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•	Removal of phosphate from aqueous 
solution by synthetic mordenite and 
modified clinoptilolite zeolite has 
been investigated. 

•	The maximum adsorption 
capacities by synthetic mordenite 
and modified clinoptilolite zeolite 
were 23.06 and 17.9 mg.g-1 for 
phosphate ions. 

•	The results confirm the efficiency 
of adsorbents for reduction of 
phosphate from aqueous solution. 

•	The results of the present study 
indicate that sorption capacity of 
mordenite is higher than MnO2- 
clino.
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This study investigates phosphate removal from aqueous solution by synthetic 
mordenite and modified clinoptilolite zeolite. The mordenite zeolite was synthesized 
using the solvothermal method, and natural clinoptilolite zeolite was modified by 
ultrasound energy and manganese dioxide. The adsorbents were characterized by 
utilizing X-ray diffraction (XRD), Fourier transform infrared (FT-IR), Scanning 
electron microscope (SEM) images, energy dispersive X-ray analysis (EDXA), and the 
Brunauer-Emmet-Teller (BET) method. This study investigated the adsorption behavior 
of the two adsorbents, including the influence of solid/liquid ratio, contact time, initial 
concertation, and modification of the adsorption process, adsorption kinetics, and 
isotherms. The maximum phosphate adsorption capacity of the modified synthetic 
mordenite and the modified clinoptilolite are 23.06 and 17.9 mg.g-1, respectively, which 
is higher than the values reported in other studies. The present study shows that the 
amount of adsorption of modified synthetic mordenite for phosphate removal is higher 
than the modified clinoptilolite zeolite. The kinetics study shows that the pseudo-
second-order kinetic equation better describes the adsorbents' adsorption behavior. 
The isotherms study suggests that the adsorption process of synthetic mordenite and 
modified clinoptilolite zeolite follow the Langmuir and Freundlich models, respectively.
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1. Introduction 

Water, food, and air are necessities for humans, but 
water is the most important. Most water pollution is 
caused by lagged agriculture, industrial development, and 
urbanization [1]. Today, eutrophication is a serious issue 
in water quality management; it causes plants and algae 
to grow quickly, destroying aquatic life and accelerating 
water scarcity [2]. Many human cancers are caused 
by noxious toxins produced during the eutrophication 
process, collected in aquatic animals, and then 
transmitted to humans [3]. Phosphate (P) is an important 
nutritional composition, but excessive phosphate 
causes acceleration of eutrophication, dissolved oxygen 
depletion, and death of aquatic organisms [4]. Therefore, 
too much phosphate can lead to serious environmental 
hazards and risks to human health [5]. The major 
limiting factor for eutrophication is phosphorus released 
into the environment by agriculture, food wastes, urban 
run-off, animal wastes, human sewage, industry, and 
detergents [6,7]. Therefore, water quality management 
must control the amount and reduce the harmful effects 
of phosphorus [8]. Various methods of chemical and 
biological technologies to remove phosphate have been 
widely investigated in recent years [9-13]. 

The chemical methods include adsorption, ion 
exchange, and precipitation. Common precipitants such 
as lime, aluminum sulfate, and ferric chloride are used 
for precipitation [9]. However, several disadvantages of 
the precipitation methods, such as the cost of metal salts 
and the production and dewatering of sludge, prevent 
its widespread use [11]. Biological technology removes 
phosphate with phosphate-accumulating organisms 
that reduce the phosphate in the cyclic anaerobic and 
aerobic sequence. The biological techniques have 
convenient features that include producing less sludge 
and being economically viable, but factors such as 
the composition, temperature, and pH in wastewater 
affect the efficiency of the phosphate removal [13]. 
The adsorption process is the most effective and widely 
used application in the sewage treatment process due to 
its advantageous properties, such as non-toxicity, easy 
design, good effectiveness, applicability in a wide range 
of concentrations, ability to recover the adsorbent, and 
availability of a wide range of adsorbents [14,15]. 

