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a b s t r a c t

This study explored the feasibility of using waste iron hydroxide-eggshell as adsorbent for the removal of
phosphate under different experimental conditions. In our experiments, the batch sorption is studied with
respect to solute concentration (2.8–110 mg/L), contact time, adsorbent dose (2.5–20 g/L) and solution
temperature (20–45 ◦C). The Langmuir, Freundlich, and Langmuir–Freundlich adsorption models were
applied to experimental equilibrium data at different solution temperatures and the isotherm constants
were calculated using linear regression analysis. A comparison of kinetic models applied to the adsorption
of phosphate onto iron hydroxide-eggshell was evaluated for the pseudo-second-order, Elovich, intra-
particle diffusion and Bangham’s kinetics models. The experimental data fitted very well the pseudo-
second-order kinetic model and also followed by intra-particle diffusion model up to 5 min, whereas
diffusion is not only the rate-controlling step. The results show that the sorption capacity increases with
an increase in solution temperature from 20 to 45 ◦C at the initial phosphate solution concentration
of 27 mg/L. The thermodynamics parameters were evaluated. The positive value of �H◦ (81.84 kJ/mol)
indicated that the adsorption of phosphate onto iron hydroxide-eggshell was endothermic, which result
was supported by the increasing adsorption of phosphate with temperature. The positive value of �S◦
(0.282 kJ/mol) reflects good affinity of phosphate ions towards the waste iron hydroxide-eggshell. The
results have established good potentiality for the waste iron hydroxide-eggshell particles to be used as a
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sorbent for the removal of

. Introduction

Phosphorus exists in natural waters in particulate and dis-
olved form. It is known that phosphorus is essential to the growth
f algal and other biological organisms. Because of algal blooms
hat occur in surface waters, the amount of phosphorus com-
ounds in domestic and industrial discharges must be controlled
sing either chemical or biological techniques. The usual forms
f phosphorus found in aqueous solutions include orthophos-
hates, polyphosphates and organic phosphates [1]. The principal
hosphorus compounds in wastewater are generally orthophos-
hates [2]. Municipal wastewater may contain from 4 to 15 mg/L
hosphorus as PO4

3−. However, industrial wastewaters (such as

etergent manufacturing and metal coating processes) may contain
hosphate levels well in excess of 10 mg/L [3]. Chemical treat-
ent is widely used for phosphate removal. Chemicals such as

ime, alum, and Ferric chloride are the common precipitants used
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or phosphate removal [4] but their cost and sludge production
ake chemical treatment an unattractive option for wastewater

reatments. Sorption method can remove phosphate steadily. In
ecent years, considerable attention has been paid on economic
nd environmental concerns to the study of using different types
f low-cost sorbents such as alum sludge [5] red mud [6], fly
sh [7], blast furnace slag [8], spent alum sludge [9], aluminium
nd iron-rich residues [10], synthetic boehmites [11] and calcite
12].

The objective of this work was to study the feasibility of using
ydroxide-eggshell as an adsorbent for phosphorus removal from
astewater. It is well known that calcite [12] and iron oxides are the

mportant phosphorus adsorbent [13]. Eggshell is composed mainly
f calcium carbonate which should behave as known sorbents that
ontain this compound, i.e. calcite [14] calcareous soil [15].

The objective of this work was to study the feasibility of using

ron hydroxide-eggshell as an adsorbent for phosphate species
emoval from wastewater. In doing so, the adsorption of phosphate
n this waste material from aqueous solutions was evaluated in
atch experiments. The adsorption isotherms, kinetics and tem-
erature effect were studied.

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:yeddouna@yahoo.fr
mailto:mezennerna@yahoo.fr
dx.doi.org/10.1016/j.cej.2008.06.024
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Table 1
Chemical components of eggshell

Component %

Na2O 0.489
MgO 0.845
Al2O3 0.055
SiO2 0.010
P2O5 0.181
SO3 0.747
K2O 0.050
CaCO3 97.015
Fe2O3 0.029
SrO 0.140
C
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Experiments were undertaken to study the effect of varying ini-
tial concentration (2.8–110 mg/L) at 30 ◦C on phosphate removal
by iron hydroxide-eggshell. Fig. 1 indicates a rapid initial uptake
rate of phosphate at the beginning and, thereafter, the adsorp-
tion rate decreased gradually. The adsorption of phosphate reached
l 0.138
olatile matter 0.300

