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a b s t r a c t
The removal of pentachlorophenol (PCP) from aqueous solution using low-cost biosorbents includ-
ing sunflower seed hulls, hazelnut shells, pine sawdust and milk thistle seeds was investigated. The 
effect of experimental parameters such as contact time, initial biosorbent dose, solution pH and ionic 
strength was evaluated. The adsorption kinetics was investigated according to the pseudo-first order, 
pseudo-second order and intra-particle diffusion kinetic models. The pseudo-second order model 
best described the adsorption process. The equilibrium adsorption data were analyzed by Langmuir, 
Freundlich and Sips isotherm models using non-linear regression method. The best results were 
achieved with the Freundlich model. The values of the Freundlich adsorption parameter (KF) were 
0.127, 0.168, 0.214 and 0.296 (mg/g)(L/mg)1/n for the sunflower seed hulls, milk thistle seeds, hazelnut 
shells and pine sawdust, respectively. The results showed that the agricultural and industrial wastes 
may be used as effective adsorbents without any treatment or any other modification for removal of 
PCP from the aqueous medium.
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1. Introduction

The population growth as well as increase in industrial 
and agricultural activities has led to the production of envi-
ronmental contaminants which are dangerous to the eco-
system and human health. Organic pollutants are present 
throughout the environment, contaminating inter alia air, 
soil and water including groundwater, surface water and 
drinking water.

In the last years, many different conventional methods 
such as biological, chemical and physical processes have 
been tried for the removal of organic contaminants from 
aquatic media. Unfortunately, most of them have their 
advantages and limitations in application. Amongst the 
numerous purification methods, the adsorption is the most 

popular and effective technique for water decontamination 
mainly because of its simplicity, relative flexibility, low cost, 
ease of operation as well as the no or low generation of harm-
ful substances [1,2]. Currently, activated carbons are the most 
commonly used adsorbents of proven adsorption efficiency 
for organic compounds. However, their use in wastewater 
treatment is restricted due to their high cost and necessity 
of regeneration. Therefore, the cost-effective alternative tech-
nologies are needed and in recent years, extensive research 
has been undertaken to develop cheaper and effective adsor-
bents [1–3]. A large variety of non-conventional low-cost 
adsorbents have been tested for their ability to remove 
various types of organic contaminants from aqueous media 
[2–7]. According to the classification proposed by Ali et al. [4] 
such adsorbents can be classified into: household wastes, 
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agricultural products, industrial waste, sea materials, soil 
and ore materials, as well as metal oxides and hydroxides. 
These materials have usually low specific surface areas and 
low adsorption capacities and are thus required in large 
amounts. Therefore, there is a need to find new, cheap, easily 
available and highly effective adsorbents.

The objective of this work is to examine the effectiveness 
of agricultural and industrial wastes such as sunflower seed 
hulls, hazelnut shells, pine sawdust and milk thistle seeds in 
removal of pentachlorophenol (PCP) from aqueous solutions. 
The PCP was chosen as the target water pollutant, because it 
is poisonous to aquatic life and humans at low level [8] and 
is found in tap water [9]. In recent years, many adsorbents 
have been used for PCP removal including activated carbons 
[10–12] and low-cost adsorbents: peat–bentonite mixtures 
[13], spent mushroom compost [14], pine bark [15], almond 
shells [16], natural soil minerals [17] and eggshell [18].

The adsorbents used in this work have already been used 
to remove various contaminants from water. Sunflower seed 
hulls were used for the removal of metal ions [19,20], dyes 
[21–23], trichlorophenol [24] and pesticides [25]. Hazelnut 
shells were applied for water removal of metal ions [26,27], 
dyes [28,29] and monochlorophenols [30]. Pine sawdust 
was used as an adsorbent without treatment for removal of 
heavy metal ions [31], some dyes [32,33] and chloroorganic 
compounds [34,35]. Recently, Djelloul and Hasseine [36,37] 
reported the adsorption of methylene blue from aqueous 
solution by milk thistle seeds.

