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A B S T R AC T

This study was undertaken to evaluate the adsorption potential of a natural, low-cost agricul-
tural by-product adsorbent, Pine cone (Pinus Radiate), to remove sodium dodecylsulfate (SDS) 
from aqueous solution. It was found that the extent of SDS adsorption by pine cone biomass 
increased with initial surfactant concentration and contact time but decreased with increasing 
solution pH, amount of adsorbent, and temperature of the system. These studies also suggested 
that the electrostatic forces and surfactant self-assembly are dominant mechanisms govern-
ing this pH dependent adsorption process. Overall, kinetic studies showed that the surfactant 
adsorption process followed pseudo-second-order kinetics based on pseudo-fi rst-order and 
intraparticle diffusion models. The different kinetic parameters including rate constant, half 
adsorption time, and diffusion coeffi cient were determined at different physicochemical condi-
tions. Equilibrium data were fi tted by both the Langmuir isotherm and Freundlich adsorption 
isotherm. The maximum monolayer adsorption capacity of pine cone biomass was 95.75 mg g−1 
at 20°C. The value of separation factor, RL from Langmuir equation and “n” from Freundlich 
also indicated favourable adsorption. Thermodynamic parameters such as ΔG0, ΔH0, and ΔS0 
were calculated. A single-stage batch absorber design for the SDS adsorption onto pine cone 
biomass also presented based on the Freundlich isotherm model equation.

Keywords: Surfactant; Pinus radiate; SDS adsorption; Kinetic model; Isotherm; Process design

1. Introduction

Surfactants are one of the major ingredients in cos-
metic products and detergents for industrial and house-
hold cleaning. There are four classes of surfactants 
(cationic, anionic, amphoteric and non-ionic) based on 
the ionic charge (if present) of the hydrophilic portion 
of the surfactant in an aqueous solution [1]. The anionic 
surfactants, including sodium dodecyl sulfonates (SDS), 

are major constituents of synthetic detergents, which are 
widely used in various industrial processes, such as in 
paper industries, cosmetics, food processing, laundry, 
vehicles washing, electroplating, textile industry, bio-
technology [2,3]. Additionally, SDS is employed in min-
eral fl otation and in oil recovery processes. Therefore 
the non-reacted surfactant amount from such extensive 
applications has produced a large industrial liquid effl u-
ents and their treatment is usually diffi cult, expensive 
and problematic in wastewater treatment plants. Sur-
factants are one of the most common organic pollutants 
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 characterized with very high potential to enter the envi-
ronment, primarily in aqueous solutions, via waste-
water discharge [1]. Surfactants are harmful to human 
beings, fi shes and vegetation. They are responsible for 
causing foams in rivers and effl uent treatment plants 
and affect water quality [4]. Consequently, treatment 
process is necessary in order to remove or reduce sur-
factants from industrial and domestic wastes. A range 
of technologies have been developed and used for the 
removal of surfactants from wastewater such as adsorp-
tion, coagulation/fl occulation, advanced oxidation, 
ozonation, membrane fi ltration, liquid–liquid extraction 
and various biological methods [1,2,4,5]. All processes 
have their own limitations. An economical and sustain-
able removal of surfactants and organics remains an 
important problem despite of a number of systems have 
been developed with adsorption technique. Adsorption 
is a very effective separation technique and considered 
superior to other techniques for water treatment in terms 
of initial cost, simplicity of design, and ease of operation 
and insensitive to toxic substances [6–8]. Adsorption of 
anionic surfactant has been investigated by numerous 
adsorbents like activated carbon, silica gel, clay miner-
als, soil, sand, kaolinite [3,9], alumina [4], modifi ed zeo-
lite with CTAB [2], sepiolite [10], rice husk [5] and also 
on cellulosic surface [11]. A commonly used adsorbent, 
activated carbon has a high capacity for the removal 
of surfactant/organics. However, activated carbon is 
expensive and diffi cult to regenerate which signifi cantly 
increases the cost of the wastewater treatment. Thus 
the search for new and innovative treatment techniques 
has focused on the adsorption capacities of other adsor-
bents, such as agricultural by-products and lignocel-
luloses residues which are readily available and more 
economical and sustainable[12]. Recently some agricul-
tural and forestry products and wastes have been rec-
ognized as new adsorbent for the removal of inorganic 
and organics [13]. However there are only very few 
reports about the use of agricultural by-products for the 
removal of anionic surfactants like SDS.

Large quantities of pine cones are produced annu-
ally as agricultural by-product throughout the world. 
The ovulate cone is the well-known cone of the Pinus 
and other conifers. Each cone is composed of an axis 
upon which are borne, in a spiral fashion, a large num-
ber of woody scales. The scales of the mature cone are 
composed of epidermal and sclerenchyma cells which 
contain cellulose, hemicelluloses, lignin, rosin and tan-
nins in their cell walls [14]. These scale of this ovulate 
cone as cone biomass is a waste itself and a readily avail-
able adsorbent which is tested here to remove SDS from 
its aqueous solution. There are only few studies such as 
Pinus sylvestris have been used to remove chromium (VI) 
from its aqueous solution [14] and reactive red dye [15]