. Experimental

.1. Materials and methods

.1.1. Adsorbent
Our previous study [16] explored the feasibility of utilizing waste

ggshell as adsorbent for iron removal from aqueous solution, then,
he waste (iron hydroxide-eggshell) derived from adsorption pro-
ess of iron into eggshell was used for adsorption of phosphate
pecies in this work. The chemical composition of eggshell is sum-
arized in Table 1; values are expressed as % (w/w).
For the preparation of iron hydroxide-eggshell, solution of

mg/L Fe (III) was prepared by dissolving (FeCl3, 2H2O) in dis-
illed water. 0.25 g sample of eggshell were added to each 100 mL
f 5 mg/L Fe (III) (several samples were prepared). The mixture
as agitated on shaker at a constant temperature at equilibrium.

hen, the samples were centrifuged and the adsorption amount
n eggshell was calculated indirectly from the difference of iron
oncentration in solution before and after the experiment [16].
aste (iron hydroxide-eggshell) resulting in each sample con-

ain 1.99 mgFe (III) adsorbed per unit mass of eggshell (∼2 mgFe
III)/g). The sorbent was dried, screened through a set of sieves
o get a geometrical size of 50–315 �m and used for phosphate
emoval.

.1.2. Absorbate
Stock solutions were prepared by dissolving accurately weighed

amples of anhydrous potassium phosphate (KH2PO4) in distilled
ater to give a concentration of 1000 mg/L and diluted with dis-

illed water when necessary.

.2. Kinetic studies

The iron hydroxide-eggshell mass (7.5 g/L), except for the studies
f adsorbent concentration effect, was mixed with 1000 mL of the
esired phosphate concentration and temperature in conical flasks.

nitial pH of each solution was adjusted to the required value (pH
) with diluted NaOH solutions before mixing the adsorbent solu-
ion. The flasks were agitated on a shaker at constant temperature.
amples were withdrawn at suitable intervals and were separated
rom the sorbent by centrifugation for 20 min. The phosphate con-
entration was determined by measuring the absorbance of the
olution using UV visible at 880 nm wavelength after the samples

ere pre-treated using the ascorbic acid method [17]. Experiments
ere repeated for different initial phosphate concentration (2.8,

4, 53 and 110 mg/L) and temperature (20, 25, 35 and 45 ◦C) val-
es.

F
k
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.3. Equilibrium studies

.3.1. Effect of adsorbent dose
Adsorption equilibrium studies were conducted at initial phos-

hate solution pH of 7. Equilibrium data were obtained by adding
.25–2.0 g of iron hydroxide-eggshell into a series of conical flasks
ach filled with 100 mL of phosphate solution. The initial phos-
hate concentration ranges from 14 to 53 mg/L. The conical flasks
hen covered with aluminium foil and were then placed in a ther-

ostatic shaker for 4 h. During the adsorption the temperature of
ystem was kept constant at 45 ◦C.

.3.2. Sorption isotherms
Adsorption experiments were carried out by adding a fixed

mount of adsorbent (0.75 g) to a series of conical flasks filled
ith 100 mL diluted solutions (7–140 mg/L). The conical flasks were
laced in a thermostatic shaker at 20, 25, 35 and 45 ◦C at pH 7.

The removal efficiency (E) of phosphate on iron hydroxide-
ggshell, the sorption capacity, (q) and distribution ratio (Kd) were
alculated from Eqs. (1)–(3):

(%) = Ci − Cf

Ci
× 100 (1)

= V(Ci − Cf)
m

(2)

d = amount of phosphate in adsorbent
amount of phosphate in solution

× V

m
(L/g) (3)

here Ci and Cf are the initial and final concentrations of phos-
hate (mg/L) in aqueous solution, respectively, V is the volume of
he solution (L) and m represents the weight of the adsorbent (g).