Many adsorbents have been studied to reduce 
phosphorus in the aquatic environment. In recent years, 
zeolites have been recognized as a good choice for the 

adsorption process because of their special properties, 
such as the proper surface area, high hydrothermal and 
thermal stabilities, proper adsorption capacity, and low 
cost. Synthetic and natural zeolites are microporous 
crystalline aluminosilicate minerals that have three-
dimensional networks consisting of [SiO4]4+ and 
[AlO4]4- [16-19]. The low adsorption capacity and 
removal efficiency are disadvantages of using natural 
zeolite in the adsorption process. So, the modification of 
natural zeolite is necessary for using the compounds in 
industrial applications. Natural zeolite can be modified 
using acid, alkali, surfactant, or salt [20,21], microwave 
irradiation [22], sonification, and heat treatment [23] 
methods to improve adsorption capacity and removal 
efficiency. In addition to natural zeolites, high-quality 
zeolites are synthesized using a wide range of silicon 
and aluminum sources by various methods. With their 
high sorption capacity, synthetic zeolites are preferred 
to natural zeolites [24-28]. There are several important 
parameters for synthesis, such as temperature, time, 
and pH [29]. 

The current work aims to investigate modified 
natural clinoptilolite and synthetic mordenite zeolite 
for phosphate removal. First, the mordenite zeolite was 
synthesized under solvothermal conditions without 
introducing any organic compounds. Then, the natural 
clinoptilolite zeolite was modified by ultrasound energy 
and manganese dioxide. Next, these adsorbents were 
characterized by XRD, SEM, EDXA, FT-IR, and 
BET techniques. Afterward, the phosphate adsorption 
of the modified natural clinoptilolite and synthetic 
mordenite zeolite were examined by varying factors 
such as solution time, adsorbent dosage, and phosphate 
concentration. Finally, the adsorbents’ kinetics and 
isotherms of phosphate adsorption were studied.

2. Materials and methods

2.1. Materials

Natural clinoptilolite was purchased from the Semnan 
Negin Powder Company, Iran. Sodium hydroxide 
(NaOH) (Merck, 99%), sodium aluminate (NaAlO2) 
(Merck, 99%), manganese (II) nitrate tetrahydrate (Mn 
(NO3)2·4H2O) (Merck, 99%), potassium permanganate 
(KМnO4) (Merck, 99%), and colloidal silica sol (Ludox 
SM, 30% SiO2, 70% H2O, <1% Na2O) with sodium 
stabilizer were obtained and used with-out purification.
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2.2. Modification of natural clinoptilolite zeolite 

In the first step, an alkali solution was prepared by 
dissolving 1.2 g of NaOH in 30 ml of deionized water. 
2 g of natural clinoptilolite was added to 30 ml of the 
prepared alkali solution. Then, the mixture was agitated 
using an ultrasonic processor with a standard probe 
(i.e., 13 mm diameter tip) under atmospheric pressure at 
60 °C for 2 h. The ultrasound process produces acoustic 
waves at a frequency of 20 kHz, and the ultrasound 
wave was 150W. The sorbent was denoted as Us-
clino. Next, the modified zeolites were filtered, washed 
thoroughly with deionized water, dried overnight at 100 
(±1) °C using an electric oven, and then characterized 
by different instrumental techniques [30].

In the second step, natural clinoptilolite zeolite was 
modified with MnO2 in three stages:

- The mixture of 10 g clinoptilolite and 14 ml of 1 M 
Mn(NO3)2 was stirred for 3h at 20 °C.

- The Mn2+ ion into clinoptilolite was treated with a 
0.5% KМnO4 solution  for 3h at 20 ± 1 °C (solid/liquid 
ratio of 1:10).

- The product was recovered by filtration, washed with 
distilled water, and dried at 80 °C for 8 h. The modified 
clinoptilolite was denoted as MnO2-clino.

