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ABSTRACT

Activated carbon was prepared from Areca triandra palm shell (ATPS) by chemical
activation with sulphuric acid, and its application for the adsorption of methylene blue dye
from aqueous solution was investigated. FTIR spectral analysis and Boehm titrations were
used to examine the oxygenated surface functional groups tailored to adsorb cationic toxins
from solutions, point of zero charge estimated the surface charge for electronic affinity
induced by chemical treatment. BET and SEM analyses revealed mesoporous adsorbent
with homogenous pores and the BET surface area is 27.3 m2/g. The influence of process
parameters, namely contact time, initial concentration, adsorbent dosage and pH was evalu-
ated by batch adsorption studies. The equilibrium adsorption data were fitted with three
isotherm models, among them Langmuir isotherm model best fitted and the maximum
adsorption capacity of methylene blue was found to be 312.5 mg/g. The kinetic adsorption
data best fitted with pseudo-second-order kinetics out of three kinetic models tested. The
thermodynamic parameters, Gibb’s free energy change (ΔG˚), enthalpy change (ΔH˚) and
entropy change (ΔS˚) ascertain that the adsorption is a spontaneous endothermic process
with high affinity between surface and dye. The results of the present study suggest that
the adsorbent prepared from ATPS is a potential adsorbent for the treatment of effluent
containing cationic dyes.
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1. Introduction

The demand for good quality drinking water is
increasing exponentially due to pollution of streams
and underground sources caused by industrialization,
urbanization and population growth. The effluents
from textile, dye manufacturing, printing and pulp

and paper industries are highly coloured and harmful
in nature. The discharge of these effluents into the riv-
ers and lakes poses a major threat to aquatic life and
reduces light penetration and alters the biological sta-
bility of the surrounding ecosystem. Hence, it is very
important to treat the coloured dye effluent as they
are hazardous to the environment, aquatic life and
human being.
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It was reported that there are 10,000 different dyes
which are synthesized with over 7 × 105 MT of annual
production for commercial applications, approxi-
mately 15% of these dye stuffs is discharged as efflu-
ent while processing [1,2]. Methylene blue dye finds
wide usage in dyeing applications of cotton, wool,
paper and temporary hair colourant. Methylene blue
dye on inhalation causes harmful rapid breathing
effect, oral ingestion causes nausea, vomiting, diar-
rhoea and gastric discomforts. Large doses of intake
may result in abdominal pain, chest pain, severe head-
ache, profuse sweating, mental confusion, micturition
and methaemoglobinaemia [3–5]. Proper removal of
such dyes from the effluent before discharging is a
primal obligation of the process industry.

A number of technologies have emerged recently
for the removal of pollutants from wastewater, such
as photocatalytic degradation, ozonation, electro-
chemical degradation, flocculation, electrocoagulation,
precipitation, ion exchange, membrane filtration and
reverse osmosis [6–8]. When it comes to the expense
of the equipment and operations, these technologies
prove to be disadvantageous for any small-scale
industries to implement. The conventional adsorption
process is still a cost-effective and well-disposed
technique for the removal of traces of such pollu-
tants successfully [9,10].

Adsorption using an activated carbon adsorbent is
regarded as the most effective process in the removal
of pollutants from aqueous solutions. As it is expen-
sive to employ activated carbon in large-scale purifi-
cation of dye contaminated wastewater, various
low-cost adsorbents such as agricultural waste prod-
ucts in crude and chemically modified form were
investigated in order to substitute for activated
carbon [11,12].

Different agricultural byproducts such as sago
waste, sunflower head, sunflower stem, saw dust, coir
pith and many organic wastes are successfully chemi-
cal activated at low temperatures and reportedly used
for the removal of heavy metals, organic compounds
and dyes [13,14]. Sulphuration and nitrogenation of
the activated carbon surface favour the adsorption of
organic compounds, sulphur complexes onto the car-
bon surface; it increases the surface polarity and leads
to a specific interaction with polar pollutants [15,16].

The present study includes the preparation of acti-
vated carbon from the agricultural byproduct Areca
triandra palm shell (ATPS), a novel and unconven-
tional precursor, by low temperature sulphuric acid
activation, evaluation of the physical and surface
chemical properties, and the adsorption of methylene
blue dye onto the prepared adsorbent.