. Results and discussion

.1. Effect of initial phosphate concentration and contact time
ig. 1. Effect of contact time at several initial phosphate concentration on sorption
inetics (30 ◦C, pH 7, Cs = 7.5 g/L).
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quilibrium at variable time according to the initial concentra-
ion of phosphate: about 60 min (Ci = 2.8 mg/L), 220 min (14, 53
nd 110 mg/L). The higher the initial concentration of phosphate
pecies, the larger is the amount of phosphate species adsorbed.
he increase in uptake capacity of the sorbent with increasing phos-
hate concentration may be due to the increase of sorbate quantity.
he variation in the extent of adsorption may also be due to the fact
hat initially all sites on the surface of sorbent were vacant and the
olute concentration gradient was relatively high. Consequently,
he extent of phosphate species uptake decreases significantly with
he increase of contact time, which is dependent on the decrease
n the number of vacant sites on the surface of iron hydroxide-
ggshell. Besides, after lapse of some time, the remaining vacant
urface sites are difficult to be occupied due to repulsive forces
etween the solute molecules on the solid surface and the bulk
hase. Generally, when adsorption involves a surface reaction pro-
ess, the initial adsorption is rapid. Then, as lower adsorption would
ollow, as the availed adsorption site gradually decreases, which is
onsistent with studies reported before [18].

It was observed from Fig. 2 that the percentage of removal
ecreased with increased initial phosphate concentration from 95%
or 2.8 mg/L phosphate to 64% for 110 mg/L phosphate. The lower
ptake at higher concentration resulted from an increased ratio of

nitial number of moles of phosphate to the available surface area;
ence fractional adsorption becomes dependent on initial concen-
ration. For a given adsorbent dose the total number of available
dsorption sites is fixed thereby adsorbing almost the same amount
f adsorbate, thus resulting in a decrease in the percentage removal
f the adsorbate corresponding to an increase in initial adsorbate
oncentration. Similar results were also reported for the adsorption
f phosphates from aqueous solution onto fly ash [19].

.2. Effect of sorbent dosage

The sorbent concentration is another factor that influences
he sorption equilibrium. In order to examine the effect of the
orbent dosage on the removal efficiency phosphate, adsorption

xperiments were set up with various amounts of dried iron
ydroxide-eggshell (0.25, 0.5, 0.75, 1.0, 1.5, 2.0 g/100 mL) and phos-
hate concentrations (14, 27, 53 mg/L). The effect of sorbent dosages
n the percentage removal of phosphate has been shown in Fig. 3.
t followed the predicted pattern of increasing percentage sorp-

ig. 2. Effect of initial concentration of phosphate ions in the solution on sorption
inetics (30 ◦C, pH 7, Cs = 7.5 g/L).

i
t
i
t
t

F

Fig. 3. Effect of adsorbent dosage on phosphate removal (45 ◦C, pH 7).

ion as the dosage was increased and reaches a saturation level at
igh doses. For the range of phosphate concentrations examined
ere, 10 g/L of adsorbent was observed to be the upper limit for the
emoval of phosphate. This is probably because of the resistance to
ass transfer of phosphate from bulk liquid to the surface of the

olid, which becomes important at high adsorbent loading in the
onical flask in which the experiment was conducted. Moreover, the
ercentage removal was decreased slightly with the higher dosage
>10 g/L). It might have happened that the higher dose causes
articles aggregates and interference or repulsive forces between
inding sites, therefore decrease the interaction of phosphate ions
ith the sorbent and reduces the total surface area of the adsorbent.

.3. Effect of temperature

The effect of temperature on phosphate uptake capacity (qe) of
ron hydroxide-eggshell was studied. From Fig. 4, it was observed

hat the phosphate uptake capacity (qe) of iron hydroxide-eggshell
ncreased with increasing temperature up to 45 ◦C, indicating that
he adsorption of phosphate ions was favoured at higher tempera-
ures. The sorption of phosphate is endothermic, thus the extent of

ig. 4. Phosphate adsorption on iron hydroxide-eggshell at various temperatures.
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Fig. 5. Langmuir adsorption isotherm for phosphate on iron hydroxide-eggshell at
various temperatures.

Fig. 6. Freundlich adsorption isotherm for phosphate on iron hydroxide-eggshell at
various temperatures.

Table 2
Isotherm constants for phosphate adsorption onto iron hydroxide-eggshell

Parameters Temperature

45 ◦C 35 ◦C 25 ◦C 20 ◦C

Freundlich
n 1.94 1.867 1.284 1.167
Kf (mg L−1/n g−1 L1/n) 2.017 1.39 0.22 0.187
r2 0.9674 0.9450 0.9771 0.9743

Langmuir
qmax (mg/g) 14.49 12.51 11.49 10.60
b (L/mg) 0.135 0.10 0.044 0.016
r2 0.9774 0.9924 0.9237 0.9373
0 N.Y. Mezenner, A. Bensmaili / Chemi

dsorption increased with increasing temperature. The sorption of
hosphate by iron hydroxide eggshell may involve not only physical
ut also chemical sorption. This result may be due to increased sol-
bility of iron-eggshell compound providing more iron and calcium
ydrolysis complexes for phosphate precipitation with an increase

n the solution temperature; similar trend was also observed for
hosphate removal using raw and activated red mud and fly ash as
dsorbent [20].