2.3. Synthesis of mordenite zeolite

To synthesize mordenite, 3.73 g of sodium hydroxide 
was first dissolved in 70 ml of distilled water. After it 
was completely dissolved, 1.92 g of sodium aluminate 
was added to the solution. Then, the solution was 
stirred at 25 °C at 400 (rpm) for 1 h. Next, in  another 
beaker, 50 ml colloidal silica was blended with 28 ml 
distilled water. Then, this solution was slowly added 
drop-wise to the first solution. The solution was then 
stirred at 25 °C for several minutes, which resulted in a 
clear homogenous solution. Next, the resultant mixture 
was transferred to the stainless-steel autoclave, and the 
temperature was set at 170 °C for 24 h. Finally, the 
solution was filtered and washed several times with 
distilled water until the pH decreased to 7-8 and dried 
at 90 °C for 5 h.

  
2.4. Characterization

A variety of conventional techniques were used for 
the characterization of the zeolites.  X-ray diffraction 

was accomplished to characterize the synthesized 
crystalline zeolite. The zeolite patterns were obtained 
using a Philips 1830 diffractometer with Cu-Kα 
radiation, operated at 40 kV, 20 mA. The nitrogen 
adsorption characteristics, including the pore volume, 
the pore size diameter, and surface area of the surface 
of the adsorbent, were obtained with a micromeritics 
model ASAP 2020 analyzer. The Fourier transform 
infrared spectrum of the adsorbent was recorded at room 
temperature on a DIGILAB FTS 7000 spectrometer 
equipped with an attenuated total reflection (ATR) cell. 
The crystal morphology of adsorbents was investigated 
by a PHILIPS XL30 scanning electron microscope. 
In addition, an energy dispersive spectrometer (EDX, 
VEGA3 TESCAN) attached to SEM determined the 
chemical compositions of the samples.

2.5. Phosphate adsorption experiments
 
Phosphate adsorption was studied at 25 °C using 

the batch method with different initial concentrations 
(between 25 and 100 mg.L-1) of the synthetic phosphate 
solution prepared by dissolving potassium dihydrogen 
phosphate (KH2PO4) in deionized water. To achieve 
equilibrium, the mixture of adsorbent and phosphate 
solution was constantly stirred at a rotating speed 
of 150 rpm at a constant temperature. The residual 
phosphate concentration samples were measured using 
a UV spectrophotometer (UV mini 1240 Shimadzu). 
The kinetics of phosphate sorption on adsorbents 
were studied at an initial phosphate concentration of 
50 mg.L-1. The kinetic studies were carried out in a 50 
ml solution at pH 7 and 25 °C. Also, the equilibrium 
adsorption capacity (qe, mg.g-1), the adsorption capacity 
at different times t (qt, mg.g-1), and the percentage of 
phosphate adsorption (R%) were calculated as follows: 

qe = (C0 - Ce) V/W                                                	        (1)

qt = (C0 - Ct) V/W                                                 	        (2)

R% = (C0 - Ce)/Ce                                  		         (3)

where C0 is the initial concentration of phosphate ions 
(mg.L-1), Ce is the final concentration of phosphate ions 
(mg.L-1), Ct is the concentration of phosphate ions at 
time t (mg.L-1), V is the volume of the aqueous (L), and 
W is the weight of the adsorbents (g).
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3. Results and discussion

3.1. N2 adsorption-desorption analysis

The specific surface area and pore diameter of modified 
natural clinoptilolite and synthetic mordenite zeolite was 
determined by N2 adsorption-desorption isotherms. The 
N2 adsorption-desorption isotherm results are shown in 
Fig. 1. The experiments clearly reveal that the surface 
area of the modified clino was changed compared with 
natural clino, which enhanced the adsorption properties 
of the modified clino. However, there are more reactant 
sites in the modified clino because the ultrasound and 
MnO2 modification caused the clino’s surface area with 

66.33 and 40.316 m2.g-1, respectively, to be higher than 
the natural clino (24.43 m2.g-1) as seen in Table 1. Also, 
the isotherm of the synthetic mordenite confirmed that 
the compound is microporous. As the results show, the 
BET surface area and pore volumes are 456.59 and 
104.09 cm³.g-1, respectively. The structural properties 
of the adsorbents are summarized in Table 1.