has been reported. Removal of copper (II) from aque-
ous solution by pine cone powder as biosorbent has 
also been reported by Ofomaja et al. [16]. Phenol has 
been removed by Pinus pinaster [12]. However, no 
work has been reported on the use of cone biomass of 
pinus Radiate as an effective adsorbent for the removal 
of anionic surfactant, SDS from aqueous solution. In 
our previous work, it was found that pine cone bio-
mass was able to effectively remove the cationic dye, 
methylene blue from its aqueous solution due to its 
particular structure [13]. Therefore, the present study 
is aimed to investigate SDS adsorption on ovulate 
cone biomass of Pinus radiate and intend to develop an 
effective, economical and sustainable adsorbent. Pinus 
Radiate is one species of pine tree and it is available 
throughout Australia as well. This present research 
work will explore the mechanism of adsorption and 
adsorption kinetics of SDS adsorption by Pinus radiate 
and will determine the various physicochemical con-
trolling factors on the rate of adsorption and also on 
the capacity of adsorbent. The effect of solution pH, 
initial surfactant concentration, adsorbent dose, and 
temperature on SDS adsorption has been investigated. 
Further various thermodynamic parameters such as 
Gibbs free energy change (ΔG0), heat of adsorption 
(ΔH0), entropy change (ΔS0) and activation energy 
(A) were also analysed. Finally, a single-stage batch 
adsorber has been designed for the removal of sur-
factant by pinus radiate based on the equilibrium data 
obtained.

2. Materials and methods

2.1. Adsorbent

Pine tree cones (Pinus radiate) were obtained from the 
campus of Curtin University, Perth Western Australia
and it was collected between February and March 2010. 
The cones were washed thoroughly with distilled water 
to remove impurity such as sand and leaves, the washed 
cones as cone biomass were then dried at 70°C for 24 
h in an oven. The scales on the dried cones were then 
removed and ground in a crusher. The resultant ground 
pine cone powders were passed through British Stan-
dard Sieves (BSS) of 150 μm and then collected in an air-
tight plastic container and used for analysis as well as 
for adsorption experiments. Pine cone biomass powder 
was analysed by the Spectrum 100 FT-IR Spectrometer 
to determine functional groups. A Scanning Electron 
Microscope (EVO 40) was used for the information of 
the surface morphological structure of pine cone before 
and after adsorption. Particle size of pine cone powder 
was measured by Malvern Hydro 2000S master Sizer, 
Malvern Instruments Ltd., UK.
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2.2. Adsorbate and other chemicals

All chemicals used were of analytical grade. The anionic 
surfactant, SDS (M = 288.38 g mol−1) was obtained from 
Sigma Aldrich with 99.99% purity. It was used without 
further purifi cation. Fig. 1 shows the chemical structure of 
SDS. The surfactant solutions were prepared in a standard 
1000 ml volumetric fl asks, surfactants were weighed on 
mass basis and emptied into the volumetric fl ask and then 
double distilled water was used to complete the solution to 
the fi nal weight. After the preparation of the stock solution, 
it was diluted to obtain the various working solutions. The 
pH of the solutions was adjusted by addition of either 0.1 
M HCl or 0.1 M NaOH solutions respectively. All sample 
bottles and glassware were cleaned, and then rinsed with 
deionised water and oven dried at 60°C.

The concentration of the residual surfactant was mea-
sured using conductivity meter by withdrawing samples 
at fi xed time intervals, centrifuged and the supernatant 
was analysed for surfactant concentration. Calibration 
curve was plotted between sp. conductance and concen-
tration of the SDS solution to obtain ap. conductance-
concentration calibration plot. Also measured sp. con-
ductance of blank solution (without surfactant) each time 
which was subtracted from fi nal sp. conductance value.

2.3. CMC measurement

The critical micellar concentration (CMC) value was 
obtained through a conventional plot of the surface 
tension measurement versus the surfactant concentra-
tion which is shown in Fig. 2. The CMC concentration 

corresponds to the point where the surfactant fi rst shows 
the lowest surface tension. The surface tension remains 
relatively constant after this point. The CMC of SDS was 
7.1 mM at 20°C. The surface tension measurements were 
carried out by Wilhelmy plate method in a surface ten-
siometer (from KSV, Finland) at constant temperature.

2.4. Adsorption experiment

2.4.1. Kinetic experiments

Adsorption measurement was determined by batch 
experiments of known amount of the adsorbent with 
75 ml of aqueous SDS solutions of known concentra-
tion in a series of 250 ml conical fl asks. The mixture was 
shaken at a constant temperature using Thermo line sci-
entifi c Orbital Shaker Incubator at 120 rpm at 20°C tem-
perature for 180 min. At predetermined time, the bottles 
were withdrawn from the shaker and the residual SDS 
concentration in the reaction mixture was analysed by 
centrifuging the reaction mixture and then measuring
the sp. conductance of the supernatant solution. Surfac-
tant concentration in the reaction mixture was calculated 
from the calibration curve. Adsorption experiments were 
conducted by varying initial solution pH, contact time, 
adsorbent dose, initial SDS concentration and tempera-
ture under the aspect of adsorption kinetics, adsorption 
isotherm and thermodynamic study.