.4. Modelling of the sorption equilibrium depending on
emperature

In order to optimize the design of a sorption system to remove
hosphate from aqueous solutions, it is important to establish
he most appropriate correlation for the equilibrium curves. The
sotherms data were analyzed using three of the most com-

only used equilibrium models, Langmuir [21], Freundlich [22] and
angmuir–Freundlich (Sips) [23]. The mathematical expressions
re given by Eqs. (4)–(6), respectively, as follows:

e = qmax
bCe

1 + bCe
(4)

e = Kf.C
1/n
e (5)

e = qmax
Cˇ

e

K + Cˇ
e

(6)

here qmax (mg/g), is the maximum amount of sorbate per unit
eight of adsorbent, to form a complete monolayer on the surface
ound at high Ce, and b (L/mg) is a constant related to the affinity of
he binding sites. qm and b can be determined from the linear plot
f Ce/qe versus Ce.

Kf and n are the Freundlich constants characteristics of the
ystem (n dimensionless; Kf (mg L−1/n g−1 L1/n)). Eq. (5) can be lin-
arized in logarithmic form and the Freundlich constants can then
e determined.

The generalized adsorption isotherm has been used in linear
orm. A plot of the equilibrium data in form of ln[(qmax/qe) − 1]
ersus ln Ce gives isotherm constants, K is the saturation constant
mg/L); ˇ is the cooperative binding constant; qmax is the maxi-

um adsorption capacity of the adsorbent (mg/g). The adsorption
sotherms for phosphate ions on iron hydroxide-eggshell at dif-
erent temperatures are presented in Fig. 4. Figs. 5–7 show
he plots of the linearized form. The Langmuir model is an
deal model for homogeneous monolayer adsorption while the
angmuir–Freundlich model is obtained by introducing a power-
aw expression of the Freundlich model into the Langmuir model.
ot that the Langmuir–Freundlich model reduces to the Langmuir

orm when n = 1. The best-fit values of the model parameters esti-
ated from Eqs. (4)–(6) by linear regression analyses are listed

n Table 2. Also are shown the correlation coefficients (r2), which
rovide measure of model fitness.

A comparison of the experimental isotherms with the adsorp-
ion isotherm models showed that the Langmuir equation
epresented the poorest fit of experimental data (r2 = 0.9373) at
0 ◦C as compared to the other isotherm equations. It has been
ound that the best fitted isotherm equations at 35 ◦C were Lang-

uir and generalized isotherm with r2 ≥ 0.9848. The n parameter of
he Freundlich equation (1.167 < n < 1.940) reveals adsorption sites
ith low energetically heterogeneity of this natural adsorbent [24].

oth Kf and n reached their corresponding maximum values, at
5 ◦C. This implies that binding capacity reaches the highest value
nd the affinity between the sorbent and phosphate ions was also
igher than other temperature values investigated (Table 2). The
onstant b represents affinity between the sorbent and sorbate,

Generalized isotherm
ˇ 0.924 0.9887 0.9279 1.021
K (mg/L) 6.0131 7.95 17.64 66.68
r2 0.9629 0.9848 0.9659 0.9968
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Fig. 9. Pseudo-second-sorption kinetics of phosphate on iron hydroxide-eggshell at
various temperatures.
ig. 7. Langmuir–Freundlich adsorption isotherm for phosphate on iron hydroxide-
ggshell at various temperatures.

oth qmax and b increases from 10.60 to 14.49 mg/g and from 0.016
o 0.135 L/g respectively with increasing Temperature from 20 to
5 ◦C. The correlation coefficient of Langmuir isotherm equation
r2 = 0.9774) is slightly higher than that obtained for other equations
t 45 ◦C.

.5. Kinetic models

The studies of adsorption equilibrium are important in deter-
ining the effectiveness of adsorption; however, it is also necessary

o identify the types of adsorption mechanism in a given sys-
em. In this study we used four different models to predict
he adsorption kinetic of phosphate on iron hydroxide-eggshell
pseudo-second-order, Elovich, intra-particle diffusion and Bang-
am) models. Figs. 8–15 show the plots of the linearized form.