However, to our best knowledge, adsorption of PCP from 
solutions using sunflower seed hulls, hazelnut shells, pine 
sawdust or milk thistle seeds does not appear to have been 
studied thus far. Both adsorption kinetic and equilibrium 
experiments were carried out. Factors affecting adsorption, 
such as adsorbent dose, pH and presence of inorganic salts 
were also investigated.

2. Experimental

2.1. Materials

The PCP was obtained from Sigma-Aldrich (St. Louis, 
MO, USA). The acetonitrile (HPLC grade) and reagent grade 
sodium hydroxide, sodium chloride, hydrochloric acid and 
acetic acid were purchased from Chempur (Piekary Slaskie, 
Poland).

As adsorbents, the sunflower seed hulls, hazelnut shells, 
pine sawdust and milk thistle seeds were chosen. The raw 
materials used were collected from a local food, pharmaceu-
tical and furniture manufacturing industry. The materials 
were washed, dried at room temperature, ground and sieved 
through a set of laboratory sieves and sieve fraction < 0.5 mm 
was used in the adsorption experiments. After collection and 
sieving, the adsorbents were dried in an oven at 120°C to con-
stant mass and stored in a desiccator.

2.2. Adsorption experiments

The batch adsorption experiments were carried out by 
shaking a series of Erlenmeyer flasks containing different 
amounts of the adsorbents in 10 mL of different initial solu-
tions of PCP. The samples were agitated at 25°C at constant 

speed (200  rpm). All of the experiments were carried out 
in duplicate, and the average values were used for further 
calculations.

The adsorption isotherms were determined over the con-
centration range 2–10  mg/L of PCP solutions in a series of 
Erlenmeyer flasks containing 10 mL solution of each concen-
tration and 0.4 g of the adsorbent. After shaking, the mixtures 
were filtered (filter discs, 80 g/m2) and the concentrations of 
PCP were determined using a high-performance liquid chro-
matography with UV detection according to the procedure 
described elsewhere [18]. The amount of PCP adsorbed per 
unit mass of the adsorbent (qe, mg/g) was determined using 
the following equation:

q
C C V
me

0 e( )
=

−
� (1)

where C0 and Ce are the initial and the equilibrium concentra-
tion of PCP (mg/L) in solution, V is the volume of the solution 
(L) and m is the mass of the adsorbent (g).

The kinetic studies were conducted for an initial PCP con-
centration of 5 mg/L. The samples were shaken and taken out 
at 5, 10, 20, 30, 45, 60, 90 and 120 min. The adsorbent solution 
mixtures were then filtered and analyzed for the PCP con-
centration (Ct). The amount of PCP adsorbed onto adsorbent 
(qt, mg/g) was calculated according to the following equation:

q
C C V
mt

0 t( )
=

−
� (2)

where Ct is the concentration of PCP at the time t (mg/L).
The effect of solution pH on PCP adsorption was inves-

tigated by performing the experiments at various pH levels 
(from 2.5 to 11.0) adjusted by 0.1  mol/L HCl or 0.1  mol/L 
NaOH solution. The initial concentration of PCP was fixed 
at 5 mg/L. The effect of salt presence (ionic strength) on PCP 
adsorption was investigated similarly with the difference that 
the adsorbate was adsorbed from the 0.01, 0.05 and 0.1 mol/L 
solutions of NaCl. The desorption study was conducted by 
mixing the collected spent adsorbent (0.4 g) with 50% meth-
anol solution. The samples were agitated at 200 rpm for 24 h 
at room temperature.

3. Results and discussion

3.1. Effect of adsorbent dose

The effect of the adsorbent dose on the PCP adsorp-
tion was studied at the adsorbents mass range of 0.1–0.4 g 
(10–40 g/L), and the adsorbate concentration of 5 mg/L. The 
percentage removal of PCP as a function of the adsorbent 
mass is presented in Fig. 1. As can be seen, the adsorption of 
PCP increased with an increase in the adsorbent dose. The 
increase in adsorbent mass from 0.1 to 0.4 g resulted in an 
increase of PCP adsorption from 30% to 84% on sunflower 
seed hulls, from 41% to 90% on hazelnut shells, from 48% to 
96% on pine sawdust and from 34% to 89% on milk thistle 
seeds. This is due to the fact that increasing the dosage of 
the adsorbents and keeping the PCP concentration constant 
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makes a large number of sites available for a fixed amount 
of adsorbate. A dose of 40 g/L (0.4 g) of the adsorbents was 
considered for further experiments.

