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ABSTRACT

Removal of phosphorus (P) as a pollutant from aqueous solutions by the biological
materials is a new approach by which plant and microbial biomass are used as sorbents. In
this research, the residues of sunflower, potato, canola, and walnut shell in the form of
native and chemically modified were used as biosorbents to remove P from aqueous solu-
tions. Sorption of P by these sorbents was studied using batch technique. The effect of pH
and contact time was also investigated. Optimum pH for P sorption by sunflower, potato,
canola, and walnut shell residues was found to be 5, 3, 5, and 3.5, respectively. The values
of zero point charge (pHzpc) measured for sunflower, potato, canola, and walnut shell resi-
dues were 6.06, 6.80, 6.15, and 5.85, respectively. Maximum sorption of P by native sorbents
was found to be in the range of 2.8–4.3 mg g−1. Chemical modification of the sorbents was
carried out by urea, FeCl3, and CaCl2. The modification of sorbents increased the pHzpc and
consequently increased the P sorption. Phosphorus sorption isotherm was described well by
Langmuir isotherm model. The speciation of P in solution was carried out by Visual Minteq
program and indicated that the dominant species of P in solution of all sorbents was
H2PO

�
4 . The P sorption kinetic followed the pseudo-second-order model. Scanning electron

microscopy images revealed that modification of the sorbents resulted in the development
of the porous surface with coarse fibrous texture making the surface more suitable for the
attachment of reactive functional groups.
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1. Introduction

One of the environmental serious problems is the
pollution of soil and water by various pollutants.
Phosphorus (P) is a useful element in providing
requirements for humans, plants, and other organisms,
but the additional concentration more than the critical
level in water sources threats the health and the life of
aquatic organisms seriously.

In surface freshwater systems, P is usually the lim-
iting factor for algae growth, so the increase in P in
surface freshwaters leads to excessive algae growth.
Then, P removal has a great significance in controlling
the algae bloom [1]. An excessive concentration of this
nutrient in water is often responsible for eutrophica-
tion leading to short- and long-term environmental
problems in lakes and water reservoirs, coastal areas,
and other confined water bodies, and furthermore it is
a threat to ecological health [2].
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Various techniques have been developed in order
to remove P from water and wastewater [3] which
includes chemical precipitation [4,5], adsorption using
suitable materials [6], biological treatment [7], and
crystallization [8]. Most of these methods are not suit-
able for small-scale industries due to the disadvan-
tages such as high operation cost, incomplete removal,
and high energy requirements.

Several studies have demonstrated that adsorption
technique is a suitable and effective method rather
than others in order to remove P from aqueous solu-
tions. Recently, numerous attempts have been per-
formed in finding inexpensive and effective sorbents
produced from agricultural byproducts. The sorbents
originated from agricultural byproducts are particu-
larly advantageous due to their low-cost and high
availability. In addition, the appropriate chemical
composition in agricultural byproducts with high con-
tents of carbohydrate polymers (e.g. cellulose and he-
micelluloses) suggest a widespread potential
application for sorbent production; this is due to the
existence of large amount of easily available hydroxyl
groups in cellulose and hemicelluloses, which can eas-
ily make a series of chemical reactions, such as esteri-
fication, etherification, and copolymerization [9]. The
lignocellulosic materials exhibit interesting capacities
for pollutants adsorption which can be increased by
activation process or by chemical surface modification
[10,11]. Benyoucef and Amrani [12] showed that chem-
ical surface modification can enhance the capacity of
sorbent for sorption of phosphate. There are few stud-
ies about sorption of P by native or modified agricul-
tural by products. Chemical modification of these
materials may cause to enhance their P sorption
capacity.

In the previous studies, the biosorption of P by
some plant residues has been less investigated. The
novel points of the present study are: (1) the use of
three various chemical agents to modify the plant resi-
dues, (2) employ the pHzpc concept in justification of
sorption mechanisms of P, and (3) the speciation of P
solutions and determination of saturation index of P
minerals in isotherm experiments. Our objectives in
this study are: (1) investigation of sorption capacity of
four native sorbents (sunflower, potato, canola, and
walnut shell residues) to remove P from aqueous solu-
tions, (2) chemical modification of these sorbents in
order to enhance their sorption capacity, and (3) the
study of isotherm and kinetic sorption of P by empiri-
cal models and also to know the prevalent species of
P in sorption process.