2. Materials and methods

2.1. Adsorbent preparation

The ATPS obtained from a solid waste disposal of
a nut cracking unit near Wayanad, a town in south
India was used as the precursor. It is washed, cleaned
and dried in a hot air oven at 105˚C for 6–8 h before
activation. The ATPS was crushed and sieved for 1–2-
mm size particles. Concentrated H2SO4 was then
added to the weight ratio 1:2 (ATPS: Conc. H2SO4)
and mixed thoroughly in a beaker. The beaker was
kept in hot air oven at 120˚C for 12 h. After the activa-
tion, the contents were cooled to room temperature in
a desiccator. The carbonated ATPS was washed with
5% NaHCO3 solution to remove the traces of acid and
with excess double-distilled water until the pH stabi-
lizes. After washing, it is dried in a hot air oven at
105˚C for 6 h and cooled to room temperature in a
desiccator. The carbonized areca triandra shell adsor-
bent (CATPS) was crushed, size separated and stored
in an airtight container for characterization and
adsorption studies.

2.2. Effluent preparation

The methylene blue (MB) used is a basic (cationic)
dye supplied by Merck, has the formula C16H18ClN3S,
molecular weight 319.86 g/mol, molecular volume
241.9 cm3/mol and molecular diameter 0.8 nm with a
heterocyclic aromatic molecular structure.

A stock MB solution of 1,000 mg/L was prepared
by dissolving 1,000 mg of MB with double-distilled
water in a 1,000-mL standard measuring flask.
Standard solutions of required concentrations were
prepared from the stock solution by diluting with
double-distilled water.

2.3. Analytical characterizations

The elemental composition of ATPS was analysed
using CHNS Analyzer (Vario EL III, Elementar,
Germany), ICP-AES (Thermo Electron IRIS INTREPID
II XSP DUO) and EDX. The BET surface area and pore
structure of the CATPS were determined using a BET
surface area analyser (NOVA, Quantachrome Instru-
ments, USA). The surface morphology of the samples
was examined by a Scanning Electron Microscope
(SEM with EDX) (Hitachi SU-6600, Japan). The surface
functional groups of ATPS, CATPS and CATPS–MB
(after adsorption with MB) were analysed using FT-IR
spectrophotometer (JASCO Analytical Instruments
FT-IR 6300, USA), the IR spectra were recorded in the
wave number range of 400–4,000 cm−1.
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2.4. Boehm titrations

The oxygen surface functional groups were esti-
mated using a set of redox titrations referred to as
Boehm titrations. The value of acidic sites was deter-
mined by the assumptions that the strong base NaOH
neutralizes Bronsted acids (e.g. carboxylic, lactonic
and phenolic groups), and Na2CO3 could neutralize
carboxylic and lactonic groups, while NaHCO3 neu-
tralizes only carboxylic groups [17]. 300 mg of adsor-
bent sample was mixed with 25 mL of each of the
following solutions, sodium hydroxide (0.1 mol/L),
sodium carbonate (0.05 mol/L), sodium bicarbonate
(0.1 mol/L) and hydrochloric acid (0.1 mol/L). The
bottles were then stoppered and kept in an orbital
shaker for 24 h. The solutions are then filtered and
10 mL of each base solution was titrated against HCl
(0.1 mol/L), and the acid solution was titrated against
0.1 mol/L NaOH. The amount of various bases and
acids neutralized by the adsorbent surface quantita-
tively represents the surface functional groups.

2.5. Point of zero charge (pHPZC)

The pHPZC is an important electrochemical prop-
erty of an adsorbent; its value depends on the net total
surface charge of the adsorbent particles, it is defined
as the pH at which the carbon surface has no charge
in the absence of specific adsorption. The pHPZC of
the CATPS is analysed using pH drift method [18].
1,000 mL of freshly prepared double-distilled water
was used to prepare 0.1 mol/L NaCl solution in order
to eliminate traces of dissolved gases, to each 100 mL
of this solution 0.1 mol/L NaOH or 0.1 mol/L HCl is
added in suitable quantity to prepare solutions with 2,
4, 6, 8, 10 and 12 pHs (pHi). 150 mg of dried CATPS
was added to 50 mL of each solution in a stoppered
Erlenmeyer’s flask and well mixed in an orbital shaker
at 150 rpm for 48 h. Later, the final pH (pHf) of each
solution is measured and plotted against pHi, the
point of intersection of the diagonal pHi line and the
pHf curve is noted as pHPZC.