.5.1. Pseudo-second-order model

Based on equilibrium adsorption, the pseudo-second-order

inetic equation [25] is expressed as

t

qt
= 1

k2.q2
e

+ t

qe
(7)

ig. 8. Pseudo-second-sorption kinetics of phosphate on iron hydroxide-eggshell at
arious initial concentrations.

Fig. 10. Elovich plots for phosphate adsorption on iron hydroxide-eggshell at various
initial phosphate concentrations.

Fig. 11. Elovich plots for phosphate adsorption on iron hydroxide-eggshell at various
temperatures.



92 N.Y. Mezenner, A. Bensmaili / Chemical Engineering Journal 147 (2009) 87–96

Fig. 12. Plot of intra-particle diffusion modelling of phosphate onto iron hydroxide-
eggshell at different initial concentrations.

Fig. 13. Plot of intra-particle diffusion modelling of phosphate onto iron hydroxide-
eggshell at various temperatures.

Fig. 14. Bangham’s plot for phosphate adsorption on iron hydroxide-eggshell at
various initial phosphate concentrations.
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ig. 15. Bangham’s plot for phosphate adsorption on hydroxide-eggshell at various
emperatures.

here K2 is the rate constant of pseudo-second-order adsorption
g/mg min).

The initial adsorption rate, h, (mg/g min) is expressed as

= K2q2
e (8)

he application of the linear form of pseudo-second-order kinetic
odel on our experimental results is presented in Figs. 8 and 9.

oth constants K2 and h were calculated from the intercept and
lope of the line obtained by plotting t/qt versus t. It can be seen
rom Table 3 that the kinetics of phosphate adsorption onto iron
ydroxide-eggshell follow this model with correlation coefficients
igher than 0.987 and the equilibrium adsorption capacity, qe,

ncreases as the initial phosphate concentration, Ci, increased from
.8 to 110 mg/L. Further, it was found that the variations of the rate
onstant, K2, seem to have a decreasing trend with increasing initial
ye concentration.

The variations of t/qt versus t at various temperatures of the
hosphate solution under the initial concentration of 27 mg/L still
onfirmed to fit the pseudo-second-order model. The values of
odel parameters (K2, h and qe) for different temperatures have

een calculated from Eqs. (7) and (8)) and the results are given
n Table 3, revealing that the fitted adsorption capacity at equi-
ibrium, qe, increased with increasing temperature. For example,
he values of qe increased from 1.93 mg/g at 20 ◦C to 3.32 mg/g at

5 ◦C. Also, from Table 3, it was noticed that the initial adsorption
ate, h, increases with increasing temperature. These results imply
hat chemisorption mechanism may play an important role for the
dsorption of phosphate on the iron hydroxide-eggshell.

able 3
arameters for pseudo-second-order equation

qex (mg/g) k2 (g/mg min) qe (mg/g) h (mg/g min) r2

i (mg/L)
2.8 0.355 42.27 × 10−2 0.347 0.050 0.9918

14 1.450 2.64 × 10−2 1.517 0.061 0.9824
53 4.900 1.11 × 10−2 4.010 0.179 0.9978

110 9.400 0.48 × 10−2 9.570 0.437 0.9873

(◦C)
45 3.390 4.27 × 10−2 3.322 0.471 0.9984
35 3.270 2.62 × 10−2 3.000 0.235 0.9990
25 2.700 2.22 × 10−2 2.690 0.159 0.9964
20 1.900 1.31 × 10−2 1.930 0.048 0.9834
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Table 4
Parameters for Elovich equation

ae (mg/g min) be (g/mg) r2

Ci (mg/L)
2.8 6.46 31.470 0.8567

14 0.126 2.830 0.9545
53 0.472 1.314 0.9947

110 1.751 0.637 0.9668

T (◦C)
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0
from 20 to 45 C. At higher temperatures the attraction between
the functional groups waste iron hydroxide-eggshell and phos-
phate species gets stronger. The values of the internal diffusion
coefficient, Di, shown in Table 5 fell well within the magnitudes
reported in literature [33], specifically for chemisorption system

Table 5
Parameters for intra-particle diffusion model

Intra-particle diffusion

Ki (mg/g min1/2) r2 Di (cm2/s) t1/2 (min)

Ci (mg/L
2.8 0.88 × 10−2 0.9723 0.33 × 10−8 6.82

14 17.69 × 10−2 0.9723 0.090 × 10−8 24.97
53 24.75 × 10−2 0.9618 0.100 × 10−8 22.47

