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Abstract
Phosphate ions are usually considered to be responsible for the algal bloom in receiving water bodies and aesthetic problems in water.
From the environmental point of view, the management of such contaminant and valuable resource is very important. The present work
deals with the removal of phosphate ions from aqueous solutions using kaolinitic and smectic clay minerals and synthetic zeolite as
adsorbent. The pH effect and adsorption kinetic were studied. It was found that phosphate could be efficiently removed at acidic pH
(between 4 and 6) and the second order model of kinetics is more adopted for all samples. The isotherms of adsorption of phosphate
ions by the two clays and the zeolite samples show that the zeolite has the highest rate of uptake (52.9 mg P/g). Equilibrium data were
well fitted with Langmuir and Freundlich isotherm.

Key words: phosphate; adsorption; clay mineral; zeolite
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Introduction

Phosphate discharged into the surface waters stimulates
the growth of aquatic micro and macro organisms in nui-
sance quantities, which in excess can cause eutrophication
in stagnant water bodies. Therefore, wastes containing
phosphates must meet the discharge limits for phosphates,
which are 0.5–1.0 mg/L according to the World Health
Organization (WHO, 1993). In order to meet effluent
quality standards, further treatment of secondary effluent
is required. In wastewater treatment technology, vari-
ous techniques have been used for phosphate removal.
Coagulation-precipitation and biological process are wide-
ly accepted methods of phosphate removal at industrial
level. Besides, the application of low cost and easi-
ly available materials in wastewater treatment has been
widely investigated during recent years, such as fly ash
(Agyei et al., 2002), blast furnace slag (Johansson and
Gustafsson, 2000; Oguz, 2004), red mud (Akay et al.,
1998), aluminium hydroxide (Guan et al., 2007), clays
(Ye et al., 2006) and zeolites (Onyango et al., 2007). In
general, these adsorbents were used for remove phosphate
ions from wastewater at low concentration. The adsorp-
tion study of phosphate at higher concentration (≈ 1000
mg/L) has not been reported before. In this condition,
the efficiency of some materials as sorbent of phosphate
ions is required to use them as landfill liner in waste
discharge site (Mitchell et al., 2000). In this situation clay
mineral is one of the essential materials used to reduce

* Corresponding author.

hydraulic conductivity and pollutant migration (Peterson
and Gee, 1985). In addition, the synthesized zeolites were
considered as a good adsorbent and can be used as thin
film liner with clays minerals (Wu et al., 2006). Peolite is a
promising alternative because of its low cost, selectivity
and compatibility with the natural environment. Zeolite
is framework aluminosilicate with pore dimensions of
molecular sizes generated by corner-sharing Al3+ and Si4+

oxygen tetrahedra. Due to synthetic zeolite having uniform
micropore structure and high surface area, it usually has a
higher adsorption capability compared with clay minerals.
Therefore, to obtain low-cost and effective synthetic zeo-
lite, many researchers have investigated the synthesis of
zeolite from fly ash, metakaolinite, and chrysotile etc. (Wu
et al., 2006; Saada et al., 2009; Juan et al., 2009; Youssef
et al., 2008; Petkowicz et al., 2008). However, in many
of these studies, the total conversion time was generally
long (24–72 hr or more); the synthesis temperature was
high (90–180°C); and the synthetic zeolite products still
contained a significant amount of residual raw materials
and/or other phases. The presence of nonzeolitic phases in
the converted products limits the cation exchange capacity
of the products and greatly reduces the applicability of
synthetic zeolite. Therefore, developing effective, high
adsorption capacity and low-cost synthetic zeolite for
phosphate removal continues to be a great challenge.

In this study, three sorbents (two clays and synthetic
zeolite prepared from kaolinte) were then characterized
and their phosphate adsorption behaviour was studied
under varying experimental conditions such as pH, time

http://www.jesc.ac.cn
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effect and initial concentration. The results are presented
in terms of sorption kinetics and equilibrium isotherm that
are fitted by Langmuir and Freundlich models.

1 Experimental

1.1 Raw materials

The clays samples (T and G) used in this study were
provided from Tabarka (North West of Tunisia) and Gabes
(South East of Tunisia), respectively.