2. Materials and methods

2.1. Materials

Residues of sunflower (Helianthus annuus), potato
(Solanum tuberosum), canola (Brassica napus), and wal-
nut (Juglans regia) shell were gathered in harvesting
season in Hamadan city, western Iran. In order to
remove soluble materials in the residues, the samples
were washed with distilled water for three times and
then were dried in an oven at approximately 80˚C for
24 h. The oven-dried samples were passed through a
1 mm sieve. Thereafter, the samples were maintained
in special containers for subsequent experiments.

The stock solution of P was prepared by dissolving
known quantity of KH2PO4 in deionized water. The
stock solution was finally diluted to obtain standard
solutions.

2.2. Chemical characterization of sorbents

In order to measure the pH of the washed resi-
dues, 25 ml distilled water was added to 2.5 g of resi-
dues and after 16 h of shaking of the samples, the
suspensions were filtered and the pH of washings was
measured with pH meter (13). The total amounts of
Ca, Mg, K, and Na were determined using digestion
by nitric acid [13]. The total concentration of N, C,
and P was also measured by Kjeldahl digestion [14],
combustion process [14], and Murphey and Riley [15]
methods, respectively.

2.3. Modification of sorbents

Because of low capability of native sorbents to
remove P from aqueous solutions, these sorbents were
modified using three methods. For modifying the
plant residues, three chemical materials, urea, CaCl2,
and FeCl3 were selected. Because of specific interac-
tions between the P ions and Ca2+ and Fe3+ cations,
the CaCl2 and FeCl3 were selected. The selection of
urea as a modifier of plant residues was due to the
presence of nitrogen in urea structure, which probably
can affect the amine groups of adsorbent structure.

2.3.1. Modification by urea

In the process of modification by urea, 10 g of each
sorbent sample were agitated in the presence of urea
(200 g l−1) for 24 h, washed with deionized water, and
then dried in oven (80˚C) overnight [12].
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2.3.2. Modification by FeCl3

The modification of sorbents was carried out using
the same procedure as previously described [16]. Ten
grams of each sorbent was soaked with 200 ml of
0.01 M FeCl3 solution at 70˚C for 4 h. After heating for
4 h, a black slurry type of solid mass was obtained. It
was followed by cooling it at room temperature
until the iron(III)-loaded sorbent was obtained. The
modified sorbent was rinsed with distilled water and
filtered several times until the physically adhered iron
(III) was removed. Finally, it was dried at 70˚C for 4 h
and stored in a specific container.

2.3.3. Modification by CaCl2

Ten grams of each sorbent were soaked with
200 ml of 0.01 M CaCl2 solution. After 24 h of shaking,
the Ca-loaded sorbent was washed with distilled
water and filtered several times until the physically
adhered Ca was removed. Finally, it was dried at 70˚C
for 4 h and stored in a specific container.

2.4. Determination of the zero point of charge (pHzpc)

The pH, in which the net charge of the solid sur-
face is zero, is referred to the zero point of charge
(pHzpc). The determination of pHzpc of the samples
was carried out using the same method described by
Rivera-Utrilla et al. [17]: 20 ml of 0.01 M NaCl solution
were placed in closed Erlenmeyer flasks. The pH of
each solution in each flask was adjusted to be 2, 4, 6,
8, 10, and 12 by adding appropriate amounts of 0.1 M
HCl or 0.1 M NaOH solutions. Then, 0.06 g of each
sample was added and final pH was measured after
48 h at equilibrium at room temperature. The pHzpc is
the intersection point of final pH vs. initial pH curve
with the line of blank samples. In this section, the
pHzpc of native and modified sorbents was measured.

2.5. Scanning electron microscopy micrographs

SEM technique (Model: Philips XL30) was employed
to observe the surface physical morphology of the some
used sorbents before and after sorption of P.

2.6. Sorption experiments

The effect of pH, contact time, and P concentration
on P sorption were investigated. Batch experiments
were carried out as P initial concentration was 100 mg
l−1 and sorbent dose was 4 g l−1 at room temperature.
After shaking, the solution samples were centrifuged

and equilibrium concentration was determined using
UV–visible spectrophotometer. All experiments were
performed in duplicates.

