectra of PTSP before adsorption and (b) after adsorption.
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form of white patches. These large pores and
increased surface area are important factors to
enhance the intake of phenol.

3.3. Effect of time and initial concentration

The effect of contact time and concentration on the
adsorption of phenol are shown in Fig. 3. It has been
found that the adsorption is concentration dependent
and increased with the increase in initial concentra-
tions. The equilibrium adsorption capacities at 20, 40,
60, 80 and 100 mg L−1 initial phenol concentrations
were found to be 1.68, 3.92, 5.38, 7.32 and 9.34 mg g−1,
respectively. The initial adsorption rate was high for
phenol (30 min) and then slowed down while
approaching towards equilibrium. The equilibrium
time for adsorption of phenols on impregnated fly ash
[33], iron marble [34] and peat [35] bagasse fly ash
[36], used tea leaves activated carbon [37] and iron

oxide coated sand [38] are 2, 1.5,16, 1.5, 3 and 2 h,
respectively. The initial adsorption rate of phenol
increased with increase in concentration, which might
be due to increased driving force and large numbers
of vacant surface sites are available for adsorption
during the initial stage. With the increase in time, the
remaining vacant surface sites are difficult to be occu-
pied due to repulsive forces between the solute mole-
cules on the solid and bulk phases while after
saturation of adsorption sites, adsorption of phenol
proceeded towards equilibrium through pore diffusion
(a slow process). The equilibrium time for the adsorp-
tion of phenol was found to be 120 min for 20, 40, 60,
80 and 100 mg L−1 initial phenol concentrations.

3.4. Effect of pH

The effect of pH is the most critical parameter
which affects the adsorption process and this may be
because the charge of both adsorbate and the
adsorbent often depends on the pH of the solution.
The adsorption of phenol on PTSP was studied in the
pH range between 1 and 11. Fig. 4 shows the effect of
pH on the phenol adsorption using PTSP under the
given conditions. The adsorption capacity increases
with the increase in pH (up to pH 5) and then
decreased slightly with further increase in the pH (up
to pH 11). The optimum adsorption capacity of phenol
onto PTSP takes place in the pH region 3–5. A sharp
decrease in adsorption capacity was observed up to
pH 5, while with further increase in pH, a significant
decline in adsorption may be attributed to the
formation of phenolate anions. At pH 2, the surface of
the adsorbent would be protonated and these led
to donor–acceptor interactions between the aromatic
rings of the phenol [39]. Effect of pH on batch

Fig. 2. (a) SEM image of PTSP before adsorption and (b) after absorption.

Fig. 3. Effect of contact time on the sorption of phenol on the
nanocomposite material at different phenol concentrations.
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adsorption studies of phenol by peat, fly ash and ben-
tonite [35] indicated that phenol was better adsorbed
at pH 4.0, 5.0 and 4.0, respectively.

3.5. Adsorption isotherms

In order to optimize the design of adsorption sys-
tem for the removal of phenol from aqueous solution,
it is important to explain the relationship between
adsorbed phenol per unit weight of adsorbent (qe) and
residual concentration of phenol in solution (Ce) at
equilibrium. Experimental data for the adsorption
were fitted in the Langmuir and Freundlich, models at
different temperatures and results are reported in
Fig. 5 and Table 1. In order to evaluate the fitness of
the data, determination coefficient (R2) for each model.

According to Langmuir model [40], the adsorp-
tion occurs on a homogenous surface forming mono-
layer of adsorbate with constant heat of adsorption
for all sites without interaction between adsorbed

Fig. 4. Effect of pH on the sorption of phenol on
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molecules [41]. The linear form of Langmuir model
may be given as

1

qe
¼ 1

qm
� 1

b
� 1

Ce
þ 1

qm
(1)

where Ce is the equilibrium concentration of phenol in
the solution (mg L−1), qe is the amount of phenol
adsorbed per unit weight of adsorbent (mg g−1), qm is
the amount of phenol required to form monolayer
(mg g−1) or maximum monolayer adsorption capacity
and b is a constant related to energy of adsorption
(L mg−1), which represents enthalpy of adsorption and
should vary with temperature. In the case of phenol
adsorption, plots of 1/qe versus 1/Ce at 30, 40 and
50˚C gave straight lines and values of b and qm were
calculated from the slope and intercept of the plots
shown in Fig. 5(a). The values of qm and b increases
with increasing temperature indicating a higher heat
of adsorption with increasing temperature and the
endothermic nature of the adsorption. The data
obtained from this model were fitted well at all tem-
peratures as shown by high determination coefficient
(R2), (Table 1).