The amount of SDS adsorbed onto pine cone powder 
biomass at time t, qt (mg g−1) was calculated by the fol-
lowing mass balance relationship:

q
V

mt = ( )C Ct

 
(1)

And SDS removal effi ciency i.e., % of adsorption was 
calculated as:

% Adsorption = C C−
C

t0

0
100

 
(2)

where C0 is the initial SDS concentration (mg l−1), Ct is 
the concentration of SDS at any time t, V is the volume 
of solution (l) and m is the mass of pine cone powder (g).

All measurements are, in general, reproducible 
within ±10%.

2.4.2. Isotherm experiments

Equilibrium adsorption studies were conducted by 
contacting 75 ml of SDS solutions of different initial con-
centration of 10, 20, 30, 40, 50, 60, 70 and 80 ppm with 
20 mg of pine cone powder in 250 ml conical fl asks for a 
period of 3.5 h which was more than suffi cient to equi-
librium time. The method was as per subsection 2.4.1. 

Fig. 1. Chemical structure of sodium dodecyl sulfate [1].
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 The initial concentration of surfactant SDS was selected 
based on concentrations often found in industrial effl uents.

2.5. Theory

2.5.1. Adsorption isotherm

To simulate the adsorption isotherm, two commonly 
used models, the Freundlich [17] and Langmuir [18] 
were selected to explicate SDS–pine cone interaction.

2.5.1.1. Freundlich isotherm The Freundlich adsorp-
tion isotherm, which assumes that adsorption takes 
place on heterogeneous surfaces, can be expressed as:

ln l (ln )q Kl
nf (lnKln f +Kln fKln f
1

(3)

where qe is the amount of SDS adsorbed per unit of 
adsorbent at equilibrium time (mg g−1), Ce is equilibrium 
concentration of SDS in solution (mg l−1). Kf and n are 
isotherm constants which indicate the capacity and the 
intensity of the adsorption respectively [13].

2.5.1.2. Langmuir isotherm The linearized form of 
Langmuir can be written as [19]:

C
q K q

C
q

e

aK m

e

m
= +( )

K
( )

1
(4)

The Langmuir constants, qm (maximum adsorption 
capacity) (mg g−1) and Ka (values for Langmuir constant 
related to the energy of adsorption (l mg−1)) are pre-
dicted from the plot between Ce/qe versus Ce.

2.5.2. Adsorption kinetics

In order to investigate the mechanism of adsorption, 
particularly potential rate-controlling step, the transient 
behaviour of the SDS adsorption process was analysed 
using the pseudo fi rst order, pseudo second order and 
intraparticle diffusion model which are explained as fol-
lows.

2.5.2.1. Pseudo-fi rst-order model The integral form 
of the pseudo-fi rst-order model generally expressed as 
[13,20]:

log( ) log
.

q q q
k

tt e) logq qt )qt − 1

2 303 (5)

where qt and qe represents the amount of SDS adsorbed 
(mg g−1) at any time t and at equilibrium time respectively 

and k1 represents the adsorption fi rst-order rate constant 
(min−1) and t is the contact time (min). The adsorption rate 
constant k1 were calculated from the plot of log (qe − qt)
against t.

2.5.2.2. Pseudo-second-order model The adsorption 
data was then analyzed in terms of pseudo-second-
order mechanism, described by [8,20]:

dq
dt

k q qt = k 2)q qt−q
 

(6)

where k2 is the pseudo-second order rate constant 
(g mg−1 min−1).

Integrating and applying boundary conditions t = 0 
to t = t and q = 0 to q = qt gives:

t
q k q q

t= +1 1

2
2

eq  
(7)

A plot between t/qt versus t gives the value of the 
constants k2 (g mg−1 h−1) and also qe (mg g−1) can be 
calculated.

The constant k2 is used to calculate the initial sorption 
rate h, at t → 0, as follows:

q2
2
e  (8)

thus the rate constant k2, initial adsorption rate h and 
predicted qe can be calculated from the plot of t/q versus 
time t using Eq. (7).

2.5.3. Adsorption mechanism

Intra-particle diffusion model is commonly used 
for identifying the adsorption mechanism for design 
purpose. According to Weber and Morris [21] for most 
adsorption processes, the uptake of SDS varies almost 
proportionately with t1/2 rather than with the contact 
time and can be represented as follows:

q K t IK t=id
0 5

 (9)

where qt is the amount adsorbed at time t and t0.5 is the 
square root of the time and Kid [(mg/g−1) min0.5] is the 
rate constant of intraparticle diffusion.

2.5.4. Thermodynamic study

Thermodynamic parameters such as Gibbs free energy 
(ΔG0), enthalpy change (ΔH0) and change in entropy (ΔS0) 
for the adsorption of SDS on pine cone biomass has been 
determined by the following equations [13]:

ΔG HΔ T SΔ0 0HΔ 0−HΔ 0HΔ  (10)
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where qe is the amount of SDS adsorbed per unit mass of 
pine cone (mg g−1), Ce is equilibrium concentration (mg l−1)
and T is temperature in K and R is the gas constant 
(8.314 J mol−1 K−1).