110 46.34 × 10−2 0.9903 0.103 × 10−8 21.77
5 4.734 2.256 0.8650
5 0.600 1.746 0.9524
5 0.458 2.015 0.9763
0 0.117 2.510 0.9640

.5.2. Elovich model
Elovich equation is also used successfully to describe second-

rder kinetic assuming that the actual solid surfaces are
nergetically heterogeneous, but the equation does not propose
ny definite mechanism for adsorbate–adsorbent [26]. It has
xtensively been accepted that the chemisorption process can be
escribed by this semi-empirical equation [27]. The linear form of
his equation [26] is given by

t = ln aebe

be
+ 1

be
ln t (9)

here ae is the initial adsorption rate (mg/g min), and the param-
ter be is related to the extent of surface coverage and activation
nergy for chemisorption (g/mg).

The Elovich coefficients could be computed from the plots qt ver-
us ln t. The initial adsorption rate, ae, and the desorption constant,
e, were calculated from the intercept and slope of the straight
ine plots of qt against ln t (Figs. 10 and 11). The applicability of
he simple Elovich equation for the present kinetic data is gener-
lly in agreement with other researcher’s results that the Elovich
quation was able to describe properly the kinetics of phosphates
dsorption on soil and soil minerals [28]. Table 4 lists the kinetic
onstants obtained from the Elovich equation. It will be seen that
he value of ae and be varied as a function of the initial phosphate
oncentration and solution temperature. Thus, on increasing the
nitial phosphate concentration from 2.8 to 110 mg/L and the solu-
ion temperature from 20 to 35 ◦C, the value of be decreased from
1.47 to 0.638 g/mg and from 2.51 to 1.746 g/mg respectively due
o the less available surface for phosphate. On the other hand, an
ncrease in the initial phosphate concentration from 14 to 110 mg/L
nd solution temperature from 20 to 45 ◦C leads to an increase
n the value of ae from 0.126 to 1.751 mg/g min and from 0.117
o 4.734 mg/g min respectively. However, these results were not
btained in the initial phosphate concentration range 2.8–14 mg/L
nd in solution temperature range 35–45 ◦C and the experimental
ata did not give a good correlation for low phosphate concentra-
ion (2.8 mg/L, r2 = 0.8567) and at temperature of 45 ◦C (r2 = 0.8650).

.5.3. Intra-particle diffusion model
The pseudo-second-order and Elovich kinetic models could not

dentify the diffusion mechanism and the kinetic results were then
nalyzed by using the intra-particle diffusion model. In the model
eveloped by Weber and Morris [29], McKay and Poots [30], the

nitial rate of intra-particle diffusion is calculated by linearization
f Eq. (10):

t = Kit
1/2 + C (10)
here C (mg/g) is the intercept and Ki is the intra-particle diffusion
ate constant (mg/g min1/2).

According to this model, the plot of uptake, qt, versus the square
oot of time (t1/2) should be linear if intra-particle diffusion is

T

ineering Journal 147 (2009) 87–96 93

nvolved in the adsorption process and if these lines pass through
he origin then intra-particle diffusion is the rate-controlling step
29,31]. When the plots do not pass through the origin, this is indica-
ive of some degree of boundary layer control and this further shows
hat the intra-particle diffusion is not the only rate-limiting step,
ut also other kinetic models may control the rate of adsorption, all
f which may be operating simultaneously.

The intra-particle diffusion, Ki, values were obtained from
he slope of the straight line portions of plot of qt versus t1/2

or various phosphate concentrations and solutions temperature
Figs. 12 and 13). The correlation coefficients (r2) for the intra-
article diffusion model are between 0.9618 and 0.9925 (Table 5). It
as observed that intra-particle rate constant values (Ki) increased
ith initial dye phosphate concentration. The observed increase in

i values with increasing initial phosphate concentration can be
xplained by the growing effect of driving force resulted in reduc-
ng the diffusion of phosphate species in the boundary layer and
nhancing the diffusion in the solid. Also, as shown in Table 5,
ncreasing the temperature promoted the pore diffusion in sor-
ent particles and resulted in an enhancement in the intra-particle
iffusion rate. It is likely that a large number of ions diffuse into
he pore before being adsorbed. The corresponding values of intra-
article diffusion rate constant, Ki, for the various concentrations
f the phosphate ions (2.8–110 mg/L) and solutions temperatures
20–45 ◦C) varied from 0.88 × 10−2 to 46.34 × 10−2 mg/g min1/2

nd from 18.32 × 10−2 to 74.96 × 10−2 mg/g min1/2 respectively
Table 5). From Figs. 12 and 13, it can be observed that the straight
ines did not pass through the origin and this further indicates that
he intra-particle diffusion is not the only rate-controlling step.