The Freundlich isotherm model [42] can be applied
to multilayer adsorption with non-uniform distribu-
tion of adsorption heat and affinities over the
heterogeneous surface [43]. The linear form of
Freundlich model can be represented as

log qe ¼ logKf þ 1

n
logCe (2)

where Ce is the equilibrium concentration in mg L−1

and qe shows that the adsorption seems to follow the
Freundlich isotherm model as well as Langmuir iso-
therm, Kf is the Freundlich constant which indicates
the relative adsorption capacity of the adsorbent
related to bonding energy and n is the heterogeneity
factor representing the deviation from linearity of
adsorption and is also known as Freundlich coeffi-

cient. Plots of log qe versus log Ce for the adsorption
of phenol generated straight lines at 30, 40 and 50˚C
and well obeyed at all temperatures as shown in
Fig. 5(b). The values of n and Kf have been calculated
from the slope and intercept of these plots. The values
of Freundlich constant increased with increase in tem-
perature, suggesting that adsorption of phenol is
endothermic. The value of n, are higher than one, indi-
cates that adsorption capacity is favoured over the
entire range of studied data [44] (Table 1).

The values of E lie between 8 and 16 kJ mol−1 and
depict the adsorption process follows the chemical ion
exchange and if E <8 kJ mol−1, the adsorption process
is of a physical nature [45]. In this study, the positive
value of energy (E) of adsorption confirms that the
adsorption process is endothermic. The higher values
of the mean free adsorption energy determined using
equation (Table 1) revealed that the adsorption of phe-
nol on PTSP involves physical adsorption due to the
van der Waals forces.

It can be concluded that the above models are well
fitted for phenol adsorption on PTSP at different
temperatures. Table 1 describes the isotherm data of
phenol obtained from Langmuir, Freundlich models at
different temperatures.

3.6. Thermodynamic study

The effect of temperature on the adsorption of
phenol was studied in the temperature range from 30
to 50˚C. Thermodynamic parameters such as standard
free energy change (ΔG˚), standard enthalpy change
(ΔH˚) and standard entropy change (ΔS˚) were
estimated using the following relations [46].

Kc ¼ CAd

Ce
(3)

where Kc is the distribution constant, CAd and Ce are
equilibrium concentrations of target pollutant on the
adsorbent and in the solution, respectively. According

Table 1
Adsorption isotherm parameters for the adsorption of phenol onto PTSP

Isotherms Parameters 30˚C 40˚C 50˚C

Langmuir b (L mg−1) 13.476 8.593 47.078
qm (μg g−1) 3.76 5.58 5.82
R2 0.9997 0.9839 0.9927

Freundlich K (mg g−1)(L mg−1) 0.007982 0.010648 0.00535
n (g L−1) 1.733 1.573 2.645
R2 0.9836 0.9533 0.951
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to the IUPAC recommendations [47], the distribution
constant is defined as the ratio of the concentration of
a substance in a single definite form in the extract to
its concentration in the same form in the other phase
at equilibrium. The Gibbs energy change (ΔG˚)
indicates the degree of spontaneity of an adsorption
process, and a higher negative value reflects a more
energetically favourable adsorption. According to
thermodynamic law, ΔG˚ of adsorption is calculated
as follows

DG� ¼ RT lnKa (4)

where ΔG˚ is the Gibbs free energy, Ka is the thermo-
dynamic equilibrium constant without units, T is the
temperature in Kelvin and R is the gas constant. The
values of ΔH˚ and ΔS˚ were calculated from the
following Van’t Hoff equation

lnKa ¼ �DH�

RT
þ DS�

R
(5)

ΔH˚ and ΔS˚ were calculated from the slope and inter-
cept of the plot of log Ka versus 1/T (Fig. 6). The
values of the thermodynamic parameters are reported
in Table 2. These thermodynamic parameters estimate
can offer insight into the type and mechanism of an
adsorption process (reported in Table 2). Values of free
energy change (ΔG˚) were negative confirming that
adsorption of phenol was spontaneous and thermody-
namically favourable since ΔG˚ of phenol adsorption
becomes more negative with increase in temperature,
it also reflects whether physiosorption (ΔG˚ values
range from −20 to 0 kJ mol−1) or chemisorption (ΔG˚
values range from −80 to 400 kJ mol−1). Adsorption of
phenol was endothermic as confirmed by positive ΔH˚
value (Table 2). A positive value of ΔS˚ for the adsorp-

tion of phenol (Table 2) in the temperature range
30–50˚C suggests increased in randomness at the
adsorbent–adsorbate interface during adsorption since
adsorption of phenol dislodge some water molecules
from the surface of the adsorbent that resulted
increased randomness.

