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Abstract 

This study focuses on the production of mesoporous and microporous zeolites via fusion pre-treating fly ash with 
NaOH followed by hydrothermal treatment utilizing seawater. Three pretreatments for fly ash were carried out 
utilizing 1:1, 1.2:1, and 1.4:1 of NaOH:fly ash ratio to compare the removal efficiency for cadmium Cd(II), iron Fe(II), 
nickel Ni(II), and lead Pb(II) from artificially contaminated water. The impacts of several variables including 
concentrations, weights, pH, and contact times were examined to acquire knowledge on the adsorption rate.  X-Ray 
Diffraction (XRD), Scanning Electron Microscope (SEM), and Brunaauer-Emmett-Teller (BET) were utilized to 
investigate zeolite structures. N2 adsorption/desorption isotherms demonstrated that the synthetic zeolites were 
mesoporous and microporous materials with a higher specific area (347, 240, and 127 m2/g) than the values for raw 
fly ash (15m2/g). The X-ray diffraction outcome suggested that the synthetic products mainly belonged to phillipsite, 
carbonate cancrinite, and hydroxysodalite.  These outcomes showed that fly ash and seawater from power plants 
are appropriate for synthesizing high-quality zeolites. For contaminated water treatment, the products are effective 
for removal Cd(II), Fe(II), Ni(II), and Pb(II) at pH  7, contact time 45 min,  and dose 1 g/L. Zeolites recycling outcomes 
showed that the removal efficiency of investigated metal ions by Z1, Z2, and Z3 was reduced by an average of 7%, 
5%, and 3% after regeneration.  
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1. Introduction 

Water is an indispensable resource as God made from 

water each living thing. The genuine contamination of 

water is one of the critical reasons prompting the 

deficiency of water resources. Therefore, accelerating 

the legitimate use of water resources and a reasonable 

portion of sewage resources are significant approaches 

to lighten the deficiency of water resources.  There are 

numerous strategies for the removal of metal ions as, 

Cd(II), Fe(II), Ni(II), Sr(II), Cs(I), and Pb (II) from 

wastewater [1-5]. However, the greater part of the 

remediation approaches includes complex 

methodology, equipment, and significant expense for 

wastewater treatment. Among them, adsorption has 

been affirmed to be a low-price innovation with high 

proficiency. Subsequently, the advancement of low-

value adsorbents is the way to conquer the significant 

cost of removing heavy metals.  

Fortunately, fly ash (FA) is a by-product of thermal 

power plants produced in an immense quantity yearly 

[1,6, 7].  Every year, the amount of FA generated 

worldwide was about 750 million tons [8], of which 

more than twenty-five million tons in South Africa [9], 

and over a hundred and seventy (70) million tons in 

urban areas of China. In particular, FA is a 

heterogeneous compound characterized by three 

constituents that are minerals (quartz, mullite, lime, 

hematite, and magnetite), unburned coal particles, and 

prevalent amorphous aluminosilicate phase [6, 7, 10]. 

Fly ash is utilized for a wide of applications as a soil 
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stabilizer in a geotechnical application [11-15], 

construction material as an extender and pozzolan 

[16], and synthesis of zeolite for wastewater treatment 

[17].  

The similarity of composition between fly ash and 

zeolite, which is mainly SiO2-Al2O3-CaO-Fe2O3, 

makes it is possible to convert that ash to zeolite. 

Distinctive approaches have been utilized, the 

hydrothermal method by using an alkaline medium 

and with fusion pre-treatment at high temperatures for 

zeolite synthesis [18-25]. The distinctions concern 

solution/fly ash activation ratio, sort of solution, type 

and molarity of the alkaline agents, temperature, 

reaction time, pressure, and crystallization time. The 

use of seawater for zeolite synthesis is described in 

previous studies by Belviso [26] and Yanqing [27] at 

different temperatures and salinities.  

It is significant that all kinds of zeolites, whether 

natural or industrial, are imported from outside Egypt. 

So, the problem can be summarized that there is no 

sufficient study on the recycling of Egyptian fly ash 

for the production of zeolite. In addition, water 

shortage or scarcity is one of the major worldwide 

issues of this century. So, it is imperative to look for 

non-conventional sources of water to reduce the gap 

between water supply and demand.  

