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Abstract 

The effect of the thermal treatment and Ca-modification on bentonite (Bent) and zeolite (Z) was investigated for 

the ability of phosphorus sorption. Bentonite and zeolite were characterized by X-ray  diffraction (XRD), X-ray 

fluorescence (XRF), Brunauer   Emmett   Teller   (BET) specific surface area, Fourier transform infrared (FTIR), 

scanning electron microscopy (SEM), and energy dispersive spectroscopy (EDX). The XRD analysis indicated 

that montmorillonite and clinoptolite were the main minerals in bentonite and zeolite, respectively. Bentonite and 

zeolite were exposed to calcination and hydrothermal treatments with CaCl2 (0.1M) at different temperatures 

(200, 400, 600, 800, and 1000
o
C) for 2 hr. The final reaction products were inspected, by XRD, FTIR, SEM, and 

EDX.The result of the thermal treatments was a significant loss of crystallinity and their structure in calcination 

than in hydrothermal treatments as a possible consequence of the increase of calcium ions and changing the Si/Al 

ratio. Further, batch equilibrium experiments were carried out at room temperature (25
o
C) for 24 hr to investigate 

the effect of thermal treatment of Bent and Z for their ability for phosphorus sorption. The removal ability of 

phosphorus decreased with the increasing temperature of the thermal treatment of the sorbents as a result of the 

decreases in pore volume, and surface area. Bent and Z hydrothermal treatments less than 1000
o
C indicated the 

enhancement effect of the calcium bending minerals on phosphorus removal ability. 
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Introduction  

Bentonite and zeolite are well-known, efficient, and 

environmentally-friendly sorbents (Westholm 2006; 

Ahmaruzzaman, 2008; Moharam and Jalali, 2013 and 

2015).  Bentonite is a dominant term used for 

smectite minerals. Smectites are 2:1 layer minerals, 

where have two silica tetrahedral sheets joined to 

central octahedral sheets. Montmorillonite is the 

dominating mineral composing smectite (Murray, 

2007). Bentonite has been used as a soil amendment 

especially, in sandy soils (Hilal and Helal, 2013; El-

etr et al., 2016). Because of its physicochemical 

characteristics, bentonite can be used in the 

remediation process (Bloom, 2000; Stagnaro et al., 

2012). Therefore, the consumption of clays as 

adsorbents for removing pollutants has been 

increasing attention due to readily available, low-

price, and Eco-friendly. Additional benefits for using 

clay as adsorbent materials are associated with 

intrinsic characteristics such as surface area, good 

physical and chemical stability, and a variety of 

structural characteristics (Kubilay et al., 2007; Chen 

et al., 2008). Also, clay minerals can be used as a 

chemical barrier that can attenuate hazardous 

pollutants migration and a physical barrier because of 

the adequacy of clay to swell, seal cracks (Sellin and 

Leupin, 2014). 

Zeolite is an aluminosilicate mineral composed of 

the tetrahedral framework, coordinated with mutual 

oxygen atoms. Zeolite has a porous and regular 

structure. Due to excellent sorption properties, large 

surface area, and high cation exchange capacity, 
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zeolites are commonly used for the purification of 

wastewaters, air purification, soil amendment, animal 

nutrition, aquaculture, heat storage and solar 

refrigeration, and catalysts (Wingenfelder et al., 

2005; Leggo et al., 2006; Salem et al., 2012; Gomah, 

2015;Nakhli et al., 2017).  

Mineral calcination has got wide attention due to 

its influence on mineral characteristics and its 

applications (Harvey and Lagaly, 2013; Claverie et 

al., 2015). Calcination is defined as the heating 

process to high temperatures in presence of air or 

oxygen (IUPAC, 1997). Temperature and time of 

calcination are accountable for activation of the 

aluminosilicate contents (Murat and Comel, 1983; 

Darweesh et al., 2007, Mara et al., 2016). 

Hydrothermal process denotes heterogeneous 

reactions in aqueous media above 100°C and 1bar. 