The X-ray diffraction analysis of both samples (Fig. 1)
indicated that the mineralogical composition of clay T is
mainly composed of kaolinite and illite the impurity is the
quartz. In the case of clay H (Fig. 1) the main fractions
are smectite and kaolinite associated to quartz and calcite.
To illuminate these impurities from clay fraction, the raw
powder sample were saturated with Na+ by five washing
cycles (successive centrifugal treatments) with 1 mol/L
NaCl solution. After each centrifugation of the suspension,
the supernatant was discarded and replaced with a fresh
solution of NaCl. After that, the recuperated samples were
dialysed through a specific membrane until free from Cl−,
dried at 80°C and finally the purified clays will be used for
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Fig. 1 X-ray diffraction patterns of powder samples of clay T, and clay
G. Ill: illite, Ka: kaolinite, Sm: smectite, Q: quartz, Ca: calcite.

phosphate adsorption.

1.2 Preparation of zeolite

A conventional alkaline fusion method was used for the
synthesis of zeolite from purified clay T. Approximately
10 g clay powder were mixed with 12 g NaOH, then were
placed in the furnace with 600°C for 1 hr. The powder
recuperated after calcinations were dissolved in 85 mL of
distilled water agitated during 24 hr. The mixture crys-
tallized in teflon bottle at three temperatures (70, 90 and
110°C) for 12 hr. Solid powder was filtered-off, washed,
dried at 80°C for 12 hr and the product was obtained.

1.3 Characterization

The clay samples and prepared zeolites were character-
ized by XRD, cationic exchange capacity (CEC), specific
surface area (SBET) and SEM. Powder XRD patterns
were obtained using a PANalytical X’Pert HighScore Plus
diffractometer (the Netherlands) in the 2θ range 3–40◦, at
a scanning rate of 2◦/min and employing CuKa filtered
radiation. The cationic exchange capacity (CEC) of sample
was determined using ammonium acetate method (Van
Reeuwijk, 1992). The specific surface area SBET was mea-
sured at 77 K by the BET method with a Quantachrome
Autosorb-1 instrument (USA) using N2 gas. The morpho-
logical observation of zeolite powder was undertaken using
a Philips Fei Quanta 200 scanning electron microscope
(the Netherlands).

1.4 Phosphate adsorption experiments

The batch experiments were carried out in polyethylene
bottles containing 30 mL varying initial concentrations
of phosphorus solutions and 0.2 g of adsorbent (clays or
zeolite). Then the samples were agitated in a thermostatic
orbital shaker with a shaking of 200 r/min at ambient
temperature. On reaching equilibrium the adsorbent was
eliminated by centrifugation at 3000 r/min. The suspension
was adjusted to desired pH levels by adding NaOH (0.1 or
0.01 mol/L) or HCl (0.1 or 0.01 mol/L) solution.

The initial and final phosphate concentrations remaining
in solutions were analyzed using the standard method
(vanadomolybdophosphoric acid colorimetric method,
1998) using a Hach DR/4000 spectrophotometer (USA).

The amount of phosphate adsorbed at equilibrium (Qad,
mg/g) was calculated by using the following:

Qad =
(C0 −Ceq) × Vs

m
(1)

where, C0 (mg/L) and Ceq (mg/L) are the initial and equi-
librium concentrations of phosphate solution, respectively;
Vs (L) is the volume of phosphate solution and m (g) is the
weight of sorbent (clays or zeolite).

2 Results and discussion

2.1 Characterization of purified clays and synthetic
zeolites

Figure 2a shows the diffractogram patterns of oriented pure
clay T, we observe in the presence of illite at 10 Å and the
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Fig. 2 X-ray diffraction patterns of the oriented clay T (a) and clay G (b) fractions (< 2 µm) (N: normal untreated, H: heated, and G: glycolated).

kaolinite at 7.17 Å which disappear after heating at 550°C.
The X-ray diffraction analysis of pure clay H (Fig. 2b)

indicates the presence of smectite at 12.7 Å, after treatment
by ethylene glycol the peak passed to 17.06 Å but the
d002 appeared at 8.8 Å is attributable to an interstratified
smectite-illite, also the presence of small amount of the
kaolinite at 7.17 Å, which disappear after heating at 550°C.