 

Therefore, this study aims to reuse Egyptian fly ash 

and high-temperature seawater produced from the 

cooling of the turbine in the thermal power plant in the 

production of zeolite, which has many uses, including 

treating contaminated water.  The objectives of this 

article were to investigate the impact of using different 

NaOH/FA ratios on the reaction that occurs during the 

synthesis of zeolites was investigated. The synthetic 

zeolite products were characterized and depicted by X-

Ray Diffraction (XRD), Scanning Electron 

Microscope (SEM), and Brunaauer-Emmett-Teller 

(BET) instruments. The synthesized products were 

applied on artificially contaminated water to 

investigate the effectiveness of removal of Cd(II), 

Fe(II), Ni(II), and Pb(II) ions at different 

concentrations, weights, pH, and times of contact. 

Finally, recovery experiments for the spent products 

were done. 

 

2. Materials and methods 

2.1. Reagents 

 Sodium hydroxide (NaOH), potassium chloride 

(KCl), HCl (36.0–38.0%), and HNO3 (65%) were 

purchased from Sinopharm Chemical Reagent Co., 

Ltd. Stock single standard solutions 1000 mg/L of 

aluminium Al(III), barium Ba(II), cadmium Cd(II), 

chromium Cr(III), copper Cu(II), iron Fe(II), 

manganese Mn(II), lead Pb(II), nickel Ni(II), and zinc 

Zn(II) of guaranteed grade pure were purchased from 

Merck (Merck, Darmstadt, Germany). In the 

laboratory, deionized water and analytical chemical-

grade were utilized for preparing all solutions. All 

plastic bottles were rinsed in 10% HNO3 solution, and 

then rinsed with deionized water.  

2.2. Fly ash collection 

 Egyptian fly ash was collected from Construction 

Research Institute (CRI), National Water Research 

Center (NWRC), Egypt.   

2.3. Fly ash characteristics 

A Pipette method was utilized for the identification of 

fly ash texture [29]. An extract with a ratio of 1 fly 

ash:5 water was left for 30 min for equilibration and 

then the extract was used for the determination of pH 

and EC. The oxidation method was utilized for organic 

matter (OM) determination [30]. Al2O3%, SiO2%, 

CaO, Na2O, TiO2, MgO, and K2O were estimated 

according to the American Society for Testing 

Material standard [30]. 

2.4. Laboratory analyses of water samples and 

Seawater characteristics: 

The seawater utilized in this investigation was 

gathered from the outlet of the Suez power plant and 

collected in a polyethylene bottle. The contaminated, 

treated water and seawater were preserved and 

analyzed relying on standard methods [28]. For major 

cations and heavy metals, the samples filtered by the 

filtration system through a membrane filter of pore 

size 0.45 µ and acidified with nitric acid to pH <2, to 

prevent any change in the chemical composition of the 

sample before the examination, and the other two 

bottles were free from any added substance. 

Major cations (calcium (Ca2+), potassium (K+), 

magnesium (Mg2+), and sodium (Na
+
), chloride (Cl-), 

sulphate (SO4
2-), were analyzed by ICS-1100 ion 

chromatography (Thermo Scientific, USA). 

 

Heavy metals (Al2+, Ba2+, Cd2+, Cr3+, Cu2+, Fe2+, Mn2+, 

Pb2+, Ni2+, and Zn2+) were predestined in water by 

utilizing Inductively Coupled Plasma-Optical 

Emission Spectrometry (ICP-OES) Dual View. 

Recovery for the heavy metals determined by ICP-

OES ranged between 95 and 102%. 

2.5. Synthesis of zeolite 

Fusion technique joined with hydrothermal treatment 

was performed for the zeolite synthesis relying on a 

modification Molina and Poole [21] method. In 

particular, 4 g fly ash was blended with various (1:1, 
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1.2:1, and 1.4:1) NaOH/fly ash ratios to get a 

homogeneous mixture for Z1, Z2, and Z3, 

respectively. After that, it was heated in a crucible at 

550 ◦C for 2 h. The fusion products were cooled then 

ground and dissolved in 45 mL seawater, and the 

mixtures were transferred into 100 mL reaction bombs 

followed by an aging process with vigorous shaking at 

room temperature for 12 hours. The mixtures were 

then crystallized under static conditions at a steady 

temperature of 45 oC for 48 hours. The solids were 

regenerated by vacuum filtration, washed a few times 

with deionized water, and then dried overnight at 105 
oC. This experiment was duplicated to contemplate 

study the process repeatability.  