Hydrothermal processes take place in minerals 

formation by nature and industry of materials 

synthesis (O’Hare, 2001). The hydrothermal method 

has numerous privileges such as simplicity, better 

nucleation control, higher rate of reaction, highly 

crystalline, and better shape control (Yoshimura and 

Byrappa, 2008; Byrappa and Yoshimura, 2013). 

Effect of thermal treated and hydro-calcination on 

bentonite and zeolite has the attention with affecting 

their adsorption capacity. Substrates with high 

content of calcium have the potential to be 

phosphorus-removing absorbents (Kõiv et al, 2010; 

Vohla et al., 2011; Jowett et al., 2018). 

Reducing phosphorus concentrations in the 

environment and receiving water body is considered 

to be the most effective way to control nutrient 

contamination and water eutrophication. 

Eutrophication became a worldwide environmental 

thread and attracted the attention of scientists and 

governments. Persistent algal blooms in aqua and 

coastal areas could make many ecological, economic, 

and social threads. In Aqua ecosystems, phosphorus 

comes basically from point and non-point sources, 

such as industrial effluents, sewerage, and 

agricultural runoff, in addition to sediment flux 

(Xiong and Peng, 2008; Wei et al., 2008; Rentz et al., 

2009; Yin et al., 2011). 

Therefore, the purpose of this study was to 

compare and track the changes induced by 

calcination and Ca-modified by hydrothermal 

treatment with CaCl2 (0.1M)at various temperatures 

(200, 400, 600, 800, and 1000
o
C)on bentonite and 

zeolite properties, and their ability for phosphorus 

sorption.  

Materials and methods 

Materials  

Natural bentonite and zeolite were obtained from 

Egypt Company for Mining and Drilling Chemicals. 

Minerals samples were grounded and passed through 

a 0.5 mm sieve and kept in plastic jars for future 

analysis. 

Thermal and hydrothermal reactions were 

performed in the muffle in ceramic vessels. The 

thermal treatment was conducted by subjecting the 

minerals (bentonite and zeolite) to calcination in 

muffle at 200, 400, 600, 800, and 1000
o
C for a period 

of 2 h. Also, bentonite and zeolite were 

hydrothermally treated in a CaCl2 (0.1M) solution as 

a calcium source (1:50 w/v) and then heated for the 

same temperatures (200, 400, 600, 800, and 1000
o
C) 

for 2 h.  

Part of the calcination samples, 2.00g sample, was 

treated with 100 ml CaCl2 (0.1M)and shacked for 2h, 

and then washed and filtered for phosphorus sorption 

test. 

Materials characterization 

The crystal chemistry characteristics for bentonite 

and zeolite were conducted by X-ray powder 

diffraction (XRD), and X-ray fluorescence (XRF) 

spectroscopy on bentonite and zeolite samples. XRD 

was determined for bentonite and zeolite at original, 

calcined, and after hydrothermal states using X-ray 

Powder Diffraction-XRD-D2 Phaser Bruker 

(Germany) using the Cu Kα radiation ((λ=1.541 Å) at 

30 kV and 10 mA. The diffractogram was scanned 

from (2θ) 5 to 45◦. 
Bentonite and zeolite element composition was 

recognized by X-ray fluorescence spectroscopy 

(XRF) using Axios advanced sequential wavelength 

dispersive X-ray fluorescence Spectrometer (Malvern 

Panalytica) (Table 1). 

Emmett–Teller specific surface area (SSABET) for 

bentonite and zeolite were determined using N2-

adsorption isotherms (Beckman Coulter SA (TM) 

3100). Also, The Barrett–Joyner–Halenda (BJH) 

method from the N2 desorption isotherms was 

conducted for identifying the pore size distribution 

(Nader, 2015). 

The Fourier transform-infrared (FTIR) spectra 

were conducted for the raw bentonite and zeolite, as 

well as after calcination and hydrothermal treatment 

with CaCl2 (0.1M) at the range 400 – 4,000 cm
-1

 by a 

Fourier transforms infrared spectrometer (Infra-Red 

Bruker Tensor 37, German) applying KBr pellet 

method.  