Figure 3 shows the XRD patterns of the products
synthesized at three temperatures (70, 90 and 110°C).
The typical diffraction peaks corresponding to kaolinte
and illite remarkably disappear. The diffractogramme of
sample prepared at 70°C shows that all XRD peaks agree
well with the characteristic peaks of zeolite 4A, syn
(Na11.5Al11.5Si12.5O48) by comparing the d-values of the
products obtained with JCPDS data of card No. 076-
1042. No additional peaks are observed, indicating the
crystallization of pure-form zeolite 4A. The XRD of the
crystals has a low background, strong intensities and sharp
peaks, indicating the as-synthesized zeolite 4A crystals are
perfect.

This result is confirmed by the cubic crystalline structure
with that well defined edge of the zeolite A particles can be
readily observed in SEM image (Fig. 4). The particle size
and average width of the product can be estimated, 1–1.2
µm and 1 µm, respectively. At the temperature of 90°C the
synthesized product is mainly the zeolite 4A but at 110°C it
is transformed to the sodalite zeolite (HS).

The S BET and CEC value of clay samples and synthe-
sized zeolites are shown in Table 1. After purification the
CEC and S BET of both clays increase, the sample G had the
higher value, this is due to the smectic fraction. Besides,
it is not surprising that the SBET and the CEC values of
zeolitized products increased drastically compared with
the corresponding clay due to the formation of zeolite.
The zeolite synthesized at 70°C shows the higher S BET
and CEC value comparing to others products. Therefore,
the synthesized zeolite may be a promising material for
the removal of phosphate from wastewater. The experiment
of the removal of phosphate is now on the process of our
investigation.

2.2 Phosphate immobilization by two clays and synthe-
sized zeolite A (70°C)

Zeolite A (70°C)

Zeolite A (90°C)

Zeolite A (110°C)

10 20 30 40 50 60
2θ (degree)

Fig. 3 XRD patterns of synthesized zeolites obtained from clay T at three
temperatures (70, 90 and 110°C).

Fig. 4 SEM image of synthesized zeolite A obtained at 70°C.

2.2.1 Effect of pH
The pH of the aqueous solution is an important variable
which controls the adsorption of the phosphate anions at
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Table 1 Specific surface area and cationic exchange capacity of clay
and zeolite samples

Sample SBET (m2/g) CEC (meq/100 g)
Raw Purified Raw Purified

Clay T 35.3 68.5 16 24
Clay G 69.8 106.2 56 83
Zeolite 70°C 174.4 330
Zeolite 90°C 105.2 282
Zeolite 110°C 74.5 208
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Fig. 5 Effect of pH values for phosphate adsorption on two clays and
synthesized zeolite A (70°C).

the clay or zeolite-water interfaces (Farrah and Pickeringf,
1977). Hence, the influence of pH on the adsorption of
phosphate ions onto clay and zeolite samples was inves-
tigated in the pH range of 3.0–9.0. Figure 5 shows the
effect of pH on adsorption of phosphate onto the two
clays and the zeolite (70°C). It can be observed that the
adsorption of phosphate ions by clay T and G increases
weakly with an increase in pH to a maximum around pH
5, and then decreases as the pH becomes more basic due to
the competition with OH−. Clays are known to possess a
negative surface charge in solution. As pH changes, surface
charge also changes, and the adsorption of charged species
is affected. The same result was found for montmorillonite
clay by Zhu et al. (2009). Besides, the adsorptions of
anions like phosphate are favorable at pH lower than point
of zero charge (PZC) of materials which is about (PZC =
5.7) for kaolinite and (PZC = 6.4) for smectite sample.

In the case of zeolite sample the maximum of adsorption
was found between pH 4 and pH 5, the same curve form
was observed by Chen et al. (2006). However, in this
range of pH the zeolite shows a higher uptake ability of
phosphate comparing to others samples, which may be due
to a greater number of surface sites with a PZC =5.5, also
the zeolite A has a three-dimensional structure and higher
surface area.

The adsorption mechanisms of phosphate anions by clay
and zeolite at acidic pH are relatively complex. Reed et
al. (2000) identified two forces that play a role in an
adsorption process, the first is chemical interaction and
the second is the electrostatic forces. The latter gives
rise to Coulombic attraction or repulsion between binding

sites and adsorbing ions. To understand how these forces
affected the phosphate sorption behavior, the following
reaction is considered (Eq. (2)), with S represents the
element at the surface of clay or zeolite, and generally is
the Aluminum (Al).