The amount of P sorbed by sorbents in the sorp-
tion system was calculated using Eq. (1):

Qeðmg g�1Þ ¼ ðCi � CeÞV
M

(1)

where Qe is the P sorbed at equilibrium (mg g−1), and
Ci and Ce are initial and equilibrium concentrations of
the P, respectively (mg l−1), V is the volume of aque-
ous phase (l), and M is sorbent dose (g).

The percent P removal (%) was calculated using
Eq. (2):

Removal ð%Þ ¼ Ci � Ce

Ci
� 100 (2)

2.6.1. Effect of pH

The effect of pH on removal of P was investigated
at different pH values (2, 3, 4, 5, 6, 7, 8, 9, and 10).
The initial concentration of P was 100 mg l−1. The sam-
ples were shaken for 24 h at room temperature.

2.6.2. Effect of contact time

In order to optimize the contact time, sorption pro-
cess was carried out at different shaking times (5, 10,
20, 50, 120, 200, 600, and 1,440 min) at optimum pH
value obtained from pervious section. The initial con-
centration of P was 100 mg l−1.

2.6.3. Sorption isotherms

The sorption isotherms were evaluated by contact-
ing 0.05 g of sorbents with 25 ml of different initial
concentration of P solution (0–300 mg l−1). The mixture
was shaked in a centrifuge tube at optimum contact
time and pH. After shaking, the sorbents were sepa-
rated by filtration and the equilibrium concentration
of P in the aqueous solution was determined.

The experimental sorption isotherms were
described by Freundlich and Langmuir models repre-
sented as Eqs. (3) and (4), respectively:

Qe ¼ KFrC
1
n
e (3)

Qe ¼ KLCeQmax

1þ KLCe
(4)
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where KFr and n are Freundlich equation constants,
KL is the Langmuir constant related to the energy of
sorption (l mg−1), and Qmax is the maximum sorption
capacity indicating amount of P per unit weight of
adsorbent to form a complete monolayer on the sur-
face.

The values of coefficient of determination (R2) and
standard error (SE) were calculated to determine the
goodness-of-fit of kinetic and isotherm models, which
were used to describe sorption of P.

2.6.4. Speciation of P in isotherm experiments

After performance of sorption isotherms of P by
modified sorbents, speciation of P in the highest con-
centration of isotherms (300 mg l−1) was carried out by
Visual MINTEQ program and subsequently the satu-
ration indices of P minerals were calculated.

2.6.5. The Kinetic of sorption of P

The kinetic of sorption of P was described using
pseudo-first-order and pseudo-second-order equations
which are mathematically expressed as Eqs. (5) and
(6), respectively:

lnðQf �QtÞ ¼ ln Qf � K1t (5)

t

Qt
¼ 1

K2Q2
f

þ t

Qf
(6)

where Qt and Qf (mg g−1) are the amounts of P
adsorbed on the sorbent at time t and equilibrium
time, respectively, K1 (min−1) and K2 (gmg−1 min−1)
are the rate constant of sorption in pseudo-first-order
and pseudo-second-order equations, respectively.

2.6.6. Statistical analysis

The statistical analysis of data was carried out
using SAS program (v. 9.1).

3. Results and discussion

3.1. The characterization of sorbents

Some chemical properties of plant residues are
given in Table 1. The pH of plant residues ranged
from 5.1 to 6.2 and the maximum and the minimum
pH were obtained for potato and canola residues.
Also, total P, N, C, Na, K, Ca, and Mg concentration,

and C/N, C/P ratios of plant residues were indicated
in Table 1.

The pHzpc of the sorbents is graphically shown in
Fig. 1. In this figure, the final pH of sorbents in NaCl
solution after 48 h vs. initial pH as well as the
variation of pH of blank solutions (without sorbent
material) is indicated. The intersection point of two
lines is cut together, equaled to pHzpc. The pHzpc of
the sunflower, potato, canola, and walnut shell
residues was 6.06, 6.8, 6.1, and 5.8, respectively.