2.6. Batch adsorption studies

The batch adsorption studies were carried out in a
series of 250-mL stoppered Erlenmeyer flasks contain-
ing 100 mL of MB solution. Experiments were con-
ducted to study the effect of various process
parameters, such as contact time (t), adsorbate concen-
tration (5–20 mg/L), adsorbent dosage (0.5–2 g/L) and
solution pH (2–12) at a constant agitation speed of
150 rpm in a thermostated incubator shaker. The pH
of the dye solution was adjusted to the required value

using 0.1 mol/L HCl or 0.1 mol/L NaOH solution.
Samples were collected at the interval of 10 min until
equilibrium and analysed for absorbance at 665 nm
wavelength in a UV–vis spectrophotometer. All batch
adsorption studies were carried out using CATPS with
an average particle size of 0.137 mm (100–120 mesh).
The percentage removal of MB (removal %) and the
adsorption capacity (qe—mg/g) for each concentration
of MB at equilibrium were calculated from known,
effluent volume (L), adsorbent mass (g), initial concen-
tration C0 (mg/L) and equilibrium concentration Ce

(mg/L) of each run. Desorption studies were con-
ducted to recover the MB from the adsorbent using
different concentrations (0.0001, 0.001 and 0.01 mol/L)
of HCl as eluting agent.

2.7. Isotherm models

The mechanism of adsorption is influenced by the
nature of interaction between the adsorbate and
adsorbing surface. This interaction is a result of chemi-
cal bonding, hydrogen bonding, hydrophobic and van
der Waals forces [19]. The adsorption isotherms are
used to explain and classify the interaction between a
specific adsorbent–adsorbate pair. The CATPS and MB
interactions are analysed based on the experiments
conducted with 10 mg of CATPS added to each 250-
mL Erlenmeyer flasks containing 100 mL of MB solu-
tions at various concentrations (50–250 mg/L) and
placed in an orbital shaker at 150 rpm at NTP for a
period of 3 h and the resultant concentrations are
analysed and substituted in the following models.

2.7.1. Langmuir isotherm model

The Langmuir Isotherm model assumes that the
interaction between the adsorbate species and the
adsorbing surface with homogeneous active sites is
chemical in nature and forms a monolayer over the
surface [20]. The Langmuir isotherm model is
expressed by Eq. (1), where qe and qm (mg/g) are the
amount of dye adsorbed per unit mass of sorbent at
any instant and at equilibrium concentration (for com-
plete monolayer formation), respectively, Ce (mg/L) is
the equilibrium concentration of unadsorbed dye in
solution at any instant and KL (L/mg) is the Langmuir
equilibrium constant related to the affinity of binding
sites and energy of adsorption. A dimensionless sepa-
ration factor RL is given by Eq. (2), where C0 (mg/L)
is the highest initial concentration of the adsorbate.
The value of the separation factor RL indicates
whether the isotherm type is unfavourable adsorption
(RL > 1), linear (RL = 1), favourable (0 < RL < 1) or
irreversible (RL = 0).
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Ce

qe
¼ 1

KLqm
þ Ce

qm
(1)

RL ¼ 1

1þ KLC0
(2)

2.7.2. Freundlich isotherm model

The Freundlich isotherm model equation describes
adsorption with possible multilayer on a highly
heterogeneous surface consisting of non-identical and
energetically non-uniform sites [21]. The Freundlich
model is expressed in Eq. (3). Where KF (L/mmol) is
the Freundlich isotherm constant, n is the intensity of
adsorption and n > 1 favours the adsorption process.

qe ¼ KFC
1=n
e (3)

2.7.3. Temkin isotherm model

The Temkin isotherm model represents the binding
heterogeneity. This model accounts the indirect adsor-
bate to adsorbate attractions in addition to the adsor-
bate–adsorbent interactions. This isotherm assumes
that the heat of adsorption of all the molecules in the
layer decreases linearly with coverage due to adsor-
bent–adsorbate interactions, and the adsorption is
characterized by a uniform distribution of binding
energies up to a limiting binding energy [22]. The
Temkin isotherm model is expressed in Eq. (4). Where
R (J/mol˚K) the universal gas constant, T (˚K) the
absolute temperature, B (J/mol) and A (L/g) are
Temkin’s constants related to heat of sorption and
isotherm constant, respectively.

qe ¼ RT

B
lnðACeÞ (4)

2.8. Kinetic models

The knowledge of adsorption kinetics is very
essential for the choice and design of the sorption
equipment. The appropriate kinetics equation is
selected by testing the batch adsorption data with
existing models. The batch adsorption data were
obtained by adding 10 mg of CATPS to each 250-mL
Erlenmeyer flasks with 100 mL of 20 mg/L for MB
and placed in an orbital shaker at 150 rpm at NTP at
different time intervals, the amount of dye adsorbed
onto CATPS at each time interval was noted and used
in the following kinetic models.