3. Results and discussion

3.1. Characterization of pine cone biomass

The physical and chemical characteristics of adsor-
bents are important for understanding the adsorbate 
binding mechanism on the biomass surface [13]. Char-
acterization of the structure and surface chemistry of 
adsorbent is of considerable interest for the develop-
ment of adsorption and separation processes. One 
important characteristics of an adsorbent is the surface 
functional groups present which are largely character-
ized by the FTIR spectroscopy method. Pine cone is 
composed of epidermal and sclerenchyma cells which 
contain cellulose, hemicellulose, lignin, rosin, and tan-
nins in their cell walls which contains polar functional 
groups such as alcohols, aldehydes, ketones, carboxylic, 
phenolic and other groups [16]. These groups will form 
active sites for sorption on the material surface. As per 
our previous study, Fig. 3 shows the FTIR spectra of pine 
cone biomass [13]. Several peaks were observed from 
the spectra (Fig. 3) indicating that pine cone is composed 
of various functional groups which are responsible for 

binding of SDS molecules. The peaks at 3301.28 cm1

indicates O-H stretching vibrations and spectra bands 
observed at 2926.87 cm−1 represent vibration of CHn

especially due to C–CH and C–CH2 bonds. The peak at 
16.7.67 cm−1 corresponds to C=O and vibration of C=C. 
The peak at 1369.55 cm−1 corresponds to N-alkyl ted aro-
matic amines and peaks at 1,264.25 cm−1 indicates C–N 
stretching with amine or C–O vibration of carboxylic 
acid [22]. The peaks between 1052.93 to 765.45 cm−1 may 
be assigned to the –C–C– and –CN stretching respec-
tively. Similar type of FTIR spectra of pine cone has been 
reported by other investigators [16,22].

Scanning electron micrograph (SEM) of pine cone 
biomass before and after adsorption is shown in Figs. 4a
and b respectively. The availability of pores and inter-
nal surface is clearly displayed in the SEM picture of the 
pine cone biomass before adsorption and the coverage of 
the surface and the pores by the adsorbed SDS is shown 
in Fig. 4b. Basically, the porous structure that appears 
in Fig. 4a gets blurred in Fig. 4b because of adsorption. 
The particle size distribution of pine cone biomass for 
which specifi c surface area was 0.213 m2 g−1. By taking 
the average surface weighted mean of each of the trials, 
the mean particle size for the pine cone biomass used 
was 28.19 μm.

3.2. Effect of initial solution pH on SDS surfactant 
adsorption kinetic experiment

The pH of the aqueous solution in which sorption is 
being conducted is an important controlling parameter 

Fig. 3. FTIR Spectra of pine cone biomass [13].
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in the adsorption process [16]. The effect of pH was 
studied in the range of 4.28 to 7.49. Lower pH is favour-
able for SDS adsorption. Adsorbed mass SDS consis-
tently decreased with increasing solution pH (Fig. 5). 
Also, the amount of SDS adsorption increases with time 
(Fig. 5). The percentage removal of SDS was also found 
to decrease when the solution pH was increased from 
pH 4.28 to pH 7.49 for which plot are not presented 
here. The adsorption of ionic surfactants on charged 
surface is generally different from ordinary adsorption 
process. The ionic surfactant molecules form monolayer 
or bilayer on solid charged surface depending upon the 
surfactant concentration [4]. The dominant adsorption 
mechanisms between the SDS molecules and the pine 
cone biomass surface are thought to involve head group 
electrostatics and tail group lateral hydrophobic interac-
tions [23]. At low concentrations, below CMC, SDS ions 
are bound to the surface mainly by electrostatic attrac-
tion. In the present study, the surfactant concentration 
was below CMC of SDS. Since electrostatic attraction 
is a prerequisite for the formation of monolayer cluster
on the biomass surface, head group adsorption, in turn, 

infl uences the extent of hydrophobic tail interaction. 
Therefore, with increasing pH, a decrease in OSO3

− 
electrostatic attraction with negatively charged surface 
diminishes the opportunities for intermolecular hydro-
phobic stabilization at the solid/liquid interface result-
ing in greatly diminished sorption when pH exceeds the 
point of zero charge (pzc) of cone biomass. Basically, the 
negative charge on cone biomass increased with increas-
ing pH which was reported by Ucun et al. [14]. It has 
also reported that zeta potential and surface charges 
values that the cone biomass is negatively charged in a 
wide pH range (3.3 -8.8) [14]. A similar behaviour was 
observed for SDS adsorption on hematite [23], on rice 
husk [5], and on modifi ed alumina [4].

3.3. Effect of adsorbent (pine cone) dosage on SDS kinetic 
adsorption

Amount of adsorbent or adsorbent dosage repre-
sents an important parameter due to its strong effect on 
the capacity of an adsorbent at given initial concentra-
tion of the adsorbate. It was found from Fig. 6 that the 
increase in pine cone biomass dosage from 0.020 to 0.04 g
resulted in decrease in the amount of adsorbed SDS from 
71.54 to 26.55 mg g−1. The decrease in amount of SDS 
adsorbed, qe (mg g−1) with increasing pine cone bio-
mass is because of the split in the fl ux or the concen-
tration gradient between the solute concentration in the 
solution and the solute concentration in the surface of 
the adsorbent [13,24]. Thus with increasing adsorbent 
mass, the amount of SDS adsorbed onto unit weight 
of the pine cone biomass gets reduced, thus causing 
a decrease in qe value with increasing adsorbent mass 
concentration. Although the number of adsorbent sites 
per unit mass of a adsorbent should remain constant, 
independent of the total adsorbent mass, increasing 

Fig. 4. (a) SEM of pine cone biomass before adsorption. 
(b) SEM of same pine cone biomass after methylene blue 
adsorption.
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the adsorbent amount in a fi xed volume reduces the 
number of available sites as the effective surface area is 
likely to decrease [13,25].