2.6. Characterization (XRD and SEM)  

Zeolite Z1, Z2, and Z3 were identified utilizing X-Ray 

Diffraction (XRD), and scanning electron microscope 

(SEM). X-Ray Diffractometer (XRD, BrukerD8 

Advance, Germany) was utilized to determine the 

crystalline phases of synthesized products, utilizing 

CuKα as a radiation source (45 KV, and 250 mA, and 

scanning rate of 2o/min from 10 to 70o was performed. 

A software Joint Committee of Powder Diffraction 

Standards (JCPDS) and data published by Treacy and 

Higgins [31] were utilized to identify the crystalline 

phases. Morphology characterization for Z1, Z2, and 

Z3 synthesized zeolites was done after drying and 

coating (gold–palladium) by utilizing the PHENOM 

ProX desktop scanning electron microscope (SEM, 

AM Eindhoven, The Netherlands).  

2.7. Surface Area Measurements 

 The surface area analysis, pore-volume, and pore size 

of the prepared zeolites were estimated by Brunauer-

Emmett-Teller (BET, HitachiVP-SEM S-3400N, 

Germany) method.   

2.8. Adsorption experiments  

The initial metal concentrations, product dosage, 

contact time, and pH were examined to properly 

choose the optimizing conditions of the adsorption 

process. Artificial wastewater containing ions of 

Cd(II), Fe(II), Ni(II), and Pb(II) is prepared in Central 

Laboratory for Environmental Quality Monitoring 

(CLEQM). Wastewater samples were collected from 

the outlet of Suez Bay Industrial Wastewater 

Treatment Plant at Ataqa Region [32] and spiked with 

standard solutions for cadmium, iron, nickel, and lead 

(1000 mg/L) to utilize in the adsorption experiment. 

The adsorption of Cd2+, Fe2+, Pb2+, and Ni2+ by zeolite 

is investigated by discontinuous adsorption 

experiments, which were carried out thrice at a 

constant temperature of 25 °C and shaken at 120 rpm 

for 1 h.  

 Impact of initial metal ion concentration: The 

impact of various concentrations (20, 40, 80, 100 

mg/L) for solutions containing Cd2+, Fe2+, Pb2+, 

and Ni2+ on the efficiency of removal was 

investigated at fixed zeolites products dose (0.1 

g/0.1 L). The removal efficiency was calculated 

according to equation 1, where the initial (Ci) and 

final (Cf) concentrations of the studied parameters 

Cd(II), Fe(II), Ni(II), and Pb(II) [33]. 

    Removal efficiency  (%) = [
(Ci − Cf)

Ci
]  ×

 100                                                            (1)   

 Impact of dosage: The removal efficiency of 

synthesized zeolite products was examined by 

studying the application of different weights from 

the products (0.05 g, 0.1 g, 0.2 g, 0.4 g, and 0.8 g) 

on 0.1 L solution containing a concentration of 50 

mg/L. The adsorption capacity (qe) of the 

adsorbent zeolites Z1, Z2, and Z3, qe (mg metal / 

g dry adsorbent) can be calculated from equation 

2, where V (L) is the volume of solution and W 

(g) is the amount of dry adsorbent [24]. 

𝑞𝑒  =   (𝐶𝑖 − 𝐶𝑓)
𝑉

𝑊
    (2)  

 Impact of Contact time: The investigation did 

with a fixed product dose (0.1 g of prepared 

zeolites Z1, Z2, and Z3 / 0.1 L of 100 mg/L 

artificially prepared solution). All samples, in 

addition to the raw contaminated sample, were 

shaken for 15, 30, 45, and 60 min. 

 Impact of pH: Study pH effect on zeolite Z1, Z2, 

and Z3. Fixed products dose (0.1 g/ 0.1 mL) were 

utilized in various pH; 4, 7, 8, and 20, of 

artificially contaminated wastewater by 10 mg/L 

Cd(II), Fe(II), Ni(II), and Pb(II) were researched. 

0.01M HCl and 0.01M NaOH solutions were 

utilized to modify the pH values of the 

contaminated water samples.  