2.8.1. Pseudo-first-order kinetic model

The pseudo-first-order model is a first-order rate
equation based on adsorption capacity [23], with the
governing Eq. (5). Where qe and qt (mg/g) are the
adsorption capacities at equilibrium and at any instant
of time, respectively, kp1 (min−1) is the pseudo-first-
order rate constant for the kinetic model.

dqt
dt

¼ kp1ðqe � qtÞ (5)

2.8.2. Pseudo-second-order kinetic model

This model proposes that the adsorption kinetic is
second order, and the rate limiting step is the chemi-
cal reaction involving valent forces by mutual sharing
or exchange of electrons, also that adsorption follows
the Langmuir isotherm model [24,25]. The model is
represented by Eq. (6), where, kp2 (g/(mg min)) is the
pseudo-second-order rate constant.

dqt
dt

¼ kp2ðqe � qtÞ2 (6)

2.8.3. Intra-particle diffusion model

The intra-particle diffusion model or homogeneous
solid diffusion model (HSDM) was proposed to
describe mass transfer in an amorphous and homoge-
neous sphere. In many adsorption studies, solute
uptake varies with t1/2 rather than t. This model is
used to test whether intra-particle diffusion is the sole
limiting step of the adsorption process [19], and the
governing equation is shown in Eq. (7) where kint
(min−1) is the intra-particle diffusion rate constant.

qt ¼ kintt
1=2 (7)

2.9. Continuous column studies

Packed bed column studies are essential to ensure
the pertinence of the product in bulk adsorption in
process plants [26,27]. The continuous studies were
carried out in a glass column of 20 cm length and
1 cm diameter packed with 1 g of CATPS of an aver-
age particle size of 0.462 mm (35–40 mesh). The bed
was nearly 1.2 cm in height and supported by glass
wool at both the ends. MB dye solution of 100 mg/L
was fed from the bottom of the column in order to
maintain uniform wetting of the adsorbent, the flow
rate was maintained at a steady flow of 5 mL/min
with the help of a peristaltic pump. The outlet dye
concentrations were noted at uniform time interval
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and the operation of the column was carried out till
the effluent reaches the inlet concentration.

2.10. Thermodynamic studies

The thermodynamic parameters were evaluated in
order to confer the spontaneity, nature of reaction and
randomness of the adsorption process. The effect of
temperature on the Gibb’s free energy change (ΔG˚)
indicates the feasibility and spontaneity of the process
[6]. The energy and entropy of the process also high-
light the mechanism of adherence to the surface. The
free energy ΔG˚ can be evaluated from b (L/mol) the
Langmuir isotherm constant, R (8.314 J/mol K)
universal gas constant and T (K) absolute temperature
as follows:

DG� ¼ �RT ln b (8)

ΔH˚ (J/mol), the enthalpy change of adsorption and
ΔS˚ (J/mol K), the entropy were estimated by the fol-
lowing equation:

ln b ¼ DS�=R� DH�=RT (9)

The thermodynamic parameters for the adsorption of
MB onto CATPS were evaluated by conducting batch
adsorption studies at three different temperatures
namely 301, 318 and 328 K in an isothermal shaker.

3. Results and discussion

3.1. Surface chemistry

The carbon surfaces are heterogenic in nature,
acidic and basic functional groups coexist, so a series
of Boehm titrations [17] were conducted to determine
the type and concentration functional groups in raw
ATPS and CATPS. The presence of carboxyl groups,
lactones and hydroxyl groups of phenolic character
contributes to the acidic nature of the surface and
these groups differ in their acidities and the results
are reported in Table 1. The strongly acidic carboxylic
groups neutralized by NaHCO3, lactone groups neu-
tralized by Na2CO3 and the weak phenolic group react
with strong alkali NaOH. The basic surface groups,

Table 1
Surface functional groups of ATPS and CATPS

Material Basic (mmol/g) Carboxylic (mmol/g) Lactonic (mmol/g) Phenolic (mmol/g)

ATPS 0.2199 0.1153 0.1656 0.1863
CATPS 0.2666 0.4999 0.5667 0.1727

Table 2
CHNS analysis results of ATPS and CATPS

Material C% H% N% S%

ATPS 44.4 6.28 0.89 –
CATPS 43.0 2.47 0.56 0.63

Table 3
FTIR analysis of CATPS before and after MB adsorption

Sl. no.