The measurement of pHzpc of sorbent can provide
useful information about the mechanism of uptake of
cations and anions from the aqueous solutions. The
amount of net charge and characterization of sorbent
surface are two important factors affecting sorption
process. Although structure of these materials is
mainly made from cellulose, hemicelluloses, and lig-
nin they are generally similar in structure, the type of
functional groups and their acidic and basic properties
are different.

The SEM micrographs of native sorbents are
shown in Fig. 2. These images present morphologic
status of the sorbents as uneven and porous structure
and heterogeneous surface. According to these images,
it can be said that morphological properties of these
materials are detectable.

3.2. Effect of pH on P sorption

Results of the effect of pH on P sorption by sor-
bents are shown in Fig. 3. The P sorption by native
sorbents was studied in pH ranged from 2 to 10.
Increase in pH from 2 to 5 caused to an increase in P
sorption by sunflower residues, but pH change from 5
to 10, decreased P sorption. Desire range of pH for P
sorption by this sorbent was 3–6. Also, the optimum
pH range of pH for P sorption by potato, canola, and
walnut shell residue was 3–5, 3–6, and 2.5–4, respec-
tively.

Krishnan and Haridas [16] reported that P sorption
by coir pith was desired in the range of pH 2–5. The
pHzpc, P speciation in solution, and its affinity to sorp-
tion sites and surface chemistry indicate the depen-
dency of sorption to pH [16]. The pHzpc obtained for
sunflower, potato, canola, and walnut shell residues
were 6.06, 6.80, 6.15, and 8.85, respectively. Based on
the definition of pHzpc, the trend of P sorption in pHs

lower than pHzpc toward pHzpc should be descending.
The optimum pH of P sorption by all sorbents was
less than their pHzpc and the amount of sorption was
decreased toward pHzpc. These results suggest that the
major part of P sorption has electrostatic nature and
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Table 1
Chemical properties of plant residues

Residues pH
Na
(mg g−1)

K
(mg g−1)

Ca
(mg g−1)

Mg
(mg g−1)

P
(mg g−1)

N
(mg g−1)

C
(mg g−1) C/N C/P

Sunflower 5.6 1.5 32.5 8.7 4.1 2.1 4.8 421 87.7 200.5
Potato 6.2 5.4 67.7 18.9 7.2 2.0 17 430 25.3 215.0
Canola 5.1 5.1 21.9 12.3 4.8 0.7 6.7 465 69.4 664.3
Walnut shell 5.4 4.9 20.6 6.2 2.9 1.2 4.9 516 105.3 430.0
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Fig. 1. pHZPC of plant residues (intersection of two curves equaled to pHZPC).

Fig. 2. SEM micrographs of native sorbents.
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the quantity of difference between optimum pH and
pHzpc represent electrostatic aspect of sorption. This
difference for different sorbents was not the same and
suggesting the diversity in sorbents nature, functional
groups type, and subsequently in the level of electro-
static nature of sorption. Therefore, it can be con-
cluded that the removal of P by these sorbents is not
only electrostatic but also other mechanisms like spe-
cific sorption or precipitation are involved in the
removal of P from solution. In low pHs (less than
pHzpc of sorbents), functional groups of biomass sur-
faces have positive charges and so the electrostatic
sorption of orthophosphate and P ions with negative
charge by sorbent surface is favorable.

Speciation of P in different pHs are shown in
Fig. 4. Since in the range of pHs 2–5, the dominant
species of P in solution is primary orthophosphate
(H2PO

�
4 ), so P sorption within this pH range mainly

occurs as H2PO
�
4 . It has been reported that the mecha-

nism of P sorption is ligand exchange with hydroxyl
accompanied by the formation of inner square com-
plex [16]. Phosphorus sorption by potato and walnut
shell residues decreased after pH 3 and 3.5, respec-
tively, which was probably due to the increase in

phosphoric acid in solution, which could not be
adsorbed by biomass surface. Notably, the decrease in
P sorption in high pHs is reasoned to electrostatic
repulsion force between phosphate ions and negative
charges on sorbent surface.