In general, pH of fi nal solution increases gradu-
ally with the increase in adsorbent dosages [13]. There 
was increase in the fi nal solution pH (0.4 to 1.1) during 
adsorbent dose experiments. It may be attributed to evi-
dent increase of the amount of negatively charged sites 
which can induce more H+ ions adsorb on pine cone sur-
face and results in an increase in pH of the fi nal solution.

3.4. Effect of temperature on dye adsorption kinetics 
and thermodynamic studies

The effect of solution temperature on adsorption is 
generally an important indicator to describe the type of 
adsorption. The decrease in adsorption with increasing 
temperature may be indication of physical adsorption 
and the reverse is generally true for chemisorption [10]. 
To observe the effect of temperature on the adsorption 
capacity, experiments were carried out at three different 
temperatures of 20°C, 40°C and 60°C for a fi xed initial 
SDS concentration of 50 ppm. It has been found from 
Fig. 7 that with an increase in temperature adsorption 
capacity decreases. This is is mainly because of decreased 
surface activity suggesting that adsorption between SDS 
and pine cone was an exothermic process. With increas-
ing temperature, the attractive forces between the pine 
cone biomass surface and SDS are weakened and then 
sorption decreases. This may be due to a tendency for 
surfactant molecules to excape from the solid phase of 
biomass to the liquid phase with an increase in tempera-
ture of the solution [26].

The Gibbs free energy (ΔG0), entropy (ΔS0) and 
enthalpy (ΔH0) changes for this SDS adsorption has been 

determined by the application of Eqs. (10) and (11) and 
also with the help of Van’t Hoff plots which is not shown 
here. All three thermodynamic parameters are tabu-
lated in Table 1. In general, the change of standard free 
energy for physisorption is in a range of −20 to 0 kJ mol−1 
and for chemisorption varies between −80 and −400 kJ 
mol−1 [20]. The overall ΔG0 (Table 1) values varies from 
−2105.8 to 1350.2 kJ mol−1 at the temperature range stud-
ies. These results corresponds to a spontaneous physical 
adsorption of SDS, indicating that this system does not 
gain energy from external resource [20,27]. The increase 
in ΔG0 with increase in temperature indicates less effi -
cient adsorption at higher temperature. The negative 
values of ΔS0 of pine cone suggest a random decrease at 
their solid/liquid interface and no signifi cant changes 
occur in the internal structure of the adsorbents through 
the adsorption [20]. The negative value of enthalpy 
change (ΔH0) indicates the exothermic nature of adsorp-
tion. Similar types of temperature effects in the removal 
of SDS from aqueous solution onto sepiolite has been 
reported by Ozdemir et al. [10].

Table 1
Thermodynamic parameters for adsorption of SDS at 
different temperatures

Temperature 
(K)

ΔG0 
(kJmol−1)

ΔH0 
(kJ mol−1)

ΔS0 
(kJ mol−1)

293 −2105.8 −27,421 −0.86.4

313 −377.8 −27,421 −0.86.4

333 1350.2 −27,421 −0.86.4
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 3.5. Effect of contact time and initial SDS surfactant 
concentration on adsorption kinetics

The initial surfactant concentration has a pronounced 
effect on its removal from aqueous solutions. The effect 
of contact time on the adsorption of SDS surfactant 
was investigated at two different initial concentration 
onto pine cone adsorbent and results are presented in 
Fig. 8. It was found that the amount of adsorption i.e., 
mg of adsorbate per gram of adsorbent increases with 
increasing contact time at all initial SDS concentrations 
and equilibrium is attained within 100 min. This rela-
tively short equilibrium time indicates that adsorption is 
indeed governed by physical interaction [10]. It was also 
found that the removal of SDS increased from 39.35% 
to 80.54% with decreasing initial concentration of SDS 
surfactant from 50 to 20 ppm for which plot is not pre-
sented here. Basically, from both the fi gures, the adsorp-
tion percentage decreases and the extent of adsorption 
increases with increasing initial surfactant concentra-
tion. With increasing surfactant concentration leads to 
the formation of monolayer or bi-layer patches at the 
surface where sorbate–sorbate associations contribute to 
increased adsorption [28]. This is also because the initial 
SDS concentration provides the driving force to over-
come the resistance to the mass transfer of surfactant 
between the aqueous and the solid phase. For constant 
dosage of adsorbent, at higher initial surfactant con-
centration, the available adsorption sites of adsorbent 
become fewer and hence the removal of SDS depends 
upon the initial concentration [29]. The increase in ini-
tial concentration also enhances the interaction between 
adsorbent and surfactant. Therefore, an increase in ini-
tial surfactant concentration leads to increase in the 

adsorption uptake of SDS. It is also found from the 
Fig. 8 that the removal of surfactant SDS by adsorption 
on pine cone is very fast at the initial period of contact 
but slowed down with time. This kinetic experiment 
clearly indicated that adsorption of SDS on pine cone is 
a more or less two step process: a very rapid adsorption 
of SDS to the external surface followed by possible slow 
intraparticle diffusion in the interior of the adsorbent. 
The rapid kinetics has signifi cant practical importance, 
as it facilitates smaller reactor volumes, ensuring high 
effi ciency and economy [13]. Similar types of SDS con-
centration effect also reported by various investigators 
on different adsorbent system [4,10,23].