3.2. Effect of solution chemistry

The effect of solution pH in the range of 2.5 to 11.0 on 
the adsorption equilibrium capacity (qe) of PCP is presented 
in Fig. 2. The adsorption process depends on the physico-
chemical properties of the adsorbent and adsorbate as well 
as on the solution chemistry. Factors from solution chemis-
try that are most important in the adsorption process are the 
solution pH and ionic strength. The pH of the solution is a 
critical parameter as it strongly affects the electrostatic inter-
actions between adsorbent and adsorbate (the adsorbent sur-
face charge, ionization degree and speciation of adsorbate). 
The presence of salts in the solution (ionic strength) can also 
modify the strength of the adsorbent–adsorbate electrostatic 
interactions [38].

As can be seen in Fig. 2, the adsorption of the PCP was 
almost constant at acidic pH range and decreased with the 
further increasing in the pH from 7 to 11 for the hazelnut 
shells, pine sawdust and milk thistle seeds, and from 8 to 
11 for the sunflower seed hulls. The value of qe decreased 
with an increase in the pH from 2.5 to 11.0 from 0.108 to 
0.075 mg/g for sunflower seed hulls, from 0.119 to 0.045 mg/g 
for hazelnut shells, from 0.130 to 0.051 mg/g for pine sawdust 
and from 0.112 to 0.061 mg/g for milk thistle seeds, respec-
tively. Less sunflower seed hulls sensitivity to pH changes is 
probably due to their higher value of the point of zero charge 
(pHPZC). The pHPZC was determined by the pH drift method 
and was found to be 4.5, 5.0, 5.7 and 7.6 for the pine sawdust, 
hazelnut shells, milk thistle seeds and sunflower seed hulls, 
respectively. The surface charge of the adsorbents is nega-
tive when the solution pH is greater than pHPZC and this is 
positive when pH < pHPZC. The PCP dissociation constant 
(pKa) is 4.75. Thus, PCP will be mainly in protonated form 
at pH < pKa and in deprotonated (ionic) form at pH > pKa. 
As the pH increased, the degree of dissociation of PCP 
increased, then the anion species of PCP is predominant in 
the aqueous solution. The results presented in Fig. 2 showed 
that the non-dissociated form of PCP is preferred by the posi-
tively charged surface of the adsorbents. The strong decrease 
in adsorption at highly basic conditions suggests a weaker 
interaction of the negatively charged adsorbent surface with 
the deprotonated PCP molecules.

The effect of the solution ionic strength on the adsorp-
tion of PCP on the low-cost adsorbents is presented in Fig. 3. 
The results indicate that the presence of salt in the solution 

slightly improves the adsorption capacity of the adsorbents 
due to the repulsive interaction between the adsorbent sur-
face and the adsorbate [39]. In comparison with the adsorp-
tion from distilled water, the adsorption of the PCP from 
0.1 mol/L NaCl solution on all of the adsorbents increased by 
approximately 10%.

3.3. Adsorption kinetics

Fig. 4 shows the adsorption kinetics of the PCP on sun-
flower seed hulls, hazelnut shells, pine sawdust and milk 
thistle seeds. It was observed that the adsorption equilibrium 
was achieved approximately after 60 min. 

Adsorption kinetics of PCP onto agricultural and 
industrial wastes was analyzed with pseudo-first 

Fig. 1. Effect of adsorbent dose on adsorptive removal of PCP.

Fig. 2. Effect of initial solution pH on PCP equilibrium adsorption 
on the waste materials.

Fig. 3. Effect of ionic strength on the PCP adsorption on the 
sunflower seed hulls, hazelnut shells, pine sawdust and milk 
thistle seeds.
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order [40] and pseudo-second order [41] kinetic models. 
The pseudo-first order kinetic model can be written as:

d
d
q
t

k q qt
e t= −1( ) � (3)

Its linear form is given below:

log( ) log
.

q q q
k

te t e− = − 1

2 303 � (4)

where k1 is the pseudo-first order rate constant (1/min).
The pseudo-second order equation has the form:
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The linear form of the Eq. (5) is:
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where k2 is the pseudo-second order rate constant (g/mg∙min).