3.2. FT-IR spectra analysis

The FT-IR spectrum of the zeolites is shown in Fig. 
2. The band at about 470 cm-1, which is in the spectrum 
of the clinoptilolite, is related to T_O bending. A sharp, 
high-intensity peak in the range of 1052-1200 cm-1 
is related to the Si_O_Si(Al) asymmetric stretching 
vibration. The spectrum showed a band at about 792 
cm-1 related to symmetric stretching of the Si_O_Si(Al). 
The existence of the H_O bond in the structure of the 
compound can be seen at 1637 and 3622 cm-1, which are 
related to bending vibration and stretching vibration of 
the O_H band of silanol groups, respectively [31]. 

3.3. XRD patterns of adsorbent

The characterization of crystalline modified 
clinoptilolite and mordenite zeolite was determined by 

Table 1. Textural properties determined from nitrogen adsorption–
desorption experiments..

Pore diameter 
(nm)

Pore volume
(cm3. g-1)

SBET

(m2.g-1)
Sample

10.090.063724.43Natural clinoptilolite

9.820.159966.33US-modified clino

9.310.09540.316MnO2-clino

2.220.1766344Synthetic mordenite

Fig. 1. Nitrogen adsorption and desorption isotherms of (a) us-
modified and natural clino, (b) MnO2-clino, and (c) synthetic 
mordenite.

Fig. 2. FT-IR spectra of (a) Us-modified clino, (b) MnO2-clino, and 
(c) Synthetic mordenite.
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in Fig. 3. The location of peaks is similar to the zeolite 
pattern in other synthesized raw materials [34]. So, the 
result indicates that the zeolite synthesized in this study 
consists mainly of mordenite. The lack of silica and 
sodium aluminate peaks in the XRD pattern indicates 
their removal from cavities in the zeolite. 

3.4. SEM analysis

Fig. 4 shows the representative SEM images and 
EDX studies of the adsorbents. The SEM image of 

X-ray diffraction (XRD) and is shown in Fig. 3. The 
location of peaks observed at 2θ = 10, 20, 22, 26, 30, 
and 32 are similar to clinoptilolite zeolite [32]. The 
intensity of the modified zeolite is lower than unmodified 
zeolite because the ultrasonic processor decreases the 
crystallinity, elution of exchange cations, and aluminum 
of the zeolite [30]. The crystalline character of MnO2-
clino was exposed by the characteristic diffraction peaks 
at 2θ = 28, 36, 56, and 73, which corresponds to MnO2 
[33]. The XRD spectrum of the mordenite is also shown 

Fig. 3. XRD patterns of natural clino, us-clino, MnO2-clino, and 
synthetic mordenite.

Fig. 4. SEM images and EDX spectra of (a) natural-clino, (b) Us-
clino, (c) MnO2-clino, and (d) synthetic mordenite.
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the modified clino, Figs. 4(b) and 4(c), showed that 
treatment of clinoptilolite with MnO2 and ultrasound 
energy does not change the structural appearance of 
the adsorbent, and there is no change in its morphology 
compared to the unmodified sample (Fig. 4(a)). As 
can be seen in the image of the mordenite zeolite in 
Fig. 4(d), the morphology is similar to lentil. The EDX 
studies were used to study the chemical composition 
of adsorbents. The existence peaks in the range of 
0.52, 1.04, 3.5, 1.49, and 1.75 keV are attributed to the 
binding energies of O, Na, K, Al, and Si, respectively 
[35]. Also, the peaks of Mn observed in EDX spectra 
(Fig. 4(c)), confirms that synthesis of the MnO2 phase 
on the surface of the natural clinoptilolite zeolite was 
performed.