Peaks

Functional groups Possible affinity for MBCATPS CATPS–MB

1 3,408 3,430 –OH bonded a

2 2,922 2,924 CH2

3 2,851 2,854 CH2

4 1,710 1,715 C=O a

5 1,642 1,630 C=O a

6 1,584 1,598 Aromatic a

7 1,384 1,384 SO2

8 1,111 1,117 SO2�
4

a

9 1,022 1,019 Si–O–alkyl a

10 776 – CH3

11 607 609 SO2�
4

a

aIndicating possible adsorbing group of MB.
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pyrones and chromones are neutralized by HCl.
Boehm titration results for CATPS showed that the
concentration of acidic sites is several times higher
than the basic groups. The treatment of H2SO4

increased the acid groups and provided more oxy-
genated functionality which in turn favours the affin-
ity for cationic MB [28].

FTIR spectra of raw ATPS showed characteristics
similar to common plant-based lignocellulosic bio-
mass. The CHNS analysis of raw ATPS and CATPS
also confirmed the features of carbonaceous biomass
as shown in Table 2 and the ICP-AES analysis shows
the presence of trace elements Ca—5.275 g/kg, Na—
0.36 g/kg and Si—0.28 g/kg in the raw ATPS. FTIR
spectroscopy was used to obtain the information
regarding the chemical structure and functional
groups of ATPS and CATPS. The infrared absorption
bands of CATPS and CATPS–MB and the correspond-
ing functional groups are shown in Table 3.

The FTIR spectrum of CATPS and CATPS–MB
shows a broad band at 3,408 cm−1 and indicates the
presence of hydrogen bonded hydroxyls involved in
phenolic groups. The doublet, approximately with a
separation of 80 cm−1 at 2,922 and 2,851 cm−1 indicates
aliphatic CH2 groups. Near the wave number
1,710 cm−1, appears a shoulder and a trough at
1,642 cm−1 noticed for CATPS which may be caused
by the carbonyl stretch of carboxyl group [3]. The two
bands separated by about 180 cm−1 between 1,384 and
1,200 cm−1 indicate SO2 group. The SO2�

4 groups
absorb at 1,111 cm−1. The sulphate ion SO2�

4 has its
bending band at 607 cm−1. The IR analysis suggests
that sulphuric acid chemical activation leads to the
incorporation of sulphur element in the structure of
the carbon. Table 3 shows the surface functional
groups created by the treatment process and indicates

the possible functional groups involved in the adsorp-
tion process, which possess physical or chemical
affinity for MB.

0 2 4 6 8 10 12 14
0

2

4

6

8

10

12

14

pH
fi

na
l

pHinitial

  pH initial
  pH final

Fig. 1. Point of zero charge of CATPS.
Fig. 2. SEM image of (a) ATPS, (b) CATPS and (c) CATPS–
MB.
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The point of zero charge (pHPZC) accounts for the
coulombs interaction between the carbon surface and
the adsorbate in the liquid phase. The pHPZC value for
CATPS is found to be 5.5 pH (Fig. 1) which indicates
that the surface is acidic in nature [14], implying the
extent of oxidation on the surface [18]. The surface
acquires a net negative charge above 5.5 pH and a
higher solution pH enhances the MB adsorption.

3.2. BET analysis

The BET surface area is an important microstruc-
tural analysis used for determining the specific surface
area and pore structure of materials. The specific sur-
face area is directly related to the adsorption sites
available, which in turn provides insight into the sorp-
tion potential of a substance. The BET surface area,
average pore volume and pore diameter of the CATPS
are determined with nitrogen gas at −196˚C. The
CATPS prepared has a BET surface area of 27.3 m2/g,
pore volume of 0.0419 cc/g and an average pore
diameter of 5.075 nm, which indicates that the

adsorbent is mesoporous as defined by IUPAC
(International Union of Pure & Applied Chemistry)
[29], which is reportedly the characteristic result of
sulphuration [16,30,31].