Surface morphologies examination of bentonite 

and zeolite were performed by a Jeol IT-200 scanning 

electron microscope. Samples were covered with 

gold in a sputter-coating unit (JFC-1100E) before the 

examination. Scanning electron microscopy (SEM) 

images were gained at various magnification scales 

with different thermal treatments. 
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For energy dispersive X-ray (EDX) analysis, 

samples without gold coating were examined and the 

element surface percentage content was taken as an 

average of three examined fields. 

 

Batch studies 

A primary experiment was conducted to evaluate 

the phosphorus sorption ability of bentonite and 

zeolite before and after different thermal and 

hydrothermal treatments. A 0.50 g of the sorbent was 

added into 25 ml of the phosphorus solution (200 

mg/l) at pH 7.00 and was shaken at 200 rpm for 24 h 

at room temperature (25 
◦
C). The pH was adjusted by 

NaOH (0.1M) and HCl (0.1M). After equilibrium (24 

h), the suspensions were centrifuged, filtered 

(Whatman No. 42), and measured for P 

concentration. Concentration of phosphorus was 

measured colorimetric by molybdenumblue method 

at wavelength 882 nm using JENWAY 6105, 

UV/VIS spectrophotometer (Olsen and Sommers, 

1982). 

Results and Discussion 

Chemical composition and minerals phases 

The main compositions of bentonite and zeolite as 

identified by X-ray fluorescence spectroscopy (XRF) 

are presented in Table 1. Normally, SiO2 and Al2O3 

are the main compositions in bentonite and zeolite 

with other oxides (Table 1). The content ofAl2O3, 

Fe2O3, and Na2O in bentonite was higher than the 

content in zeolite. Otherwise, zeolite contents of 

SiO2, CaO, and K2O were higher than in bentonite. 

Zeolite has extensively various Si: Al ratios that 

could help in the recognition of separate species.  Si: 

Al ratio, in zeolite sample, equals 6.17 (≥ 4.0) which 

referred to clinoptilolite as indicated by XRD 

reflection (Snellings et al., 2003). The XRD 

reflections for bentonite and zeolite are shown in Fig. 

1 and 2. The XRD pattern showed that 

montmorillonite is the key dominant mineral phase 

for natural bentonite (El Refaey, 2021). Also, the 

presence of quartz, and calcite as impurities were 

identified (Fig.1). Obviously, clinoptolite; was the 

main mineral in zeolite composition (Seraj et al., 

2016) with quartz and cristobalite as impurities (Fig. 

2). 

Surface area and pore analysis 

Figure 3 illustrated the increase of the adsorbed 

amount of N2 with the rising of relative pressures 

(P/Po) between 0.1 and 0.9 for bentonite and zeolite. 

The obtained Brunauer Emmett Teller specific 

surface area (SSABET) of bentonite (44.78 m
2
g

-1
) was 

greater than zeolite (28.57 m
2
g

-1
). The desorption 

BJH pore size distribution for bentonite and zeolite is 

listed in Table 2. According to the International 

Union of Pure and Applied Chemistry (IUPAC), 

micropores are pores with less than 2 nm width; 

mesopores are 2 to 50 nm width, and more than 50nm 

for macropores (Rouquerol et al., 1994; Yahya et al., 

2015). From the available results, the pore diameter 

of < 6 nm, which is related to micropores was higher 

(81.71%) than bentonite (50.41%)(Table2). Zeolite 

has been reported as mainly meso-porosity formed 

from the space between crystal aggregates 

(Elaiopoulos et al., 2010; Seraj et al., 2016). The 

framework of bentonite and zeolite have a net 

negative charge because of the substitution of Al
3+

 

for Si
4+

 in the aluminosilicate tetrahedra, which is 

balanced by exchangeable cations in the mineral 

pores (Elaiopoulos et al., 2010; Seraj et al., 2016). 