2.9. Regeneration of zeolites 

Successive adsorption/desorption investigation 

was done (5 trials).  Recycling of zeolites was 

carried out by chemical treatment; in which 

zeolites were washed gently with 1 M KCl, to 

remove the desorbing metal ions from its surface, 

then rinsed with deionized water to eliminate any 

leftover KCl and then dried at 80 oC [34].  In final, 

the recycled and originally synthesized zeolites 



L.A. Ibrahim and E. E. ElSayed  
____________________________________________________________________________________________________________ 

________________________________________________ 

Egypt. J. Chem. 64, No. 7 (2021) 

 

 

3804 

were exposed to artificially contaminated water 

by 100 mg/L Cd (II), Pb(II), Fe(II), and Ni(II) for 

performance evaluation. 2.10. Statistical analysis 

The analyses were done thrice for all experiment. 

SPSS, ver. 15, 2006, statistical model was utilized 

to estimate the mean values and relative standard 

deviation (RSD) through this study. 

Fig. 1. Sketch diagram showing the methodology of preparation of mesoporous zeolite products Z1, Z2, and Z3  

3.Result and discussion 

3.1. Characteristics of fly ash and seawater  

Fly ash utilized in this investigation has a dark gray 

color; this color is commonly ascribed to elevated 

unburned carbon content. The data indicated that fly 

ash was alkaline, with pH 10.28 ± 0.01. Organic matter 

content was 1.37±0.006 %. The result of texture 

analysis showed that fly ash samples comprise fine 

sand (26.44%±0.03), clay (16.30%±0.02), and silt 

(57.26%±0.03) indicating that fly ash was silt loam 

texture [35]. 

The particles are generally spherical in size 10 µm as 

shown in Fig. (2). The results indicated that the 

untreated raw fly ash particles are cenospheres hollow 

spherical with a relatively smooth surface texture. The 

physical properties and chemical compositions of the 

raw fly ash utilized in the zeolite preparation appeared 

in Table 1 and Fig. 3, respectively. The SiO2/Al2O3 

ratio of the ash is approximately 2.02, demonstrating 

that this type of ash is favorable for use as a raw 

material for low Si zeolite synthesis [36]. Moreover, 

the fly ash also has lower Fe and Ca content (4.9% 

Fe2O3 and 3.41% CaO). The presence of Fe indicates 

the presence of magnetite which acts as inert material 

for zeolite synthesis but calcium acts as an inhibitor in 

the case of the formation of calcium silicate. 

The chemical compositions of seawater used in the 

preparation of fly ash are outlined in Table 2. The 

average values for TDS, EC, calcium, potassium, 

magnesium, and sodium are 60.39 mS/Cm, 42280 

mg/L, 394 mg/L, 135 mg/L, 3785 mg/L and 27333 

mg/L, respectively. The abundant Na+ cations in the 

seawater act as a trigger for the ordered arrangement 

of the zeolite structure [27]. The cations in the solution 

play an important role in attacking the silicon and 
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aluminium contained in the starting material and in 

balancing the zeolite structure [27] 

.Fig. 2. SEM image for raw fly ash (10 µm, 13000x). 

Table 1 

 The physical variables of the raw fly used for zeolites synthesis. 

 

 Metal oxide Amount (wt%±SD)   Metal oxide Amount (wt%±SD)  

pH (dimensionless) 10.28 fine sand  26.44±0.03 

Organic matter 1.37±0.006 clay  16.30±0.02 

LOI  0.85±0.04 silt  57.26±0.03 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. Chemical composition (mean±SD) of the raw fly ash utilized in zeolites synthesis. 
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Table 2 

 Physical and chemical parameters of seawater used for zeolites synthesis.

Parameters Concentration (mg/L) Parameters Concentration (mg/L) 

pH (dimensionless) 7.4 Sulfate 2070 

Alkalinity  142 Aluminum 0.012 

EC 60.39 (mS/cm) Barium  0.031 

Calcium 912 Chromium 0.005 

Magnesium 236 Copper  0.041 

Potassium 131 Iron 1.34 

Sodium 12510 Manganese 0.21 

Chloride 19214 Zinc   0.01 

Sulfate 2070 Cadmium 0.002 

The mechanism of the zeolite formation process in our 

study includes three stages of zeolite formation which 

are the primary amorphous phase, nucleation or 

secondary amorphous phase, and zeolite crystal 

growth [37]. The reaction between NaOH and the 

principal component of fly ash (mullite and quartz) 

results in the formation of silicate and aluminate via 

damaging the crystal structure, reactions 1 & 2. The 

formation of aluminate and silicate doesn’t happen 

when utilizing a small amount of NaOH, while a 

higher amount of NaOH caused micro-cracks on the 

particle [38]. Most of the Si and Al components remain 

in the amorphous aluminosilicate phase because the 

dominant crystal growth of zeolite prohibits zeolite 

nucleation. Also, NaOH reacts with silicon and 

aluminium in a subsequent hydrothermal reaction 

which in turn enhances the precipitation of 

geopolymers (gel) [38, 39].  