3.5. Study on phosphate adsorption by adsorbents

The sorption capacity of the adsorbate by porous 
materials such as zeolites strongly correlates with the 
surface area, porosity, pore size, and pore volume. The 
adsorption isotherms of phosphate by the Us-clino, 
MnO2-clino, and mordenite zeolites are shown in 
Fig. 5. As can be seen, the MnO2-clino and mordenite 
zeolites have a higher efficiency than the Us-clino in 
the phosphate adsorption; thus, these adsorbents were 
selected for investigation of phosphate adsorption.

3.5.1. The effect of contact time 

The different contact times in batch adsorption 
experiments of removal efficiency were investigated at 
different time values (1.5, 3, 5, 7, 10, 12, 15, 30, 60, 

and 120 min) to find the optimum adsorption time by 
MnO2-clino and mordenite zeolites, see Fig. 6. When 
the contact time was increased, the removal efficiency 
also increased because increasing contact time allows 
enough time for interaction between the phosphate and 
adsorbents. As can be seen, the adsorption capacity of 
mordenite improved compared to MnO2-clino zeolites, 
and the amount of phosphate adsorbed in all adsorbents 
increased rapidly, most likely indicating that physical 
adsorption occurred [36]. The removal efficiency 
remained stable as contact time increased and achieved 
the equilibration time. The findings of this study are in 
agreement with previous batch system literature [37]. 
The experimental data revealed that the percentage 
removal of phosphorus was 91.18% at 30 min and 
84.14% at 15 min of contact time for mordenite and 
MnO2-clino zeolites, respectively. As the experiment 
shows, the reaction was very close to equilibrium after 
120 minutes. So, to save time, 15 and 30 min were 
considered proper contact times.

3.5.2. The study of adsorbent dosage on phosphate 
adsorption 

The influence of adsorbent dosage at 0.0625, 0.0925, 
0.125, 0.25, 0.35, and 0.5 g on phosphate removal 
is displayed in Fig. 7. The experiment showed that 
when both absorbents increased adsorbent dosage, the 
phosphate removal increased because the surface area 
and adsorption sites increased. However, the phosphate 
removal did not increase when more adsorbent was 
added. This observation was due to excess adsorbent in 
the solution, as observed in other studies [37,38]. So, the 

Fig. 5. The removal efficiency (R%) of (1) Us-clino, (2) mordenite 
zeolites, (3) MnO2-clino, and (4) natural clino (initial concentration 
of phosphate of 50 mg.L-1, adsorbent dose = 5 g.L-1, contact time = 
30 min, pH = 7, and temperature = 298 K).

Fig. 6. The effects of contact time on removal efficiency by MnO2-
clino and mordenite zeolites (initial concentration of phosphate of 
50 mg.L-1, volume = 50 ml, adsorbent dose = 0.25 g, pH = 7, and 
temperature = 298 K).
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optimum adsorbent dosage was determined to be 0.25 
g considering the cost, treatment efficiency, and other 
factors. This operation factor was used in all subsequent 
experiments.

3.5.3. Effect of initial phosphate concentration

Fig. 8 shows various initial concentrations on 
the adsorption of phosphate used to determine the 
performance of adsorbents. As can be seen, at the low 
initial concentration, the adsorption rate increased. In 
other words, as the number of phosphate ions decreases 
in the low initial concentration, the competition for 
access to binding sites at the contact surface of the 
adsorbent is facilitated. So, the adsorption of these ions 
happens on higher energy sites, while increasing the 
ion concentration of phosphate causes these sites to be 
filled, and phosphate ions uptake on lower energy sites. 
Therefore, the adsorption rate decreases remarkably 
[31,37].

3.5.4. Studying phosphate adsorption reproducibility by 
the adsorbents
 

The percentage of phosphate adsorption, standard 
deviations, and relative standard deviations (RSD%) 
for four repeated experiments are given in Table 2. The 
obtained results show that the efficiency of the adsorbents 
in removing the phosphate from aqueous samples is 
good, and they are adsorbed more than 80% by the 
MnO2-clino and synthetic mordenite. Furthermore, this 

process is reproducible with an RSD% of 1.35 and 1.05 
for MnO2-clino and synthetic mordenite, respectively. 