3.3. Surface morphology

Scanning electron microscopy was employed to
visualize the surface morphology, pore structure and
structural changes of ATPS, CATPS and CATPS–MB.
The SEM image of the raw material ATPS Fig. 2(a)
shows that the surface is dense and planar without
any pores, with numerous fibrous veins running all
over the surface. Energy-dispersive X-ray spec-
troscopy, (EDX) a peripheral device of SEM assembly,
estimated the information about the chemical compo-
sition of ATPS (C—37.91%, O—54.16%, Si—0.53% and
Ca—7.4%) by evaluating the energy of the X-rays
released by the interaction between electron beam and
the constituent atoms of ATPS. Fig. 2(b) shows that
the CATPS has a regular well-defined homogeneous
pore structure arrangement; with a well-developed
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Fig. 3. Effect of (a) initial concentration with contact time, (b) CATPS dosage and (c) pH for the adsorption of MB onto
CATPS.
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honeycomb-like morphology. The SEM image of
CATPS before and after adsorption (Fig. 2(b) and (c))
of MB shows a marked difference [3].

3.4. Effect of contact time

Adsorption equilibrium is a condition at which
there is no significant change in concentration of dye
in the aqueous phase with a corresponding increase in
contact time. The adsorption percentage of MB dye
increased with the increase in contact time as in
Fig. 3(a). The removal of MB was found to be rapid at
the initial period and then becomes slow and stagnant
with the increase in time. The initial rapid adsorption
of MB by CATPS might be due to affinity for acidic
surface functional groups of CATPS [3,32].

3.5. Effect of initial concentration

The adsorption capacity was found to increase
with an increase in the initial concentration of MB as
shown in Fig. 3(a). With the agitation speed held con-
stant for all solutions, the increase in dye uptake is
increased with an increase in driving force, the
concentration gradient between aqueous phase and
adsorbent surface [3,32].

3.6. Effect of CATPS dosage

The influence of CATPS dosage on the removal
efficiency and the adsorption capacity of MB is shown
in Fig. 3(b). The removal efficiency increases with an
increase in the dosage as the adsorption sites are more
with a higher dosage. However, the adsorption capac-
ity decreases with an increase in the dosage as the MB
per weight of CATPS reduces.

3.7. Effect of pH

The effect of pH of dye solutions on the MB
removal efficiency of CATPS is shown in Fig. 3(c). The
MB percentage removal increases from 78 to 100% for
an increase in solution pH from 2 to 10. The pH of the

Table 4
Isotherm model constants and coefficients for MB adsorp-
tion onto CATPS

Isotherm model Parameters R2

Langmuir KL = 0.0259 L/mg; RL = 0.133 0.99
Freundlich KF = 31.22 L/mmol; n = 2.445 0.95
Temkin A = 0.2107 dm3/g; B = 68.951 0.97
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Fig. 4. Isotherm model fitness: (a) Langmuir, (b) Freundlich and (c) Temkin.
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solution influences the surface charge of the adsorbent
and dissociation of functional groups on its active site
and degree of ionization of dye molecule. At high pH,
the electrostatic attraction between the surface active
sites of ATPS and the cationic MB molecule was
increased due to the presence of hydroxyl and –COO−

groups [33]. Regeneration studies conducted at differ-
ent concentrations of HCl resulted in no desorption of
MB back into solution, due to strong interaction.

3.8. Equilibrium isotherm models

In order to interpret the CATPS surface and MB
dye molecule interactions, three isotherm models
where tested for the equilibrium adsorption data,
namely Langmuir, Freundlich and Temkin. The model
parameters are summarized in Table 4. The linearized
isotherm graphs are shown in Fig. 4(a)–(c). The
Langmuir isotherm model is found to fit satisfactorily
with a high correlation coefficient of 0.998. From the
Langmuir isotherm plot, the CATPS maximum
adsorption capacity at complete monolayer qm was
found to be 312.5 mg/g and the dimensionless separa-
tion factor RL is 0.133, which indicates a favourable
adsorption. Whereas, the Freundlich isotherm model

fits the experimental data with a linear regression cor-
relation coefficient of only 0.95, the Freundlich model
parameter n (=2.445) represents favourable adsorption
intensity. Temkin’s model fits the experimental data
with a correlation coefficient of 0.97 which indicates
that the adsorbate–adsorbate interaction is negligible.
From the analysis of the three isotherm models it can
be concluded that adsorption of MB on CATPS is
monolayer with uniform activity distribution.