=SOH2
+ + H2PO4¯↔ =S–O–P–OH + H2O

O 

OH (2)

In the case of phosphate anions at acidic condition (pH
from 3 to 5), the dominate fraction in solution is the
negative monovalent H2PO4

− (Hartley et al., 1997). Be-
sides, some binding sites are protonated (SOH2

+) at such
pH values. Consequently, a higher Coulombic attraction
between the binding sites and H2PO4

− ions (Eq. (2)) in
addition to chemical interaction (or molecular adsorption)
leads to a higher phosphate uptake.

2.2.2 Phosphate adsorption kinetics
The results of phosphate adsorption kinetic experiments at
room temperature and for a concentration of 500 mg P/L
are shown in Fig. 6. It can be seen that the majority of
phosphate adsorption on the adsorbents were completed in
2 hours. However, the two clays have faster kinetics than
the synthetic zeolite, which can be attributed to the delay
of adsorption in the zeolitic cavity.

In this study, the P adsorption kinetic data were fitted
with the two kinetic models (the first- and second-order
kinetic).

The linear form of the pseudo first-order equation is
given by Eq. (3):

log(Qe − Qt) = logQe − K1t (3)

The linear form of the pseudo second-order model
(Ngah and Fatinathan, 2010) is given by Eq. (4):

t
Qt
=

1
k2Q2

e
+

1
Qe

t (4)

where, Qe (mg/g) and Qt (mg/g) refer to the amount of
phosphate ions adsorbed at equilibrium and at any time,
t (min), respectively, and k1 (hr−1) is the equilibrium rate
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Fig. 6 Effect of contact time for phosphate adsorption on clays and
synthesized zeolite A (70°C).
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Table 2 Comparison of the pseudo first- and second-order adsorption rate constants, at constant concentration of phosphate 500 mg P/L

Sample First-order kinetic model Second-order kinetic model
k1 (hr−1) Qe (mg P/g) R2 k2 (g/(mg·hr)) Qe (mg P/g) R2

Clay T 0.027 0.23 0.0134 2.87 26.38 0.9998
Clay G 0.07 0.24 0.1273 21.2 28.01 0.9999
Zeolite 70°C 0.086 1.60 0.4135 0.19 36.36 0.9908

constant of pseudo first-order kinetics and k2 (g/(mg·hr))
is the equilibrium rate constant of pseudo second-order
kinetics.

Therefore, the resulting from both models equations
show the high applicability of the second-order equation
for the present kinetic data for all samples (Fig. 7). The
correlation coefficients calculated for all models, i.e., R2,
and the other parameters are shown in Table 2. It was
observed that correlation coefficient, R2, for the pseudo
first-order model was much lower (< 0.90) than for the
pseudo second-order kinetic models. While the calculated
equilibrium sorption capacity (Qe,calc) for the first-order
model is not close to the experimental values (Qe,exp),
whereas for the second-order model, Qe,calc values are
close to Qe,exp for the initial concentration.

2.2.3 Phosphate adsorption isotherms
Equilibrium studies were carried out to determine the opti-
mum conditions for maximum phosphate ions removal by
these three samples. The experimental sorption isotherm
is used to plot the amount of P sorbed, expressed in mg
P/g sample against the equilibrium phosphate ions con-
centration (mg/L). The experimental sorption data for the
removal of phosphate ions were correlated with Langmuir
(Eq. (5)) and Freundlich (Eq. (6)) models.

Qe =
QmbCe

1 + bCe
(5)

Qe = KFC
1
/n

e (6)

where, Qe (mg/g) is the amount of ions adsorbed per
unit weight of adsorbents, Ce (mg/L) is the equilibrium
concentration, Qm and b are the Langmuir constants related
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Fig. 7 Pseudo second-order kinetic plots for the adsorption of phosphate
ions onto clays and zeolite samples.

to capacity and energy of adsorption, respectively. KF and
1/n are the Freundlich constants.