In the final stages of synthesis, the secondary 

amorphous phase is converted into crystalline zeolite 

because of the progressive and continuous chemical 

reaction between the eluted ions (seawater) and the 

surface of the amorphous aluminosilicate phase. The 

chemical reactions 1,2, & 3 are as follows [19, 39]: 

2 𝑁𝑎𝑂𝐻 + 𝑆𝑖𝑂2  
𝑓𝑢𝑠𝑖𝑜𝑛
→     𝑁𝑎2𝑆𝑖𝑂3 + 𝐻2𝑂    (1) 

10𝑁𝑎𝑂𝐻 + 3𝐴𝑙2𝑂3. 2𝑆𝑖𝑂2
𝑓𝑢𝑠𝑖𝑜𝑛
→     2𝑁𝑎2𝑆𝑖𝑂3 + 6𝑁𝑎𝐴𝑙𝑂2   +  5𝐻2𝑂     (2) 

 𝑁𝑎𝑂𝐻(𝑎𝑞) + 𝑁𝑎[𝐴𝑙(𝑂𝐻)4](𝑎𝑞) + 𝑁𝑎2𝑆𝑖𝑂3
→ [𝑁𝑎𝑥(𝐴𝑙𝑂2)𝑦 . 𝑁𝑎𝑂𝐻.𝐻2𝑂] (𝑔𝑒𝑙) →

 𝑁𝑎𝑝(𝐴𝑙𝑂2)𝑝. (𝑆𝑖𝑂2)𝑞 . ℎ𝐻2𝑂 (𝑐𝑟𝑦𝑠𝑡𝑎𝑙)        (3) 

This chemical reaction is mediated by Na+ cations in 

the homogeneous solution. The abundant Na+ cations 

in the seawater act as a trigger for the arrangement of 

the zeolite structure. The cations in the solution play 

an important role in attacking the silicon and 

aluminum contained in the starting material and in 

balancing the zeolite structure.  

3.2. Characteristics of the synthesized products 

The synthesized zeolite Z1, Z2, and Z3 were portrayed 

by XRD and SEM. The XRD pattern for zeolites Z1, 

Z2, and Z3, which have been synthesized at different 

dosages of NaOH/ash ratios = 1, 1.2, and 1.4, 

respectively, are represented in Fig. 4. The data of our 

investigation was compared with the data reported in 

the literature by Treacy and Higgins [31]. In Fig. 4, the 

presence of diffraction peaks at 2Ɵ=29.4 o, which 

decrease in the order of Z2› Z1 = Z3 revealed the 

presence of CaCO3. 

For Z1, the XRD peak appeared at 2Ɵ= 11.69 o refers 

to Na-X but the peak at 21.67o refers to Na-P1 [31]. 

The primary peaks appeared at 2Ɵ= 12.36o,  27.8 o, 

30.3 o, 32.5o,  34.7o, 35.6 o, 40.51o, 41.95o, 43.37o, and 

45.29o, angle degree confirmed the presence of 

phillipsite mineral [K2Ca1.7Na0.4(H2O)13.5] 

[Si10.6Al5.3O32] [31]. The small zigzag peaks that 

appeared in Fig. 4 refer to the presence of amorphous 

material, while the strong peaks represent full 

crystallization. The result verified the transformation 

of zeolite X to a more stable phillipsite mineral in the 

monoclinic phase [40] as a result of Zeolite Na-P1 of 

increment co-solvent ratio. Therefore, the outcomes 

showed that using NaOH as activators to fly ash with 

a 1:1 ratio for synthesizing zeolite indicated that 

mainly zeolite phillipsite, Na-P1, and Na-X have been 

synthesized similar to the findings of Querol et al. 

[41].  

  

XRD pattern of the sample Z2 is identified by primary 

peaks at 2Ɵ= 15.3o, 26.84o, 27.4o, 30.08 o, 32.8o, 33.4°, 
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35.7o, 36.92o, 39.76o, 42.7o, indicating the appearance 

of carbonate cancrinite [Na6Ca2 Si6Al6O24 

(CO3)2..2(H2O)] according to Treacy and Higgins[31] 

and JCPDS (A software Joint Committee of Powder 

Diffraction Standards) No. pdf # 1-71-776 [42]. 