3.9. Adsorption kinetic models

The mechanism of liquid phase adsorption is
expressed by the kinetic models. Three kinetic models
namely pseudo-first order, pseudo-second-order and
intra-particle diffusion were tested to interpret the
overriding mechanism. The linearized model graphs
of the three models are shown in Fig. 5(a)–(c). The
pseudo-second-order kinetic model fits the experimen-
tal data of CATPS–MB adsorption with a high correla-
tion coefficient of 0.998, the surface reaction is the rate
controlling step of the overall process, which suggests
that there is a significant effect of the valence forces
caused by sharing or exchange of electrons between
the surface and the dye molecule [24]. The fit of
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Fig. 5. Kinetic model fitness: (a) pseudo-first-order, (b) pseudo-second-order and (c) intra-particle diffusion models.
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first-order Lagergren model with the experimental
data resulted in a low correlation coefficient of 0.95,
which suggests that the film diffusion is not the con-
trolling step of this process [24]. The results showed
that the intra-particle diffusion is not controlling the
adsorption of MB on CATPS. From the kinetic model
analysis it can be concluded that the kinetics of MB
adsorption is second order with chemical interactions
between dye and CATPS surface and the kinetic
model parameters are listed in Table 5.

3.10. Column study

The packed column adsorption study was con-
ducted to test the applicability of CATPS as adsorbent
in the continuous adsorption process using a

simulated MB solution. The breakthrough curve is
shown in Fig. 6. From the breakthrough curve it was
observed that a packed bed column with 1 g of
CATPS was able to treat 232 mL of MB solution of
100 mg/L concentration. The result suggests that
CATPS can be used as a potential adsorbent for the
removal of industrial effluent.

3.11. Thermodynamic parameters

The thermodynamic parameters obtained for MB
on CATPS are presented in Table 6. The negative
Gibb’s free energy (ΔG˚) values for all the temperature
suggest that the adsorption is feasible and sponta-
neous, also the values of ΔG˚ were found to decrease
with an increase in temperature construe that higher
temperature favours MB adsorption onto CATPS. The
enthalpy change (ΔH˚) has a positive value
(88.145 kJ/mol) representing that the adsorption is an
endothermic process which supported the observation
that increase in adsorption rate with an increase in
temperature. Also the positive value (355.58 J/mol K)
of entropy (ΔS˚) confirmed the increased randomness
at the CATPS–MB interface, indicating the MB ions
have replaced the previously adsorbed water mole-
cules at the CATPS surface with a more prominent
affinity [34,35].

4. Conclusions

In the present study, an adsorbent was prepared
from ATPS by chemical activation using sulphuric
acid and was successfully subjected for the adsorption
of MB. The studies demonstrate that by low tempera-
ture activation of ATPS with sulphuric acid produced
a characteristic mesoporous adsorbent. The adsorbent
surface functional groups were identified as hydroxyl,
carboxyl, lactonic SO�

4 and some basic functional
groups. The adsorption of MB ions is favoured at a
higher pH. The equilibrium adsorption data were well
fitted by the Langmuir isotherm model, indicative of
monolayer adsorption by CATPS. Kinetic adsorption
studies revealed that the adsorption process is
described by pseudo-second-order kinetics, which
suggest that the process is controlled by chemical

Table 5
Kinetic model constants and coefficients for MB adsorption on CATPS

Kinetic model Parameters R2

Pseudo-first-order kp1 = 0.0563 min−1; qe = 0.6237 mg/g 0.95
Pseudo-second-order kp2 = 0.0439 g/mg min; qe = 1.0717 mg/g 0.99
Intra-particle diffusion kint = 0.0474 g/mg min1/2 0.97
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Fig. 6. Breakthrough curve for continuous column
adsorption.

Table 6
Thermodynamic parameters for MB adsorption onto
CATPS

T (K) ΔG˚ (kJ/mol) ΔH˚ (kJ/mol) ΔS˚ (J/mol K)

301 −18.790
318 −25.421 88.145 355.58
328 −28.242
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reaction. The negative values of Gibb’s free energy
change (ΔG˚) reinforce the spontaneous process, the
positive enthalpy change (ΔH˚) confirms that the pro-
cess is endothermic and positive entropy (ΔS˚) vindi-
cates the strong affinity for MB. The bulk adsorption
study suggests that the adsorbent is suitable for the
continuous packed bed adsorption. Therefore, it can
be concluded that CATPS can be employed as an
effective adsorbent for the removal of cationic MB
from aqueous solution.
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