Based on the results of the kinetic and pH studies, all
equilibrium experiments were carried out at pH (5.0 ±
0.2) and for a reaction period of 4 hr using the KH2PO4
solution at various concentrations (50 to 1000 mg P/L).
The isotherms of phosphate adsorption onto clays and
zeolite at room temperature are shown in Fig. 8. In the low
concentration region, the amount of phosphate adsorbed on
the samples sharply increased with an increase in equilibri-
um concentration, giving an indication of the high affinity
of the binding sites for phosphate ions. This is a good
attribute of the materials tested in this study since a high
uptake at low equilibrium concentration will enable the
treatment of a large volume of water before replacement
or regeneration of the adsorbents. At high concentration,
the increase in quantities adsorbed is gradual as a result
of an almost full occupancy of the active sites. Figure 8
shows that the zeolite has the higher adsorption capacity
of phosphate ions.

The experimental sorption data of the adsorption of
phosphorous were correlated with Langmuir and Fre-
undlich models. Figure 9 shows that the linear Langmuir
and Freundlich equations give a good fit to the adsorption
isotherm for the sorption of phosphate ions onto clays and
zeolite. It is shown that the experimental data of phosphate
adsorption on these samples could be well matched by the
Freundlich isotherms and the zeolite had high adsorption
quantity 52.9 mg P/g (Table 3).

2.2.4 Comparison of phosphate removal with different
adsorbents reported in literature

The adsorption capacities of these adsorbents (two clays
and zeolite A) for the removal of phosphate have been
compared with those of other adsorbents reported in lit-
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Fig. 8 Phosphate adsorptions isothermes.
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Table 3 Estimated isotherms parameters for phosphate adsorption

Sample Langmuir model Freundlich model
Qm (mg P/g) b R2 KF 1/n R2

Clay T 38.46 0.0184 0.9712 3.07 0.408 0.9878
Clay G 42.19 0.0259 0.9762 4.61 0.369 0.9959
Zeolite 70°C 52.91 0.0292 0.9779 4.40 0.434 0.9950
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Fig. 9 Linear plot of Langmuir isotherm (a) and Freundlich isotherm (b) for the adsorption of phosphate ions onto two clays and zeolite.

Table 4 Adsorption capacity of phosphate on some adsorbents

Adsorbent Qmax (mg/g) Reference

Modified palygorskite 8.31 Ye et al., 2006
clay

Precipitator fly ash 13.76 Cheung and Venkitachalam,
2000

Blast furnace slag 44.24 Sakadevan and Bavor, 1998
Lithium intercalated 93 Wang et al., 2007
gibbsite

Kaolintic clay 38.46 This study
Smectic clay 42.19 This study
Zeolite A 52.91 This study

erature and the values of adsorption capacities have been
presented in Table 4. The adsorption capacity varies and it
depends on the characteristics of the individual adsorbent
the value of PZC, the number of surface sites or the
precipitation of phosphate compound at basic pH. For
example, in the case of the lithium intercalated gibbsite
and blast furnace slag the presence of calcium in substrates
may improve the removal capacity of phosphate by both
adsorption and precipitation (Wang et al., 2007; Sakadevan
and Bavor, 1998).

Another concern is the cost when kaolinite and smectite
clays and synthetic zeolite are used to remove phosphate.
These clays minerals are collected from natural deposit
abundant in Tunisia. Also the zeolite was synthesized from
the clay T with a conventional alkaline fusion method. This
method is very simple with low cost. In addition, compared
with palygorskite, sepiolite and other mineral materials
(Nandi et al., 2008), the price of kaolinite and smectite is
lower than that of them. Anyway, these two clays and the

zeolite may be a relatively low cost treatment option for
phosphate from aqueous solution.

3 Conclusions

In this study, pure form, single phase and highly crystalline
zeolite A was successfully synthesized from Tunisian
kaolinitic clay mineral at 70°C. This zeolite and two
Tunisian clays minerals (smectite and kaolinite) were
tested to remove phosphate ions from aqueous solution.
The adsorption isotherms, kinetics, pH effect and thermo-
dynamic parameters were examined.

The results show that all samples had faster kinetics and
zeolite had the higher adsorption capacities, which can be
attributed to the surface structural changes of the materials.

Both Langmuir and Freundlich models fit well with the
experimental data and R2 value of Freundlich model are
higher than Langmuir model.

The relatively low cost and high capabilities of the
two clays and zeolite make them potentially attractive
adsorbents for the removal of phosphate from aqueous
solution.
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