Concerning the calcium oxide (CaO) recognized in the 

starting material (raw fly ash) which probably gave 

rise to calcite (CaCO3) during the oven drying process. 

The presence of XRD reflections appointed to 

cancrinite demonstrated the crystallization of Al and 

Si species and reaction with CaCO3 (present in the fly 

ash) to form carbonate cancrinite, Reaction 4 [42].  

Sodalite was identified by distinctive reflection at, 

14.02o, 24.4o, 32o, and 49.8o (2Ɵ) degrees. This 

preferential crystal growth of sodalite in seawater may 

be attributed to the lower activation energy required 

for nucleation. While the small peaks indicate the 

presence of calcium silicate hydroxide 

(Ca4.5Si6O15(OH)3·2H2O).  

3𝐴𝑙2𝑂3. 2𝑆𝑖𝑂2. 𝐻2𝑂 + 𝐶𝑎𝐶𝑂3 + 6𝑁𝑎𝑂𝐻 →
 𝑁𝑎6𝐴𝑙6𝑆𝑖6𝑂24(𝐶𝑎𝐶𝑂3)2𝐻2𝑂 + 4𝐻2𝑂 (4) 

The XRD primary peaks of Z3 mineral appeared at 

diffraction peaks centered at 2Ɵ=14o, and 24.5o angle 

degree refer to hydroxysodalite 

[Na8Al6Si6O24(OH)2(H2O)2] according to Treacy and 

Higgins[31] and JCPDS No. pdf # 1-72-2329 [42]. 

While the primary peaks appear at 2Ɵ = 21.7o, 27.34o, 

32.85o, 35.32o, 40.08 o, 41.6o, 42.85o, 44.75o, and 45.7o 

demonstrated the appearance of cancrinite 

[Na7Ca0.9(CO3)1.4(H2O)2.1][Si6Al6O24] according to 

Treacy and Higgins [31] and JCPDS No. pdf # 1-71-

776) [42]. The presence of XRD reflections assigned 

to cancrinite and hydroxy-sodalite results from the 

consumption of carbonate and the hydroxy-sodalite 

started to crystallize, Reaction 5 [42].  

3𝐴𝑙2𝑂3. 2𝑆𝑖𝑂2. 𝐻2𝑂 + 8𝑁𝑎𝑂𝐻 →
 𝑁𝑎8𝐴𝑙6𝑆𝑖6𝑂24𝑂𝐻2 + 2𝐻2𝑂        (5) 

 

It was observed that the increase in sodium hydroxide 

in the synthesis reaction was determinant in the 

formation of a new phase, the cancrinite, due to the 

higher alkalinity of the medium, which facilitated the 

dissolution of both the initially formed zeolitic phase, 

the sodalite, and the other compounds present in the 

sample so that the elements were available for this 

phase transformation. Probably, when submitted to 36 

h of treatment, a reversible reaction occurred that 

caused the dissolution of the cancrinite phase. Similar 

findings by Reyes [43], had also obtained similar 

results in which sodalite was transformed and 

cancrinite zeolite. Where the authors stated that a 

longer reaction time promotes a more efficient 

dissolution of the starting materials, and characterized 

by an increase in the intensity ratio of the sodalite and 

cancrinite XRD peaks. The authors also affirmed that 

there is difficulty in distinguishing the peaks and 

quantifying the phases of sodalite and cancrinite 

because in XRD analysis there is an overlap of these 

peaks due to structural similarity. The cancrinite phase 

is formed through the dissolution of sodalite and 

subsequent precipitation in the form of cancrinite 

zeolite, considered to be chemically more stable than 

sodalite [20]. 

Finally, Fig. 4 indicates that the ratio NaOH/ash 1:1.4 

shows better crystallization of the zeolite followed by 

1:2, and 1:1.1.  

 

The surface area of fly ash and the synthesized Z1, Z2, 

and Z3 samples were depicted by 

N2 adsorption/desorption isotherms (BET), Fig. 5. The 

nitrogen adsorption-desorption isotherms of the 

synthesized zeolites Z1, Z2, and Z3 are identified as 

type IV  following the International Union of Pure and 

Applied Chemistry (IUPAC) classification, Fig. 5. 