 

TABLE 1. Main constituents of bentonite (Bent) and zeolite (Z) 

 

 

Main Constituents (wt%) 

SiO2 TiO2 
Al2O

3 
Fe2O3 MgO CaO Na2O K2O 

Bent 49.17 0.22 14.55 7.37 2.23 0.75 3.25 0.68 

Z 71.00 0.25 11.50 1.80 0.55 1.75 0.75 3.50 

 
Fig. 1.XRD patterns of bentonite (Bent), calcined, and 

hydrothermal (H) treatments with CaCl2(0.1M) ones at 200, 

600, and 1000oC 

(C: Calcite; M: Montmorillonite; Q: Quartz) 
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Fig. 2. XRD patterns of zeolite (Z), calcined, and hydrothermal 

(H) treatments with CaCl2(0.1M) ones at 200, 600, and 1000oC 

(C: Calcite, Cl: clinoptolite; Cr: cristobalite; Q: Quartz) 

 

XRD tracking results 

XRD analysis is a valuable tool for qualitative 

tracking of modifications in crystal structure 

produced by calcination and hydrothermal 

(Elaiopoulos et al, 2010). Dehydroxylation during 

calcination could convert clay minerals into a 

metastable state and the structure became a non-

crystalline metastable state (D'Eliaa et al. 2018, 

Erdemoğlu et al., 2020). As outlined by Grim and 

Guven (1978), the reactions could occur to smectite 

during calcination. Initially, all clays lose the pore 

water at 100 to 150°C, and with raising the 

temperature to 300
o
C and smectites lose the 

expanding characteristic. By raising the temperature 

between 450 to 700°C, the hydroxyl water from the 

lattice is lost. So, Bentonite with dominated 

montmorillonite mineral expected to the destruction 

of lattice structure and no shrinkage with the loss of 

hydroxyl water with increasing temperature above 

900
o
C (Grim, 1968; Grim and Guven, 1978). 

Change of the intensity of the dominant peaks in 

the XRD patterns could be used to estimate the 

modified and crystallinity loss of the minerals 

(Elaiopoulos et al, 2010). As increasing the 

calcination temperatures, the XRD pattern of 

bentonite showed a decrease in the intensity peaks of 

montmorillonite (Fig. 1). That could be due to 

dehydroxylation and collapse of the clay structure 

that turned into amorphous material.  

 

Fig. 3. N2-adsorption isotherms of bentonite (Bent) and zeolite (Z). 

TABLE.2 Desorption Barrett-Joyner-Halenda (BJH) pore size 

distribution for bentonite (Bent) and zeolite (Z) 

Pore 

diameter 

range 

 nm 

Pore volume  

Bent  Z 

ml g-1 %  ml  g-1 % 

< 6 0.02632 49.59  0.01255 12.28 

6 - 8 0.00330 6.22  0.00487 4.76 

8 - 10 0.00192 3.62  0.00364 3.56 

10 - 12 0.00234 4.41  0.00501 4.90 

12 - 16 0.00248 4.67  0.00690 6.75 

16 - 20 0.00273 5.15  0.00849 8.30 

20 - 80 0.01103 20.78  0.04780 46.75 

> 80 0.00295 5.56  0.01298 12.69 

Also, the XRD pattern showed diminish of 

carbonate mineral because of its decomposition by 

increasing calcination temperatures, however, 

carbonate thermally disassociated into CaO and CO2 

at 600–800
o
C (Zhang et al., 2019). While quartz peak 

in the XRD patterns was stabled with increasing the 

calcination and hydrothermal temperatures (Fig. 1). 

Calcination of zeolite would lower pores water 

content, as the destabilization of crystal latticework 

would decrease the porosity of the zeolite and thereby 

lower the amount of water being absorbed into the 

micropores and mesopores (Seraj et al., 2016). After 

calcination at 200, 600, and 1000
o
C, the XRD pattern 

for zeolites presented that the intensity peaks of 

clinoptilolite reduced significantly with increasing in 

calcination temperatures (Fig. 2). This reduction in 

crystallinity indicated the collapse of the mineral 

structure.  Also, calcite peak intensity was decreased 

as a result of mineral decomposition. Clearly, quartz, 

cristobalite, and were able to be stable with 
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increasing the calcination and hydrothermal 

temperatures (Fig. 2).  

On other hand, XRD results of hydrothermal 

treatments with CaCl2 showed in Fig. 1 for bentonite 

and Fig. 2 for zeolite with different temperatures 

(200, 600, 1000
o
C) compared with original minerals. 