3.5.1. Adsorption kinetics

The prediction of batch adsorption kinetics is nec-
essary for the design of industrial adsorption columns. 
The nature of the adsorption process will depend on 
physical or chemical characteristics of the adsorbent 
system and also on the system conditions. In the pres-
ent study, the applicability of the pseudo-fi rst-order 
(Eq. (5)) and pseudo-second-order model (Eqs. (6)–(8)) 
was tested for the adsorption of SDS onto pine cone bio-
mass particles. Both these models has been fi tted with 
experimental data at various physicochemical condi-
tions for which all fi tting plots are not presented here. 
As per Lagergren pseudo-fi rst-order model, a plot of 
log(qe – qt) versus t gives a straight line with poor linear 
regression coeffi cient (R2) in the range of 0.76 to 0.95 at 
different adsorbent dosages (Fig. 9). The same pseudo-
fi rst-order model was fi tted with kinetic adsorption 
experimental results in case of initial solution pH effect, 
initial SDs concentration effect and system tempera-
ture respectively but it gives very poor linear regres-
sion coeffi cient, R2 value which are not presented here. 
Moreover, pseudo-fi rst-order kinetic model predicted a 
signifi cantly lower value of the equilibrium adsorption 
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capacity (qe) than the experimental value, which is not 
also shown here but indicates the inapplicability of this 
model. The adsorption data were then analysed using 
the pseudo-second-order kinetic model. The plot t/qt 
versus t should give a straight line with higher linear 
correlation coeffi cients if pseudo-second-order kinetics 
is applicable and qe, k2 and h can be determined from the 
slope and intercept of the plot respectively. All kinetic 
parameters including linear correlation coeffi cient (R2) 
obtained from fi tting model plots with experimental data 
under different conditions were presented in Table 2.
Higher linear regression coeffi cients (R2) (Table 2) with 
respect to fi tted pseudo-fi rst-order model suggest that 
adsorption of SDS surfactant on pine cone biomass 
follows pseudo second-order kinetics. Moreover, cal-
culated, qe cal values from pseudo-second-order fi tting 
model (Table 2) is very close to the experimental qe val-
ues (Table 2) also suggest the suitability of this model. 
Also from Table 2 the adsorption capacity increases with 
increase in initial surfactant concentration but decreases 
within initial solution pH, amount of adsorbent, and 
temperature respectively. Whereas the values of rate 
constant, k2 decrease with initial surfactant concentra-
tion for pine cone biomass. The reason for this behaviour 
may be due to the lower competition for the sorption 
sites at lower concentration. At higher concentrations, 
the competition for the surface active sites will be high 
and consequently lower sorption rates are obtained. 
The overall rate constant, k2 increased as the adsorbent 

dosage increased and also initial adsorption rate, h var-
ied with the variation in the adsorbent dosage (Table 2). 
Similar type kinetic model parameters were obtained by 
various researchers for a few other observations systems 
reported in the literature [7,20,24,30–32].

The half-adsorption time of the surfactant, t1/2 i.e., 
the time required for the pine cone to uptake half of the 
amount adsorbed at equilibrium, is often considered as 
a measure of the rate of adsorption and for the second-
order process is given by the relationship [31]:

t
k q1

2

1=
e  

(12)

The calculated values of t1/2 for the SDS adsorp-
tion by pine cone are 6.28 s (0.104 min) and 9.178 s 
(0.1529 min) for an initial concentration range of 20, 
50 ppm respectively. Similarly for other process vari-
ables, half adsorption time (t1/2) can also be calculated 
which are not presented here.

3.6. Intraparticle diffusion and adsorption mechanism

For the process design and control of adsorption 
systems, it is important to understand the underlying 
mechanism that results in the apparent dynamic behav-
iour of the system. The removal of SDS by adsorption on 
pine cone biomass was very rapid at the initial period 
of contact time and then become slow and stagnates 

Table 2
Pseudo-second-order kinetic parameters for SDS adsorption on pine cone

System parameters qe (mg/g), 
experimental

k2 [(g mg−1) min] qe (mg g−1), 
calculated

h [(mg g−1) min] R2

Adsorbent dosage (mg)

20 71.50 0.00145 75.18 8.250 0.9924

30 38.60 0.00346 39.68 5.457 0.990

40 26.55 0.0058 26.95 4.21 0.992

Initial SDS concentration (ppm)

20 54.27 0.00280 56.81 9.055 0.996

50 71.54 0.00146 74.62 8.181 0.992

pH

4.28 105.20 0.0111 105.26 123.45 0.999

5.36 39.35 0.00298 39.52 4.66 0.988

7.49 29.93 0.0022 33.44 2.563 0.969

Temperature

30°C 45.07 0.0063 45.66 13.11 0.9996

45°C 39.53 0.0087 39.84 13.79 0.9998

60°C 39.11 0.0047 39.22 7.16 0.9988
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 with time. For a solid/liquid sorption process, the sol-
ute transfer is usually characterized by either external 
mass transfer (boundary layer diffusion) or intraparticle 
diffusion or both. The mechanism of SDS removal from 
aqueous phase by adsorption is assumed to consist of 
following four steps [20,24,33]:

a. Migration of the SDS molecules from the bulk solu-
tion to the surface of the sorbent.

b. Diffusion of SDS through the boundary layer to the 
surface of the sorbent.

c. Adsorption of SDS at an active site on the surface of 
the sorbent.

d. Intraparticle diffusion of SDS into the interior of the 
sorbent.