Also, the diffusion coefficients for the intra-particle transport
f phosphate species within the pores of iron hydroxide-eggshell
articles have been calculated by employing Eqs. (11) and (12) [32].

i = 0.03 × r2

t1/2
(11)

1/2 = 1
Kqe

(12)

here Di is the diffusion coefficient with the unit cm2/s; t1/2 is the
ime (s) for half-adsorption of phosphate species and r is the average
adius of the adsorbent particle in cm. The value of r (average radius)
as calculated as 67 × 10−4 cm. In these calculations, it has been

ssumed that the solid phase consists of spherical particles.
The diffusion coefficients varied from 0.056 × 10−8 to

.318 × 10−8 cm2/s with an increase of solution temperature
◦

(◦C)
45 74.96 × 10−2 0.9903 0.318 × 10−8 7.05
35 46.12 × 10−2 0.9364 0.176 × 10−8 12.72
25 40.41 × 10−2 0.9925 0.133 × 10−8 16.74
20 18.32 × 10−2 0.9875 0.056 × 10−8 39.50
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trol the adsorption rate [39]. The positive value of entropy change
(�S) reflects good affinity of phosphate ions towards the sorbent
and the increasing randomness at the solid-solution interface dur-
ing the adsorption process [40]. The negative values of �G◦ (Eq.
4 N.Y. Mezenner, A. Bensmaili / Chemi

10−5 to 10−13 cm2/s), it is also observed that the diffusion coef-
cient, Di, decreased from 0.33 × 10−8 to 0.09 × 10−8 cm2/s as

nitial phosphate concentration increased from 2.8 to 14 mg/L.
his behaviour of concentration dependent diffusivity agrees with
iterature works [34]. The corresponding diffusion coefficients
f the phosphate for 53–110 mg/L concentration range were not
ffected with changes of initial phosphate concentration.

Kinetic data can further be used to check whether pore diffusion
s the only rate-controlling step or not in the adsorption system by
sing Bangham’s equation.

.5.4. Bangham’s model
Bangham’s model [35] equation is generally expressed as

og log
[

Ci

Ci − Csqt

]
= log

[
kbCs

2.303V

]
+ ˛ log t (13)

here Ci is the initial concentration of the adsorbate in solu-
ion (mg/L), V the volume of the solution (mL), Cs the weight
f adsorbent used per liter of solution (g/L), qt (mg/g) the
mount of adsorbate retained at time t, ˛ (<1) and kb are con-
tants. log log[Ci/Ci − Csqt] was plotted against log t. The phosphate
dsorption fits the Bangham’s model. ˛ and kb constants were cal-
ulated from the intercept and slope of the straight line plots of
og log[Ci/Ci − Csqt] against log t (Figs. 14 and 15). If the experimen-
al data is represented by this equation then the adsorption kinetics
re limited by the pore diffusion [36].

Table 6 lists the kinetic constants obtained from the Bangham’s
quation. It will be seen that the value of ˛ and k0 varied as a
unction of the initial phosphate concentration, Ci, and solution
emperature. Thus, on increasing the temperature from 20 to 45 ◦C,
he value of ˛ decreased from 0.37 to 0.59 and the value of kb
ncreased from 47.70 to 4.10 (mL/g/L). The experimental data did
ot give a good correlation for low initial phosphate concentration
Ci = 2.8 mg/L, r2 = 0.8300) and at 45 ◦C (r2 = 0.8791). In addition, it
as found that the correlation coefficients for the Elovich model are
igher than those obtained for Bangham’s model. This result still
onfirmed that the pore diffusion is not the only rate-controlling
tep.