Fairly, high temperatures (<1000
o
C) did not make 

significant changes in the structure of bentonite or 

zeolite compared with the original mineral as shown 

in Fig. 1 and 2. The presence of Ca
++

 ions could 

support the stability of the crystal structure upon 

heating. The framework Si/Al ratio and the ion-

exchangeable cations in hydrothermally 

dealumination suggested that playing a dominant 

factor, and could affect the structural stability and 

exhibit different dehydration behavior (Gonzalez-

Velasco et al.,2000; Elaiopoulos et al., 2010).  

The presence of CaCO3 peaks in both bentonite 

and zeolite after hydrothermal treatment at 1000
o
C 

could be a possibility small growth reform by in-situ 

reaction between the freshly-formed CaO with CO2 

in the environment and that could affect the porous 

structures (Zhang et al., 2019). 

FTIR analysis  

The FTIR spectra of bentonite, as well as zeolite, 

and after calcination and hydrothermal treatment by 

CaCl2 (0.1M) including the bands corresponding to 

stretching and bending vibrations, are shown in Fig. 4 

and 5. For bentonite FTIR spectra, the bands at 

3622.10 cm
-1 

and 914.78 cm
-1 

confirm the presence of 

dioctahedral smectite mineral with Al–OH–Al (Toor 

et al., 2015; Kumararaja et al., 2017).The band at 

3697.22 cm
-1

 was attributed to Al-Mg-OH stretching 

while vibration at 791.10 cm
-1

 confirmed the 

presence of quartzin the bentonite clays (Vieiraa et 

al., 2010). Also, vibration at 696.03 cm
-1

 was 

associated with Si-O-Al vibration (Ayari et al., 2007; 

Kumararaja et al. 2017; Al-Essa, 2018). The peaks 

at1034.16 cm
-1

, 532.75cm
-1

, and 468.33 cm
-1

 were 

assigned to the Si–O stretching vibration of bentonite 

mineral (Paluszkiewicz et al., 2008; Benhouria et al., 

2015; Kumararaja et al., 2017). The broad bands at 

3442.46 cm
-1

 and 1639.72 cm
-1

 are attributed to the 

stretching vibrations of O–H stretching in the 

bentonite (Toor et al., 2015; Shehata et al., 2016; 

Ravindra et al., 2017). The peak at1464.65 cm
-1

 

corresponded to C-H stretching (Pavia et al., 2009; 

Anirudhan and Ramachandran, 2015). 

The infrared spectra of zeolite showed that the 

peak at 1209.20 cm
-1

, 1059.63cm
-1

, 522.94cm
-1

, and 

465.47  cm
-1

 were the bending vibration peak of Si–O 

corresponds to the filosilicate structure (Li et al. 

2008; Paluszkiewicz et al., 2008; Benhouria et al., 

2015; Kumararaja et al., 2017). The stretching band 

of 730.23 cm
-1

 could be assigned to (CO3)
2–

group 

(Udvardi et al., 2014; Mroczkowska-Szerszeń and 

Orzechowski, 2018). The transmission at 675.12cm
-1 

and 607.38 cm
-1 

were related to Si–O–Al group 

(Salem et al., 2012; Ayari et al., 2007; Kumararaja et 

al. 2017; Al-Essa, 2018). The stretching vibration Al-

Fe-OH bending was located at 792.02 cm
-1

. The 

broad band’s at 3440.85 cm
-1 

and 1634.37 cm
-1 

attributed to the O–H stretching of interlayer water 

molecules in zeolite (Novaković et al., 2008; Toor et 

al., 2015; Shehata et al., 2016; Ravindra et al., 2017). 