In the pseudo-first order model, values of qe and k1 were 
obtained from the intercept and slope of the linear graph of 
log(qe – qt) vs. t. The rate constants of the pseudo-second order 
adsorption (k2) were calculated from the straight line plots 
of t/qt vs. t. Table 1 presents the kinetic parameters for the 
adsorption of PCP on the waste adsorbents. The values of R2 
for the pseudo-second order model are higher than those of 
pseudo-first order model, and the calculated qe values (qe,CAL) 
are closer to the experimental qe values (qe,EXP). In view of these, 
it may be concluded that the pseudo-second order kinetic 
model is more suitable for interpreting the kinetic data in the 
adsorption system. The k2 values of the PCP increased in the 
order: hazelnut shells < sunflower seed hulls ≤ pine sawdust < 
milk thistle seeds. However, these differences are small.

In order to investigate the mechanism of the PCP 
adsorption, the intra-particle diffusion model [42] was used:

q k t Ct i
0.5

i= + � (7)

where ki is the intra-particle diffusion rate constant 
(mg/g min–0.5) and Ci is the thickness of the boundary layer.

Fig. 5 shows the plot of qt vs. t0.5 for the PCP on all of 
the waste materials. When the regression is linear and inter-
cept is equal to zero, then the intra-particle diffusion is the 
dominant mechanism of the adsorption. When the regres-
sion is linear and intercept is not equal to zero, then the 
intra-particle diffusion participates in adsorption mechanism 
but not as the limiting step. The multi-linearity indicates that 
the adsorption progress consist of several steps. As can be 
seen in Fig. 5, none of the lines passed through the origin 
and the plots were not linear over the whole time range. This 
indicates that more than one process affected the adsorp-
tion of the PCP on all four of the biosorbents and that the 
intra-particle diffusion was not the only rate-controlling step.

3.4. Adsorption and desorption

The adsorption isotherms of the PCP on the sunflower 
seed hulls, hazelnut shells, pine sawdust and milk thistle seeds 
are shown in Fig. 6. The equilibrium data were processed 
according to the Freundlich, Langmuir and Sips isotherms [43].

The Freundlich isotherm is expressed as:

q K Ce F e
1/n= � (8)

Table 1
Pseudo-first and pseudo-second order rate constants for adsorption of PCP on the waste materials 

Kinetic model Parameter Adsorbent
Sunflower seed hulls Hazelnut shells Pine sawdust Milk thistle seeds

qe,EXP (mg/g) 0.105 0.113 0.120 0.110
Pseudo-first order k1 (1/min) 0.083 0.067 0.084 0.072

qe,CAL (mg/g) 0.148 0.140 0.145 0.123
R2 0.967 0.968 0.972 0.970

Pseudo-second 
order

k2 (g/mg∙min) 1.044 0.996 1.046 1.121
qe,CAL (mg/g) 0.114 0.122 0.129 0.118
R2 0.999 0.999 0.999 0.999

Fig. 4. Adsorption kinetics of PCP on the waste materials.
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where KF is the Freundlich constant indicative of the relative 
adsorption capacity of the adsorbent ((mg/g)(L/mg)1/n) and 
n is the Freundlich constant indicative of the intensity of the 
adsorption.

The Langmuir equation is given as follows:

q
q bC
bCe

m e

e

=
+1 � (9)

where qm is a monolayer adsorption capacity (mg/g) and b is 
the equilibrium adsorption constant (L/mg).

The Sips equation is generally expressed as follows:

q
q K C
K C

m

me
mS S e

S e1
=

+
� (10)

where qmS is the Sips maximum adsorption capacity (mg/g), 
KS is the Sips equilibrium constant (L/mg) and m is the Sips 
model constant.