The overall rate of sorption will be controlled by the 
slowest step, which would be either fi lm diffusion or 
pore diffusion. However, the controlling step might be 
distributed between intraparticle and external transport 
mechanisms. Whatever the case, external diffusion will 
be involved in the sorption process. The sorption of SDS 
onto pine cone particles may be controlled due to fi lm 
diffusion at earlier stages and as the adsorbent particles 
are loaded with SDS anions, the sorption process may be 
controlled due to intraparticle diffusion.

The most commonly used technique for identifying 
the mechanism involved in the sorption process is by 
fi tting the experimental data in an intraparticle diffu-
sion plot (Eq. (9)). The plot of amount sorbed per unit 
weight of sorbent, qt (mg g−1) versus square root of time, 
√t is shown in Fig. 10 for initial SDS concentration. Intra-
particle diffusion plots for different solution pH change, 
adsorbent dosages, different temperatures are give same 
trend which are not presented here.

Fig. 10 shows that the adsorption plots are not linear 
over the whole time range and can be separated into two 
linear regions which confi rm the multi stages of adsorp-
tion. The dual nature of the curve (Fig. 10) was obtained 
due to the varying extent of adsorption in the initial and 
fi nal stages of adsorption experiment. This plot repre-
sented the two different stages viz. external mass trans-
fer followed by intra-particle diffusion, signifi ed that 
the SDS molecules were transported to the external sur-
face of the pine cone particle through fi lm diffusion and 
its rate was very fast. After that, SDS molecules were 
entered into pine cone particles by intra-particle diffu-
sion through pores. Generally, when adsorption steps 
are not dependent of one another, the plot of qt against 
t0.5 should give two or more intercepting lines depending 
on the actual mechanism [34]. Moreover from Fig. 10, 
conclusion can be made that none of plot give linear 
straight line segment passing through the origin, I ≠ 0 
which is not shown here. This deviation from the origin 
may perhaps be due to the difference in the rate of mass 
transfer in the initial and fi nal stages of adsorption. This 
indicated that there is some degree of boundary layer 
external control and this further showed that intraparti-
cle diffusion was not only the rate-limiting step, but also 
be the rate controlling of sorption or all may be operat-
ing simultaneously [35].

The diffusion coeffi cient, D, largely depends on the 
surface properties of adsorbents. The diffusion coeffi -
cient for the intra-particle transport of different initial 
concentrations of SDS were also calculated using the 
following relationship [7]:

t D1 2 0
20/ . /r0rr203  (13)

where t1/2 is the half life in seconds as calculated from 
Eq. (13), r0 the radius of the adsorbent particle in cen-
timetres and D is the diffusion coeffi cient value in cm2 s−1.
Here surface weighted mean diameter of pine cone par-
ticles of 27.25 μm (radius = 13.62 μm = 13.62 × 0.0001 
cm = 0.001362 cm) has been utilised. The diffusion coef-
fi cients, D values were found to be 8.86 × 10−9 cm2 s−1 and 
6.063 × 10−9 cm2 s−1 for an initial SDS concentration of 20, 
and 50 ppm respectively which is increases with change 
in initial SDS concentration.

3.6.1. Adsorption equilibrium isotherm

Analysis of adsorption isotherms data by fi tting 
them into different isotherm models is an important step 
to fi nd the suitable model that can be used for design 
process. Fig. 11 gives results on Freundlich isotherm fi t-
tings for pine cone with linear correlation coeffi cient (R2) 
of 0.995. Freundlich constants i.e., adsorption capacity, 
Kf and rate of adsorption, n, are calculated from this plot 
which are 25.0 mg g−1 and 3.18 respectively. The value 
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of “n” is larger than 1 which indicates the favourable 
nature of adsorption and a physical process [8,27].

Fig. 12 gives results on Langmuir-1 isotherm fi ttings 
for pine cone biomass adsorbent. The maximum mono-
layer adsorption capacity of pine cone, qm, and constant 
related to the binding energy of the sorption system, Ka 
is calculated from plot 12 which are 95.23 mg g−1 and 
0.15130 respectively for SDS-pine cone system.

A further analysis of the Langmuir equation can 
be made on the basis of a dimensionless equilibrium 
parameter, RL, also known as the separation factor, given 
by [36]:

R
K CL

a
=

+
1

1 0
(14)

where Ka is the Langmuir constant and C0 is the initial 
SDS concentration (mg l−1). The quantity (RL) is taken 
to the relative volatility in vapour–liquid equilibrium. 
It is easy to verify that for a favourable system, RL lies 
between 0 and 1, for each of the different initial concen-
trations of SDS, it’s larger than zero for an unfavourable 
system [37].