 

 
Fig. 4. Infrared spectra of natural bentonite (Bent),calcined, 

and hydrothermal (H) with CaCl2 (0.1M) ones at 200, 600, and 

1000oC 

 

FTIR analysis could assist in tracking the changes 

of structural after the thermal treatments (Vieiraa et 

al., 2010). From the FTIR spectra results, it could be 

shown that there was a deviation in bands positions 

after thermal and hydrothermal treatments in both 

minerals. FTIR result suggests the displacement of 

water by thermal treatment. However, OH
–
 stretching 

vibrations and bands related to the presence of water 

molecules in bentonite and zeolite displayed 

decreased intensity and disappeared for others related 

(such as  3697.22, 3622.10, and 914.78 cm
-1

 for 

bentonite and 3624.08, 732.23, and 675.12 cm
-1

 for 

zeolite)  after the calcination  and hydrothermal 

process. That could point out the incident of 

dehydration and dehydroxylation by thermal 

treatments as indicated by XRD analysis. Also, it 

could be shown from FTIR analyses that peaks 

related to carbonate at 1464.66, and 1389.09 cm
-1

 in 
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bentonite and 732.23 cm
-1

 in zeolite disappeared with 

increasing thermal process. As reported by Cinku et 

al. (2014) and Zhang et al. (2019) and indicated by 

XRD analyses that carbonate thermally disassociated 

at 600–800
o
C. The bands assigned by the presence of 

quartz in both bentonite and zeolite (791.10 and 

792.02 cm
−1

, respectively) did not nearly modify 

their position after thermal or hydrothermal 

treatments (Fig. 4 and 5). 

 

 
Fig. 5. Infrared spectra of zeolite (Z), calcined, 

and hydrothermal (H) treatments with CaCl2 

(0.1M) ones at 200, 600, and 1000
o
C 

Scanning electron microscopy (SEM) 

The SEM images showed the surface morphology 

of bentonite and zeolite and its changes after 

calcination and hydrothermal treatments with CaCl2 

(0.1M)at different temperatures (Fig.6). SEM image 

demonstrates that bentonite has a clear plate with 

lamellar curly surface morphology (El Refaey, 2021). 

SEM of zeolite revealed the porous structure and 

rough surface with the uniform size distribution of 

the crystals. This could be expected because the 

precursors are shielded from aggregation during 

crystallization. The structure of bentonite and zeolite 

was significantly modified during the thermal 

treatment and the difference in morphology of natural 

bentonite and zeolite before and after calcination and 

hydrothermal treatments was clearly observed. 

Structural collapse was obviously visible with 

increasing the temperature of calcination than with 

hydrothermal treatments with CaCl (0.1M).  As it can 

be observed in Fig. 6, densest microstructure, more 

compacted, and reduced the interlamellar spacing is 

obvious with increasing the temperature and could be 

explained by changes in the pore structure as a result 

of removing of OH groups from the structure which 

could not be detected by x-ray diffraction analysis 

(Rossetto et al. 2009, Anadão et al. 2014; Nones et al. 

2015; Santos et al., 2019; Erdemoğlu et al., 2020). 

 

Fig.6. SEM photos of natural bentonite (Bent), zeolite (Z), the 

calcined and hydrothermal (H) treatments ones at 600, and 

1000oC 

 

 

 

EDX analysis  
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The molecular composition of compounds on 