All models parameters were evaluated by non-linear 
regression using OriginPro 7.5 software and are presented in 
Table 2. The experimental data were best fitted to the Freundlich 
isotherm model, since the correlation coefficients calculated 
for the Freundlich equation were higher than that for the 
Langmuir and Sips models. This suggests that the adsorption 
of the PCP on all four waste materials follows the Freundlich 
model and that the adsorption of PCP may involve multi-layer 
adsorption. Moreover, the values of the Freundlich constant 
n were greater than one, indicating a favorable adsorption of 
PCP by all adsorbents. The values of the Freundlich constant 
indicative of the relative adsorption capacity (KF) were 0.127 
for the sunflower seed hulls, 0.168 for the milk thistle seeds, 
0.214 for the hazelnut shells and 0.296 (mg/g)(L/mg)1/n for the 
pine sawdust. Also the Langmuir (qm) as well as the Sips (qmS) 
adsorption parameters increase in the same order: sunflower 
seed hulls < milk thistle seeds < hazelnut shells < pine sawdust.

A comparison between the adsorption capacities of the 
tested materials and other low-cost adsorbents under similar 

Fig. 5. Intra-particle diffusion plot for PCP adsorption by the 
sunflower seed hulls, hazelnut shells, pine sawdust and milk 
thistle seeds.

Table 2
Freundlich, Langmuir and Sips isotherm model parameters and correlation coefficients for adsorption of PCP on the waste materials

Isotherm model Parameter Adsorbent
Sunflower seed hulls Hazelnut shells Pine sawdust Milk thistle seeds

Freundlich KF (mg/g)(L/mg)1/n 0.127 0.214 0.296 0.168
n 1.117 1.161 1.610 1.130
R2 0.998 0.998 0.997 0.998

Langmuir qm (mg/g) 0.472 0.658 0.795 0.512
b (L/mg) 0.113 0.269 0.463 0.159
R2 0.909 0.912 0.966 0.923

Sips qmS (mg/g) 0.352 0.520 0.614 0.409
KS (L/mg) 0.177 0.690 0.485 0.137
m 1.057 1.201 0.891 0.983
R2 0.988 0.971 0.981 0.969

Fig. 6. Adsorption isotherms of PCP from aqueous solutions on 
the sunflower seed hulls, hazelnut shells, pine sawdust and milk 
thistle seeds.
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conditions is listed in Table 3. As can be seen, the adsorp-
tion of the PCP is comparable or greater than on the other 
low-cost adsorbents. This shows that the agricultural and 
industrial wastes such as sunflower seed hulls, hazelnut 
shells, pine sawdust and milk thistle seeds may be used as 
an effective adsorbents without any treatment or any other 
modification for removal of PCP from the aqueous medium.

The desorption efficiency of sunflower seed hulls, hazel-
nut shells, pine sawdust and milk thistle seeds was found 
to be 85%, 77%, 75% and 81%, respectively. The desorption 
efficiency decreased in the order: sunflower seed hulls > 
milk thistle seeds > hazelnut shells > pine sawdust, and was 
inversely proportional to the adsorption. High desorption 
efficiency suggests that considerable part of PCP adsorbed 
was due reversible sorption and that the physisorption has 
significant effect on PCP removal.

4. Conclusions

The present study showed that sunflower seed hulls, 
hazelnut shells, pine sawdust and milk thistle seeds are 
effective in removing of PCP from water. The adsorption 
was strongly pH dependent, the adsorption capacity for 
PCP remained stable at acidic environment and decreased 
sharply in alkaline environment. The presence of inor-
ganic salt in the solution improved the adsorption capac-
ity of the adsorbents. The adsorption kinetics of the PCP 
on the waste adsorbents follows the pseudo-second order 
model. The experimental data were well correlated by the 
Freundlich adsorption isotherm. Adsorption efficiency 
of the PCP followed the increasing sequence: sunflower 
seed hulls < milk thistle seeds < hazelnut shells < pine 
sawdust. The adsorption capacity of the waste materials is 
comparable or greater than the other low-cost adsorbents. 
The sunflower seed hulls, hazelnut shells, pine sawdust 
and milk thistle seeds are available in large quantities, 
and can, therefore, be used as effective adsorbents for the 
removal of PCP from aqueous solution. Moreover, after 

use, they can be utilized as ferment substrates or as fuel 
for power generation.
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