The separation factor, RL has been calculated from 
Langmuir plot. It has been found that the calculated RL

values are 0.3979, 0.2483, 0.1321, 0.0992 and 0.0763 at 
initial dye concentration of 10, 20, 50, 60, 80 ppm respec-
tively. These RL values indicates favorable adsorption as it 
lie in < 0 < RL <1. From Figs. 11 and 12, it is also found that 
the adsorption equilibrium data fi t both Freundlich and 
Langmuir equations with a correlation coeffi cient value 
of 0.995 and 0.977 respectively. The best fi t of equilibrium 
data in the Freundlich isotherm model confi rms the het-
erogeneous coverage of SDS onto pine cone particles.

3.6.2. Design of single-stage batch adsorber 
from isotherm data

Adsorption isotherms can be used to predict the 
design of single batch adsorption system [13,35]. The 
schematic diagram for a single-stage batch adsorber 
was found to be similar to the used in the removal of 
methylene blue (MB) dye by pine cone biomass [13]. 
Freundlich adsorption isotherm data has been utilised 
to design a single-stage batch adsorption system as per 
method developed by Kumar et al. [35]. Due to lack of 
extensive experimental data, empirical design proce-
dures based on adsorption isotherm studies are the most 
common method to predict the adsorber size and per-
formance. The design objective was to reduce initial SDS 
concentration of C0 to Ct (mg l−1) for which total solution 
is V (L). The amount of added adsorbent was m and the 
solute loading changes from q0 (mg g−1) to qt (mg g−1). 
Now the SDS concentration on solid changes from q0 = 0 
to qt due to added adsorbent into the system. The mass 
balance for the SDS in the single stage operation under 
equilibrium is given by:

V m mqmmm e( )C C0 CC ( )q q0q qqq =
 (15)

From isotherm experiments, it was found that equi-
librium data for SDS on pine cone biomass is better 
fi tted with Freundlich isotherm model and therefore 
Eq. (15) can be written and rearranged after putting the 
value of qe as:

m
V

C C
q

C C
K Cf

n= =0 0C C
1

e

e

e
/

 
(16)

Fig. 13 shows a series of plots derived from Eq. (16) 
between the predicted amount of pine cone particles 
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required to remove SDS of initial concentrations of 20 ppm 
for 50%, 60%, 70% and 80% SDS removal at different solu-
tion volumes (1–10 l) for a single-stage batch adsorption 
system, for which the design procedure is outlined.

4. Conclusions

The present study shows that the scales of cone bio-
mass of pure Pinus radiate, an agricultural by-product 
waste can be used as an effective alternative low cost 
adsorbent for the removal of anionic surfactant, SDS 
from aqueous solutions. The amount of SDS uptake 
on pine cone biomass was found to increases with an 
increase in initial SDS concentration, contact time, but 
was found to decrease with increase in solution pH, 
amount of adsorbent, and system temperature. It was 
observed that the adsorption was pH dependent and 
the maximum adsorption of 105.19 mg g−1 occurred at 
pH of 4.28 for an initial SDS concentration of 50 ppm. 
Kinetic experiments clearly indicated that adsorption of 
SDS on pine cone biomass is a two step process: a rapid 
adsorption of SDS onto the external surface followed 
by intraparticle diffusion into the interior of adsorbent 
which has also been confi rmed by intraparticle diffu-
sion model. Overall, the kinetic studies showed that the 
SDS adsorption process followed pseudo-second-order 
kinetics models. The Langmuir and Freundlich both 
adsorption isotherms were demonstrated to provide 
best correlation for the adsorption of SDS onto pine cone 
biomass. The maximum monolayer adsorption capacity
of pine cone biomass was found to be 95.23 mg g−1. The 
constant value, RL (low separation factor) in Langmuir 
isotherm and Freundlich constant, n, both give an indi-
cation of favorable adsorption. The thermodynamic 
analysis indicates that system is spontaneous, exother-
mic and physical processes in nature.
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Symbols

Cf — fi nal SDS concentration, ppm (mg l−1)
C0 — initial SDS concentration, ppm (mg l−1)
Ct — SDS concentration at time t, ppm (mg l−1)
D — diffusion coeffi cient (cm2 s−1)
ΔG0 — Gibbs free energy change (kJ mol−1)
ΔH0 — enthalpy change (kJ mol−1)
ΔS0 — entropy change (J K−1 mol−1)
k1 — pseudo-fi rst-order rate constant (min−1)
k2 —  pseudo-second-order rate constant [(mg g−1) 

min]
Kf — Freundlich adsorption constant (mg g−1)
Kid — intra-particle rate constant [(mg g−1) min0.5]
M — mass of adsorbent per unit volume (gl−1)
m — amount of adsorbent added (g)
n — Freundlich constant
q —  amount of adsorbate per gram of adsorbent 

(mg g−1)
qe —  amount of adsorbate per gram of adsorbent 

at equilibrium (mg g−1)
qt —  amount of adsorbate per gram of adsorbent 

at any time, t
qm — equilibrium adsorption capacity using model
qmax — maximum adsorption capacity (mg g−1)
R2 — linear regression coeffi cient
RL — separation factor
r0 — radius of adsorbent particle (cm)
t — time (min)
T — temperature (K)
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