bentonite and zeolite in natural, calcined, and 

hydrothermal treatments are shown in Fig. 7 for 

bentonite and Fig. 8 for zeolite. EDX analysis is 

recognized peaks of oxygen (50.85%), silicon 

(19.62%), aluminum (9.10%), carbon (7.13%), iron 

(5.61%), sodium (2.84%), calcium (1.24%), 

magnesium (1.18%), titanium (0.79%), and 

potassium (0.68%) as ingredient elements of 

bentonite (Table 3). On other hand, the percent of the 

main element at the surface of zeolite were oxygen 

(55.00%), silicon (27.90%), aluminum (5.88%), 

carbon (5.72%), calcium (2.79%), iron (1.19%), 

potassium (1.03%), and magnesium (0.48%) (Table 

4). As expected Si and Al oxides were the main 

elements. Also, EDX revealed a significant reduction 

of carbon contents with increasing temperature in 

calcination and hydrothermal treatments with Ca2Cl 

(0.1M) as a result of the dissolution of carbonate 

mineral with raising the temperature as indicated by 

XRD results in both bentonite and zeolite (Fig. 1 and 

2). Chloride percentage on the surface of bentonite 

diminished as a result of increasing temperature in 

calcination and hydrothermal treatments (Table 

3).With the increasing temperature of the 

hydrothermal treatment process, Na percentage 

diminished and indicated the increases of Ca
++

 ions 

on the surface of bentonite, on other hand, 

Ca
++

percentage increased at 600 
o
C for zeolite only 

and could explain P removal (Table 4). Si/Al ratio is 

one of the major parameters that monitor the 

deformation of the crystalline structure, where 

dealumination (decreasing of Al) can result in 

crystallinity loss (Kim et al., 2002; Lopez-Fonseca et 

al., 2003; Elaiopoulos et al., 2010). The Si/Al ratio 

increased with increasing temperature in calcination 

from natural mineral, 600 to 1000
o
C (for bentonite 

2.16, 2.41 and 3.01; and 4.74, 5.12, and 5.10 for 

zeolite) as indicating loss of crystallization and 

converting to amorphous state. Otherwise, Si/Al ratio 

accomplished with hydrothermal treatment of 

bentonite slightly increased (2.60), suggesting that 

the presence of Ca
++ 

ions could be a service of the 

stability of the crystal structure upon increasing 

temperature (Table 3).On other hand, Si/Al ratio 

accomplished with hydrothermal treatment for zeolite 

did not have aclear trend, but a lower Si/Al ratio 

was3.44 with hydrothermal treatment at 

600
o
Ccompared with others(Table 4). 

Effect of thermal and hydrothermal treatments on P- 

removal  

The effect of thermal treatments on phosphorus 

sorption ability compared to hydrothermal treatment 

with CaCl2 (0.1 M) for bentonite (Bent) and zeolite 

(Z) is shown in Fig. 9. As shown from the results, the 

sorption ability for phosphorus decreased with the 

increasing temperature of the thermal treatment of the 

minerals with the privilege for bentonite than zeolite, 

and hydro-calcination with CaCl2 (0.1M) than 

calcinated sorbents and calcination sorbents treated 

with CaCl2 (0.1M) (Fig. 9). 

 
Fig. 7. EDX spectrum of bentonite (Bent) and the 

hydrothermal (H) treatments ones at 600, and 1000oC 

TABLE  3  The element analysis of bentonite (Bent) and the 

hydrothermal (H) treatments ones at 600, and 1000oC by EDX 

technique of the selected points in Fig. 7 

Element Bent 
Bent 

600oC 

Bent 

1000oC 

Bent+Ca 

(H) 600oC 

Bent+Ca 

(H) 1000oC 

C 7.13 3.49 2.13 6.03 2.41 

O 50.85 49.70 51.54 49.16 48.49 

Na 2.84 2.36 2.87 -- -- 

Mg 1.18 1.15 1.23 1.17 1.18 

Al 9.10 8.73 8.57 9.40 11.23 

Si 19.62 21.01 25.76 21.19 25.41 

Cl 0.99 1.62 -- -- -- 

K 0.68 0.67 0.84 0.88 1.48 

Ca 1.24 4.53 0.49 2.78 2.65 

Ti 0.79 0.73 0.71 1.05 1.36 

Fe 5.61 6.05 5.88 8.34 6.48 

Si/Al 2.16 2.41 3.01 2.25 2.26 
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Fig. 8. EDX spectrum of zeolite (Z) and hydrothermal (H) 

treatments ones at 600 and 1000oC 

TABLE . 4 The EDX element analysis of zeolite () and the 

hydrothermal (H) treatments ones at 600, and 1000oC EDX 

technique of the selected points in Fig. 8 

Element Z 
Z 

600oC 

Z 

1000oC 

Z+Ca  

(H) 

600oC 

Z+Ca 

(H) 