.6. Thermodynamic parameters

The thermodynamic parameters of the adsorption process were
etermined from the experimental data obtained using the follow-

ng equations [37]:
G◦ = −RT ln Kd (14)

n Kd = −�H◦

RT
+ �S◦

R
(15)

2 = K0 e[−Ea/RT] (16)

able 6
arameters for Bangham’s equation

Bangham’s model

kb (mL/g/L) ˛ r2

i (mg/L)
2.8 76.55 0.26 0.8300

14 6.34 0.71 0.9445
53 10.30 0.44 0.9721

110 17.40 0.36 0.9721

(◦C)
45 47.70 0.37 0.8791
35 19.27 0.49 0.9381
25 16.20 0.46 0.9393
20 4.10 0.59 0.9695

F
e

ig. 16. Arrhenius plots for the adsorption of phosphate onto iron hydroxide-
ggshell at various temperatures.

here Kd is the distribution coefficient for the adsorption, �S◦, �H◦

nd �G◦ are the change of entropy, enthalpy and the Gibbs energy,
is the absolute temperature, R is the gas constant. The second-

rder rate constant is expressed as a function of temperature by
he Arrhenius equation (Eq. (16)). K0 is the temperature inde-
endent factor (g/mg min), Ea is the activation energy of sorption
kJ/mol). Fig. 16 shows a linear relationship between the logarithm
f rate constant and the reciprocal of temperature. The values of
H (81.84 kJ) and �S (0.282 kJ/mol) were determined from the

lope and intercept of the plot of ln Kd versus 1/T (Fig. 17). The �H◦

nd �S◦ values are positive. The positive values of Ea (32.74 kJ/mol)
nd �H indicate the presence of an energy barrier in the adsorp-
ion and endothermic process [37]. Lazaridis and Asouhidou [38]
tated that in a diffusion-controlled process, the activation energy
f adsorption was less than 25–30 kJ/mol; based on the results of
ctivation energy and intra-particle model, this study proposed that
he adsorption involved intra-particle diffusion that was not the
nly rate-controlling step and the other kinetic models might con-
ig. 17. Van’t Hoff plot for the adsorption of phosphate species onto iron hydroxide-
ggshell at various temperatures.
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Table 7
Thermodynamic parameters

Temperature (◦C) −�G (kJ/mol) T �S (kJ/mol) �H (kJ/mol)

20 0.2651 82.72 81.84
25 2.662 84.13
35 5.745 86.95
45 7.194 89.78

Table 8
Reported sorption capacity (qm) of phosphate for some low-cost adsorbents

q (mg/g)

Macrophyte (Hydrilla verticillata) 0.286 [18]
Goethite 6.42 [41]
Natural zeolite 2.15 [42]
Na-natural zeolite 2.19 [43]
Iron oxide tailings 8.21 [13]
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CS (synthetic iron oxide coated sand) 1.5 [44]
B (coated crushed brick) 1.75 [44]
C S (naturally iron oxide coated sand) 0.88 [44]

ron-hydroxide eggshell 14.49 our study

12)) reflect that the adsorption of phosphate onto iron hydroxide-
ggshell is feasible and spontaneous. The �G◦ value decreases from
0.2651 to −7.194 kJ/mol when the temperature increases from 20

o 45 ◦C (Table 7), suggesting the more adsorbable of phosphate
pecies with increasing temperature.

. Conclusion

The experimental results showed that iron hydroxide-eggshell
ould potentially be employed as a sorbent in the removal of phos-
hate ions.

The kinetics of phosphate sorption by waste material were fast,
eaching 73% of the total adsorption capacity in 30 min (T = 45 ◦C,
H 7, Ci = 27 mg/L). Adsorption phosphate was highly temperature-
ependent. The Freundlich, Langmuir and Langmuir–Freundlich
dsorption models were used for the mathematical descrip-
ion of the adsorption equilibrium of phosphate species by iron
ydroxide-eggshell. A pseudo-second-order model was applied to
he experimental data, the values of K2, h and qe all increased
ith the temperature, suggesting that increasing the tempera-

ure increased the adsorption capacity and the adsorption rate.
lso, it was observed that the intra-particle diffusion was not the
nly rate-controlling step. Positive �H◦ and �S◦ values indicated
hat the adsorption of phosphate onto iron hydroxide-eggshell
as endothermic. This result was supported by the increasing

dsorption of phosphate ion with temperature. To illustrate the
otential in the use of iron hydroxide-eggshell in actual applica-
ions, a comparative evaluation of the adsorptions capacities of
arious types of low-cost adsorbents for the sorption of phosphates
pecies is provided in Table 8. This comparison clearly indicated
hat iron hydroxide-eggshell is an effective adsorbent for phosphate
emoval.
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