3.3. The effect of time contact on P sorption

The effect of contact time on P sorption by sun-
flower, potato, canola, and walnut shell residues was
investigated at time which ranged 5–1,440 min at opti-
mum pH (sorbent dose of 4 mg l−1 and P concentra-
tion of 100 mg l−1). The effect of contact time on P
sorption was shown in Fig. 5. Phosphorus sorption by
sunflower residue was initially rapid, but the sorption
rate decreased over time, so the optimum time was
obtained to be 110 min. Phosphorus sorption by potato
residue also occurred in two phases, rapid and slow,
and the optimum time was found to be 300 min. The
optimum time for sorption of P by canola and walnut
residues was 160 and 300 min, respectively

The rapid phase of P sorption by sorbents is likely
due to the single-layer sorption of P on sorbents sur-
face [18]. Krishnan and Haridas [16] reported that
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Fig. 3. The effect of pH on sorption of P.
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equilibrium time of P sorption by coir pith was found
to be 12 h, while this time for P sorption by cotton res-
idue [18] was obtained to be 15 min. It is suggesting
that different sorbents have different behavior in sorp-
tion of P on basis of their nature and properties.

3.4. Sorption isotherms

The results of P sorption isotherms by native and
modified sorbents are shown in Fig. 6. Phosphorus

sorption isotherms indicated that the amount of P
sorption by modified sorbents was more than native
ones. In order to describe and model the equilibrium
sorption, Langmuir and Freundlich equations were
used. The parameters of these equations obtained
from fitting to sorption data are given in Table 2.

Langmuir equation described the sorption of P
onto native and modified sunflower residues with R2

values in the range of 0.93–0.99. Maximum sorption
capacity (Qmax) of native sunflower residue for P was

Fig. 4. Speciation of P as a function of pH [16].
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Fig. 5. The effect of time on sorption of P.
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2.8 mg g−1, while in modified sunflower residues by
urea, CaCl2, and FeCl3, it was 9.3, 6.6, and 8.0 mg g−1,
respectively. The Qmax of native potato, canola, and
walnut residues was 4.3, 4, and 3.7 mg g−1, while Qmax

of modified ones was more than that of natives
(Table 2).

The KL indicating bonding energy in sorption pro-
cess was less for most native sorbents compared to
modified ones indicating that the modified sorbents
have high affinity for P adsorption in comparison with
native ones. The R2 and SE values in Langmuir equa-
tion used for describing P sorption by all sorbents
were more than Freundlich model.

The comparison of means for P sorption by native
and modified sorbents (as mean) was statistically car-
ried out using Duncan test and results showed that P
sorption by four native sorbents was significantly less
than P sorption by modified ones by urea, CaCl2, and
FeCl3 (Table 3). The mean sorption of P by native sor-
bents and those modified by urea, CaCl2, FeCl3 was
3.70, 9.08, 8.24, and 6.78mg g−1, respectively. The
results indicated that the modification of sorbents by
urea enhanced significantly the sorption capacity of

sorbents. Overall, the capability of native plant residue
for P sorption was low, but their chemical modifica-
tion increased the sorption capacity. Among native
sorbents, potato residue had the maximum capacity
for P sorption (4.3 mg g−1), while among modified
ones the canola residue modified by urea had the
maximum P sorption capacity (10.5 mg g−1) in compar-
ison with other modified sorbents. Riahi et al. [19]
indicated that the maximum P sorption capacity by
Date palm fibers was 1.4 mg g−1. The maximum P
sorption by modified Aleppo pine [12] and by a sea
weed [20] was 38 and 0.09mg g−1, respectively. In
another study, Xu et al. [18] reported that the Qmax of
P sorption by cotton residue and corn stalk modified
by Diethylene triamine was 16.8 and 19.4mg g−1,
respectively. The modified coir pith by FeNO3 sorbed
22.7 mg P g−1 [16]. The value of n parameter for P
sorption obtained from this study was more than 1.
Benyoucef and Amrani [12] reported that the value of
n > 1 indicates desirable sorption. The results of P
sorption by different sorbents show that the nature
and chemical and physical properties of sorbents
affect their capability for P sorption.
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The sorption of P ions on heterogeneous surfaces
of sorbents used in this study was described well with
Langmuir equation. The similar result was reported
by Krishnan and Haridas [16]. Increase in P sorption
by sorbents modified by FeCl3 may be attributed to
cation bridge effect of Fe ions on sorbent surface [16].