1000oC 

C 5.72 2.91 1.61 2.58 4.44 

O 55.00 49.17 46.87 50.24 60.59 

Mg 0.48 0.55 0.53 0.78 0.50 

Al 5.88 6.78 7.39 8.38 5.59 

Si 27.90 34.66 37.71 28.80 26.04 

K 1.03 1.83 2.52 1.60 0.56 

Ca 2.79 3.17 3.38 3.28 2.31 

Fe  1.19 1.07 -- 5.34 -- 

Si/Al 4.74 5.12 5.10 3.44 4.66 

In general, As a result of the thermal treatments 

(200 to 1000
o
C), the structure of both bentonite and 

zeolite could be collapsed, destabilized and decreased 

pore volume, surface area, and interlayer water and 

that could affect its Premoval ability (Bojemueller et 

al., 2001; Mulder et al., 2008; Bertagnolli et al., 

2011; Nones et al., 2016; Seraj et al., 2016; Torres et 

al., 2017). Also, studying the charge position and 

hydration characterizations indicated the importance 

of layer-charge distribution by thermal treatment on 

the mobility of interlayer ions and binding preference 

(Liu et al., 2008). On another side, the results of the 

hydrothermal treatment indicated the role of the 

calcium-binding to sorbents on phosphorus removal 

capacity. Therefore, that could regulate the sorption 

of phosphorus by associatingwith Ca
2+

, as well as a 

stable nuclei source for the formation of Ca-

phosphates(Kõiv etal., 2010). However, the removal 

ability tends to reduce with increasing the heating 

rate and calcination time due to the pore damage, and 

the surface area decrease (Mara et al., 2016). Adding 

CaCl2 beforeHydrothermaltreatments could give 

more bounded Ca
++

to sorbents than adding CaCl2 

after calcination due to pores and surface area 

reduction. 

 
Fig. 9. Effect of thermal treatment for bentonite (Bent) and 

zeolite (Z) with and without CaCl2 (0.1 M) treatment compared 

to hydrothermal treatments (H) with CaCl2 (0.1 M) on 

phosphorus sorption capacity (µg/g) 
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For bentonite, there was a clear distinction trend 

between different treatments, and the sorption ability 

decreased from 387.6, 210, 56 µgP/gfor 

hydrothermal, calcination with CaCl2, and without 

CaCl2 at 200
o
C, respectively, to become (≤50 µgP/g) 

almost plate from 800 to 1000 
o
C. The same trend 

was observed for calcination zeolite and calcination 

zeolite treated with CaCl2 to decrease from 137 to 40 

µgP/g. otherwise, the removal ability peak of the 

hydrothermal treatment was 350 µgP/g at 600
o
C and 

decreased to 40 µgP/g at 1000
o
C. Increasing P 

removal ability at 600
o
C could be explained by 

stimulating the structure of zeolite at 600
o
C in the 

presence of Ca
++

 ions. Sorption of the phosphate ions 

by anion exchange could be affected by 

dealumination occurrence (Gonzalez-Velasco et al., 

2000; Elaiopoulos et al., 2010). As indicated by EDX 

analysis for Zeolite Ca-modification by hydrothermal 

treatment at 600
o
C, the surface Si/Al ratio decreased 

to 3.44 compared to other treatments. The changing 

of Al
3+ 

lattice could change the mineral charge 

balance (Sposito et al., 1999; Li and Schulthess, 

2020); mild structural dealumination could enhance 

activity sites (Rudham and Winstanley, 1994); beside 

high Ca
++ 

percentage subsequently influences the P 

removal ability. 

Conclusions 

The original bentonite and zeolite, and their 

products of thermal and hydrothermal treatment with 

CaCl2(0.1M) at different temperatures were 

characterized by mineralogical, element 

compositions, and morphological methods. The 

results showed that increasing temperature affects the 

structure of bentonite and zeoliteas a result of the 

dehydration and dehydroxylation process, indicated 

by the XRD, FTIR, SEM, and EDX analysis. These 

changes were less in the presence of calcium ions and 

changing the Si/Al ratioin hydrothermal treatments. 

All of these changes have affected the P sorption 

ability of bentonite and zeolite and their thermal 

treatment products. The sorption abilityof phosphorus 

decreased with the increasing temperature of the 

thermal treatment of the sorbents with the privilege 

for bentonite than zeolite, and Ca-modification by 

hydrothermal treatment with CaCl2 than calcinated 

ones and treated after calcination with CaCl2. 
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