3.6. Isotherm of adsorption

The initial and equilibrium concentration of 
the phosphate are essential parameters to explain 
the relationship between the adsorbed phosphate 
concentration and the concentration of the solution at 
equilibrium in isotherm models. In order to describe the 
adsorption characteristics, the Langmuir and Freundlich 
models were studied for the removal of phosphate 
ions of adsorbents. The monolayer adsorption on an 
energetically uniform surface is expressed by the 
Langmuir model. Also, there is no interaction between 
the adsorbed molecules. So, no more absorption 
occurs. The multi-layer adsorption is explained by the 
Freundlich isotherm.

The equations of Langmuir and Freundlich isotherm 
models are expressed as follows:

Ce / qe = (1/qm) Ce + (1/qm .b)	                                          (4)

ln qe = (1/n) ln Ce + ln Kf                                                         (5)

Fig. 7. The effects of adsorbent dosage on removal efficiency by 
MnO2-clino and mordenite zeolites (initial concentration of phosphate 
of 50 mg.L-1, volume = 50 ml, contact time = 15 and 30 min for MnO2-
clino and mordenite, respectively, pH = 7, and temperature = 298 K).

Fig. 8. Effect of initial concentration on the removal phosphate 
by MnO2-clino and mordenite zeolites (volume 50 ml, adsorbent 
dose  = 0.25 g, contact time = 15 and 30 min for MnO2-clino and 
mordenite, respectively, pH = 7, and temperature = 298 K).
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Table 2. Reproducibility Studies.

RSD
(%)

X ± SDNumber of experimentsAdsorbents

432  1

1.3583.39 ± 1.3682.984.8282.2283.62MnO2-clino
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where Ce is the equilibrium concentration in the 
solution, qe (mg.g-1) is the phosphate adsorption 
capacity at equilibrium concentration, and b and 
qm are Langmuir constants related to the energy of 
adsorption and adsorption capacity, respectively. The 
above parameters were computed from the intercept 
and linear gradient of graphs of Ce /qe and Ce  (Fig. 9) 
[39]. Also, the values of the Freundlich constant (Kf) 
and 1/n are obtained from the slope and the intercept 
of the plot of lnqe vs. lnCe (Fig. 9). The values of the 
isotherm parameters of Freundlich and Langmuir 
models, as well as the correlation coefficients for the 
adsorbents, are listed in Table 3. The Freundlich and 
Langmuir equation fitted the experiments because the 
correlation coefficients of Freundlich and Langmuir 
(R2) were 0.99 and 0.91 for synthetic MnO2-clino and 
mordenite, respectively.

3.7. The study of kinetics 

The batch kinetic adsorption results are helpful in 
designing adsorption systems and evaluating adsorption 
efficiency. Pseudo first-order, pseudo second-order, 
and particle diffusion kinetic models have been used 
to determine the adsorption mechanism of phosphate 
removal in optimal experimental conditions. The kinetic 
equations of pseudo-first-order, pseudo-second-order, 
and intra particle diffusion or particle diffusion models 
can be shown as Eqs. (6), (7), and (8) respectively.

Fig. 9. Linear Langmuir and Freundlich isotherms of phosphate adsorption onto (a) synthetic mordenite and (b) MnO2-clino.

ln (qe – qt) = ln (qe) – (K1.t)                                             (6)

t / qt = (1/(K2.qe
t )) + (t / qe)                                                (7)

qt = K3.t 0.5 + C                                                                (8)

where the phosphate adsorption capacity at equilibrium 
concentration (mg.g-1) is shown with qe, the amount of 
phosphate adsorbed at time t (mg.g-1) is shown with qt, 
and the adsorption time (min) is shown with t. The K1, 
K2, and K3 are represented for the pseudo-first-order 
rate constant adsorption (L.min-1), the pseudo-second-
order rate constant adsorption (g.mg-1.min-1), and the 
particle diffusion rate constant adsorption (mg.g-1.min-

0.5), respectively. Also, C (mg.g-1) is the intercept related 
to the thickness of the boundary layer [40,41]. Fig. 10 
shows the parameters for the three adsorption kinetic 
models as well as the correlation coefficients (R2) for 
adsorbents. The results of experiments carried out at 
298 K are summarized in Table 4. The table reveals 

Table 3. Isotherm parameters for adsorption of phosphate on syn-
thetic mordenite and MnO2-clino.