In order to explicit the P sorption, SEM micro-
graphs of native and modified sorbents after P sorption
were utilized (Fig. 7). These images show the changes
of sorbents surface after modification. The sorption of
P has been caused to fill the pores. SEM images
revealed that modification of the sorbents resulted in
the development of the porous surface with coarse
fibrous texture making the surface more suitable for
the attachment of reactive functional groups.

Sorption of P may occur due to the different mech-
anisms. Electrostatic sorption of P is related to the
amount of positive charges on sorbent surface.
Increase in positive charges on surface enhanced P
sorption. The pHzpc of sorbents used in this study
before and after modification is shown in Table 4. The
pHzpc of the native sunflower, potato, canola, and
walnut shell residues was 6.06, 6.80, 6.15, and 5.85,
respectively. The elevated pHzpc of all modified sor-
bents indicated that the amounts of positive charges
in modified sorbents increased. In other word, it can
be concluded that the sorbents are positively charged
in more extended range of pH, and consequently the
condition for electrostatically P sorption is favored. If
the increase in pHzpc is attributed to P sorption,

Table 2
Model parameters of sorption isotherm of P

Sorbent type

Langmuir Fruendlich

Qmax (mg g−1) KL (l mg−1) R2 SE n KFr R2 SE

Sunflower Native 2.8 0.015 0.97 6.45 2.3 0.22 0.94 0.11
Ureaa 9.3 0.014 0.94 2.74 1.9 0.46 0.87 0.21
FeCl3

b 6.6 0.020 0.93 4.08 3.2 0.97 0.79 0.89
CaCl2

c 8.0 0.031 0.99 0.87 2.5 0.96 0.90 0.15

Potato Native 4.3 0.018 0.95 5.67 2.6 0.45 0.90 0.14
Urea 8.5 0.014 0.95 5.07 2.1 0.55 0.94 0.17
FeCl3 9.0 0.017 0.96 2.29 2.2 0.65 0.90 0.16
CaCl2 6.6 0.025 0.94 3.92 3.0 0.95 0.79 0.19

Canola Native 4.0 0.021 0.98 4.03 2.8 0.48 0.90 0.12
Urea 10.5 0.009 0.98 1.16 1.6 0.28 0.96 0.13
FeCl3 8.4 0.025 0.94 2.92 3.6 1.55 0.90 0.11
CaCl2 6.5 0.055 0.98 2.23 4.4 1.82 0.65 0.19

Walnut shell Native 3.7 0.039 0.95 2.36 3.6 0.73 0.63 0.15
Urea 8.0 0.018 0.93 3.45 2.4 0.71 0.88 0.16
FeCl3 9.0 0.023 0.96 2.15 1.9 0.66 0.59 0.15
CaCl2 6.0 0.039 0.99 1.96 2.8 0.85 0.78 0.22

aModified by urea.
bModified by FeCl3.
cModified by CaCl2.

Table 3
Comparison of means of maximum P sorption capacity of sorbents

Sorbent The mean of P sorption (mg g−1) Difference indicator

Native 3.70 Ca

Modified by urea 9.08 A
Modified by FeCl3 8.24 AB
Modified by CaCl2 6.78 B

aThe letters indicate significant or insignificant differences of means.
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accordingly, it can be said that P sorption was quite
electrostatical. However, the results showed that the
enhancement quantity of pHzpc in different sorbents
did not correlate with increased amounts of P sorp-
tion, e.g., increase in pHzpc at the rate of 0.05 unit in
potato residue affected by modification, by CaCl2 ele-
vated P sorption 1.5 times more than native one, while
this value of increased pHzpc (0.05 unit) in other modi-
fied sorbents did not increase P sorption with this
rate. Therefore, it can be concluded that P removal
does not merely occur through electrostatic sorption

Fig. 7. SEM images of modified sorbents after sorption of P.

Table 4
pHZPC of native and modified sorbents

Sorbent

pHZPC

Native Modified by

Sunflower residue 6.06 urea 6.70
Potato residue 6.80 CaCl2 6.85
Canola residue 6.15 urea 6.72
Walnut shell 5.85 FeCl3 6.35
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mechanism but other mechanisms such as
complexation and precipitation may be involved in
sorption of P.