3.7. Adsorption kinetics

In order to understand mechanism of the adsorp-
tion process and to analyze the adsorption rate, the
kinetic data were modelled to test experimental data
using Lagergren pseudo-first-order [48] and pseudo-
second–order [49] equations. The pseudo-first-order
expression is given by Eq.

log qe � qtð Þ ¼ � K1

2:323

� �
� tþ log qe (6)

Here qe is the amount of adsorbate adsorbed per unit
weight of adsorbent at equilibrium (mg g−1), qt is the
amount of phenol adsorbed per unit weight of adsor-
bent at any given time t and K1 is the rate constant for
pseudo-first-order model. The values of K1 and qe (cal)
were calculated from slope and intercept of the linear
plots of log (qe−qt) versus t at 40 mg L−1 phenol con-
centration (Fig. 7(a)).

The pseudo-second-order rate expression is used
to describe chemisorption involving valency forces
through the sharing or exchange of electrons between
the adsorbent and adsorbate as covalent forces, and
ion exchange [50]. The pseudo-second-order adsorp-
tion kinetics rate equation is given as

t

qt
¼ 1

K2 � q2e
þ 1

qe
� t (7)

Here, K2 (g mg−1 min−1) is the adsorption rate constant
for pseudo-second-order reaction. The values of K2

were calculated from the slope of the linear plots of
t/qt versus t at 40 mg L−1 phenol concentrations
(Fig. 7(b)).

Table 3 provides data of pseudo-first-order rate
constants K1, pseudo-second-order rate constants K2,
the coefficient of determination (R2), calculated equi-
librium adsorption capacity qe (cal) and experimental
equilibrium adsorption capacity qe (exp). It was found
that qe values calculated from pseudo-first-order
kinetic model qe (cal) at various initial phenol concen-
trations differed appreciably from the experimental
values qe (exp) showing that system follow pseudo-
first-order model. In pseudo-second-order kinetic
model the qe (cal) were not close to qe (exp) values at

Fig. 6. Van’t Hoff plot for the adsorption of phenol onto
PTSP.
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initial phenol concentrations as compared to pseudo-
first-order model. The high values of determination
coefficient (R2) also indicate that pseudo-first-order
model is better obeyed by the system.

4. Conclusions

A novel nanocomposite has been synthesized by
sol-gel method and its adsorption properties have
been explored using batch process. The results show
that PTSP possessed good adsorption ability for phe-
nol. FTIR, SEM, TEM and XRD analysis demonstrated
that the synthetic material is the original design goals.
The optimum pH for the adsorption is 3–5. Thermody-
namic parameters indicate endothermic and sponta-
neous nature of adsorption. The mean free energy

value shows that adsorption is physical in nature.
Langmuir and Freundlich isotherm models are well
fitted as indicated by regression coefficient. The kinetic
data proved that pseudo-first-order kinetics is applica-
ble model since qe values calculated from the model
are very close to qe determined experimentally. Hence,
synthesized PTSP is an effective adsorbent and can be
utilized to reduce phenol concentration from aqueous
solution prior to its disposal.
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Table 2
Thermodynamic parameters at different temperatures for the adsorption of phenol

Temperature (˚C) ln Ka ΔG˚ (kJ mol−1) ΔH˚ (kJ mol−1) ΔS˚ (kJ mol K−1) R2

30 0.03822 −0.09787 45.122 0.147 0.998
40 0.29102 −0.7694
50 0.4902 −1.3367

-0.260

-0.255

-0.250

-0.245

-0.240

-0.235

0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2

log(qe-qt)

time (h)

(a) (b)

Fig. 7. (a) Pseudo-first-order plot and (b) Pseudo-second-order plot.

Table 3
Pseudo-first order and pseudo-second order rate constants for adsorption of phenol

Concentration
(mg L−1)

Pseudo-first-order kinetics Pseudo-second-order kinetics

K1

(min−1)
qe (cal)
(mg g−1) R2

qe (exp)
(mg g−1)

qe (cal)
(mg g−1)

K2

(g mg−1 min−1) R2

10 0.03647 0.5902 0.9999 0.62 0.00101695 0.254 0.932
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