Freundlich isothermLangmuir isothermAdsorbents

R2n
(L.mg-1)

Kf

(L.g-1)
R2qm

(mg.g-1)
b

(L.mg-1)

0.992.693.800.9618.140.1346MnO2-clino

0.891.602.680.9126.950.09
Synthetic 
mordenite
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that the pseudo-second-order kinetic model was better 
fitted for MnO2-clino and mordenite zeolites because 
the amount of R2 is more than the models.

3.8. The comparison of the adsorption

The adsorption capacities of various adsorbents under 
different experimental conditions are presented in Table 
5. The adsorption capacities of MnO2-clino and mordenite 
zeolites used in this study were further compared with that 
of other adsorbents. Results showed the sorption capacity 
of MnO2-clino and mordenite zeolites are adequate for 
the adsorption of phosphate from an aqueous solution. 
The high sorption capacity of MnO2-clino and mordenite 
zeolites are attributed to more significant specific surface 
area and surface complexation [42,43].

4. Conclusions

In summary, the Us-clino, MnO2-clino, and mordenite 
zeolites were successfully modified by ultrasound 
energy, manganese dioxide, and synthesized under 
solvothermal conditions, respectively. These adsorbents 
were analyzed and characterized by XRD, SEM, 
EDXA, FT-IR, and BET techniques. The optimum 

Fig. 10. The pseudo-first-order, pseudo-second-order, and Intra-particle diffusion kinetics curves of phosphate adsorption onto (a) synthetic 
mordenite and (b) MnO2-clino.

conditions for removing phosphate using MnO2-clino 
and mordenite zeolites were determined at initial 
concentrations of 150 mg.L-1, with 0.25 g of adsorbent, 
and a contact time of 15 and 30 min, respectively. The 
maximum adsorption capacity for MnO2-clino and 
mordenite zeolites in optimum conditions for phosphate 
were 17.9 and 23.06 mg.g-1, respectively. The study 
results indicate that the sorption capacity of mordenite 
is higher than MnO2-clino because the surface area of 
mordenite is larger than MnO2-clino. In addition, the 

Table 4. Kinetic parameters for adsorption of phosphate on synthetic mordenite and MnO2-clino.

Intra-particle diffusionPseudo-second-orderPseudo-first-orderAdsorbents

R2CK2

(mg.g-1.min-0.5)
R2qe

(mg.g-1)
K2

(g.mg-1.min-1)
R2qe

(mg.g-1)
K1

(L.min-1)

0.894.121.240.998.850.01270.844.430.005MnO2-clino

0.936.610.440.999.20.0870.872.790.101Synthetic mordenite

Table 5. Comparison of maximum adsorption capacity of prepared 
adsorbents for phosphate adsorption compared with other adsorbents 
reported in the literature.

ReferenceAdsorption capacity
(mg.g-1)

Adsorbent

[44]16.09MgCl2-biochar

[45]11.45BS600

[46]14La-modified bentonite

[47]6.7La-doped vesuvianite

[48]7.45La-impregnated zeolite

[49]17.2La-incorporated porous zeolite

This work23.06Synthetic mordenite

This work17.9MnO2-Clino

(b)(b)(b)

(a) (a)(a)
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prepared adsorbents are low cost, non-toxic, and have 
the potential for phosphate adsorption from aqueous 
media. The Langmuir and Freundlich’s models were 
used to determine the adsorption isotherms, and the 
Freundlich and Langmuir equations fitted the synthetic 
mordenite and MnO2-clino, respectively. The kinetic 
analyses indicated that the adsorption process followed 
pseudo-second-order kinetics.
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