3.5. Speciation of P and calculation of saturation indices
(SI) of P minerals in solution

The results of speciation of P and calculation of SI of
minerals in some solutions used in sorption isotherm
studies were shown in Tables 5 and 6, respectively. The
dominant species of P in solution of all sorbents was
H2PO

�
4 . The abundance of other species followed this

order: FeHPO4 (aq) >MgHPO4 (aq) >HPO2�
4 >MgHPO4

(aq) > CaHPO4 (aq) > CaH2PO
þ
4 . The results of SI of

minerals indicated that all solutions were supersatu-
rated with respect to hydroxyapatite revealing that this
mineral controls P concentration in solution. Moreover,
the SI of Ca3(PO4)2 (am2), Ca3(PO4)2 (beta), and Ca4H
(PO4)3:3H2O(s) was more than zero. It is concluded that
in addition to adsorption of P, precipitation was
involved in P removal from aqueous solutions.

3.6. Kinetics of P sorption

Sorption kinetic which represents relationship
between adsorbate and time is one of the important
characteristics that define the sorption performance
[16]. Mathematical models which describe the behav-
ior of sorption process under experimental conditions
are useful for sorption studies in large scales, or

optimization of sorption process [12]. In present study,
in order to describe the sorption kinetic, the empirical
equations (pseudo-first-order and pseudo-second-
order) were used and according to R2 and SE, the
better model was proposed.

The parameters of different models resulting from
fitting to the kinetic data are given in Table 7. Pseudo-
first-order model with R2 0.94 (as mean for 4 sorbents)
described the kinetic of P sorption. The constant of
pseudo-first-order model related to sorption rate (K1,)
was in the range of 0.005–0.027 min−1 with the mean
of 0.018 min−1. The maximum and minimum values
were obtained for sunflower and walnut shell resi-
dues, respectively. The Qf (Table 7) parameter as the
predicted value of equilibrium sorption of P by model
ranged from 2.7 to 3.6 mg g−1 indicating this model
did not well predict the equilibrium sorption of P. SE
of this model was found to be in range of 0.06–0.22.
The second-order model well described the sorption
kinetic of P with R2 in range of 0.95–0.99 (mean, 0.97).
The rate constant (K2) of this model was found to be
in range of 0.002–0.020 mg g−1 min−1 and the maxi-
mum and minimum were observed in canola and wal-
nut shell residues. The calculated Qf by second-order
model for different sorbents was obtained in the range
of 4.1–4.7 mg g−1. The second-order model could well
describe the sorption kinetic of P sorption. Benyoucef
and Amrani [12] reported that second-order model
well described the kinetics of P sorption by Aleppo
pine residues.

Table 5
Speciation of P in solutions of isotherm experiments for some adsorbents

Sorbent
Potatoa–urea
(%)

Walnut–urea
(%)

Sunflower–CaCl2
(%)

Canola–FeCl3
(%)

Potato–CaCl2
(%)

Walnut–CaCl2
(%)

Species
HPO�2

4 11.13 6.55 1.58 0.83 0.39 0.08
H2PO

�
4 43.45 58.56 87.37 89.47 86.94 89.39

H3PO4 0.02 – 0.05 0.09 0.19 0.92
FeH2POþ

4 0.04 0.02 0.07 0.47 0.37 0.30
FeHPO4 (aq) 27.33 0.02 – 0.03 0.01 –
MgHPO4 (aq) 12.40 16.10 3.53 1.73 0.77 0.14
CaHPO4 (aq) 0.12 11.41 0.93 0.68 0.45 0.10
CaPO�

4 2.74 0.05 – – – –
CaH2POþ

4 0.23 5.76 2.90 4.11 5.71 6.03
NaHPO�

4 0.26 0.15 0.02 – – –
KHPO�

4 1.82 0.11 0.03 0.03 – –
AlHPOþ

4 0.28 0.74 2.89 1.92 4.44 2.41
KH2PO4 (aq) 0.18 0.28 0.40 0.46 0.49 0.41
NaH2PO4 (aq) – 0.25 0.23 0.18 0.23 0.22
Al2PO

þ3
4 – – – – 0.01 –

aThe solution of last concentration of isotherm (300 mg l−1) of sorption of P by potato residue modified by urea.
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4. Conclusion

Sorption of P is mostly dependent upon sorbent type,
solution, pH, and contact time. Organic materials usually
adsorb the positively charged ions more than anions
such as P due to the net negative charge of their surfaces.
In present research, the native sorbents showed low abil-
ity for sorption of P, so that the maximum sorption
capacity of P was found to be in the range of 2.8–4.3 mg
g−1, while that of P by modified sorbents was obtained in
the range of 6–10.5 mg g−1 (4 sorbents modified by 3 pro-
cedures). Chemical modification of sorbents enhanced
their efficiency for P removal from aqueous solutions.
The cation bridge is the possible mechanism for P sorp-
tion. Langmuir model well described the P sorption iso-
therm. Sorption kinetic studies revealed that P sorption
rate was initially high, but decreased over time. The
description of P sorption kinetic by second-order model
was better than the first-order one. Overall, increase in
sorbent capacity for P sorption affected by modification
process depends on chemical agent and modification
method. Any procedure which causes to increase the
positively charged functional groups on sorbent surfaces
is a stimulus factor for electrostatic sorption of anions
such as P. In addition to electrostatic sorption, specific

adsorption, ligand exchange, and precipitation are the
likely mechanisms involved in removal of P by used
sorbents from aqueous solutions.

Symbols

Qe — the amount of P sorbed (mg g−1)
Ci — initial concentrations of P (mg l−1)
Ce — equilibrium concentrations of P (mg l−1)
V — volume of aqueous phase (l) and M is the

sorbent dose (g)
KFr and n — Freundlich equation constants
KL — Langmuir constant related to the energy of

sorption (l mg−1)
Qmax — maximum sorption capacity of sorbent for P
Qt — the amount of P adsorbed on the sorbent

at time t (mg g−1) in kinetic experiments
Qf — the amount of P adsorbed on the sorbent

at equilibrium time (mg g−1) in the kinetic
experiments

K1 — the rate constant of sorption in the
pseudo-first-order equation (min−1)

K2 — the rate constant of sorption in the pseudo-
second-order equation (gmg−1 min−1)

R2 — coefficient of determination
SE — standard error

Table 6
Saturation indices of P minerals in aqueous solutions

Adsorbent Potatoa–urea Walnut–urea Sunflower–CaCl2 Canola–FeCl3 Potato–CaCl2 Walnut–CaCl2

Species
Ca3(PO4)2 (am1) −0.94 −1.50 −5.72 6.45 −7.28 −9.92
Ca3(PO4)2 (am2) 1.81 1.25 −2.98 −3.71 −4.53 −7.17
Ca3(PO4)2 (beta) 2.48 1.92 −2.31 −3.04 −3.86 −6.50
Ca4H(PO4)3:3H2O(s) 3.01 2.43 −2.89 −3.76 −4.75 −8.05
CaCO3×H2O(s) −1.82 −1.80 −3.06 −3.02 −3.27 −4.03
CaHPO4(s) 0.77 0.75 −0.34 −0.48 −0.65 −1.30
CaHPO4:2H2O(s) 0.49 0.47 −0.61 −0.76 −0.93 −1.58
Hydroxyapatite 9.96 8.86 1.49 0.18 1.30 6.00
Mg3(PO4)2(s) −2.55 −3.68 −6.63 −7.87 −9.21 −12.07
MgHPO4:3H2O(s) −0.13 −0.34 −0.99 −1.31 −1.65 −2.37
Vivianite 0.92 −0.43 −2.33 −1.06 −2.64 −5.62

aThe solution of last concentration of isotherm (300 mg l−1) of sorption of P by potato residue modified by urea.

Table 7
The parameters obtained from fit of kinetic models to the experimental data

Sorbent (native plant residues)

Pseudo-first order Pseudo-second order

K1 (min−1) Qf (mg g−1) R2 SE K2 (mg g−1 min−1) Qf (mg g−1) R2 SE

Sunflower 0.027 3.6 0.966 0.20 0.006 4.7 0.974 0.11
Potato 0.013 2.7 0.900 0.22 0.008 4.5 0.987 2.42
Canola 0.027 2.7 0.979 0.15 0.020 4.2 0.998 0.52
Walnut shell 0.005 3.5 0.929 0.06 0.002 4.1 0.953 6.08
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