This type of physisorption isotherm is characteristic of 

mesoporous (2–50 nm) adsorbents for Z1 and 

microporous (less than 2 nm) for Z2, and Z3 [44], 

which is favorable for the ion exchange process 

because it affords more access sites for sorbate cations 

to approach the inner mesoporous and micropores 

within the zeolite structure [45]. As seen from Table 3, 

the most crystalline material Z3 has a micropore 

volume of 0.282 cm3/g followed by Z2 material (0.183 

cm3/g) and Z3 ( 0.140 cm3/g). 

As displayed in table 3, fly ash has a 15 m2/g specific 

BET surface area. Whereas, the measured specific 

surface area for zeolite Z1, Z2, and Z3 was found to be 

127.56 m2/g, 346 m2/g, and 127.56 m2/ g, and the 

average particle radius was seen to be 1.52 nm, 1.62 

nm, and 2.21 nm, respectively.  The treatment of fly 

ash by NaOH increases the surface area of the particle 

by up to 8, 16, 23 times that of the raw fly ash. The 

high BET surface area for the synthesized zeolites Z3 

> Z2 > Z1 is preferable for providing large adsorption 

capacity, so it means that zeolite may be used as an 

adsorbent of many pollutants like heavy metals, 

radionuclides, etc.   

 

Recognizing the role of the surface on catalytic 

activity, the surface morphology of the synthesized 

zeolite was evaluated using SEM. The SEM images of 

the samples Z1, Z2, and Z3 (NaOH/ash ratios = 1, 1.2, 

and 1.4, respectively) indicate the existence of the 

sample as a porous material, which is one of the 

important characteristics of a heterogeneous catalyst. 

In comparison to Fig. 2., the absence of the spherical 

particles indicates the high conversion of fly ash to 

crystalline zeolite on the hydrothermal method. The 

crystal structure of the synthesized zeolite was with 

different particle sizes and morphology, which can be 
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attributed to the difference in the preparation of 

synthesis solution NaOH/ash ratios. After consuming 

NaOH the rest fly ash retained the initial spherical 

morphology of the fly ash, but the sphere surface 

became much rougher. 

 

    

Fig. 5. N2 sorption isotherms for the hydrothermal alkali-activation products of Egyptian fly ash prepared with 

NaOH/ash ratios = 1, 1.2 and 1.4, for Z1, Z2, and Z3, respectively. 

 

Fig. 4.  X-ray diffraction spectroscopy (XRD) pattern of the synthesized zeolite samples Z1, Z2 

and Z3 prepared with NaOH/ash ratios = 1, 1.2 and 1.4, respectively. 
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Table 3 

Brunauer–Emmett–Teller (BET) analysis for raw fly ash and synthesized zeolite products using different ratios of 

NaOH/ash. 

 

  BET Surface area Average particle size Total pore volume 

Raw fly ash 15 m²/g - - 

Z 1 127.569 m²/g 2.21005 nm 0.140967 cc/g (cm3/g) 

Z2 240.607 m²/g 1.52396 nm 0.183337 cc/g (cm3/g) 

Z3 346.592 m²/g 1.62892 nm 0.282285 cc/g (cm3/g) 

Z1, Z2, and Z3 are the synthesized zeolite at NaOH/ash ratios = 1, 1.2, and 1.4, respectively. 

Fig. 6 represents the morphology of Z1 at different magnifications. The images (A & B) produced at low 

magnification (200 x and 800x) indicated the presence of 

clusters of different sizes and shapes as a result of 

particle agglomeration. Further, increased magnification 

to 6000 x (C) illustrated that the two different shapes of 

the grains can be distinguished, i.e. distorted octahedral, 

and cubic crystals. These crystal shapes are more 

evidently displayed by the image obtained at the highest 

magnification (21000x  and 24000x)  which 

demonstrated distorted octahedral crystals (growth of 

crystals parallel in three dimensions) for zeolite Na-x, 

fibrous of Na-P1, and cubic crystals from phillipsite 

arranged into elongated stubby laths. In the same 

manner, different crystal shape of zeolite-X crystal was 

reported by [46]. In this respect, different crystal shapes 

of zeolite-X are probably associated with Na-P1 and 

phillipsite. 

Fig. 7 for Z2, the image produced at low magnification 

(1000 x) indicated the presence of                                                      

clusters, while the magnification to 2000x, 4000x, 7000x 

and 13 000x produced an image with three different 

shapes of the grains. The highest magnification at 25 

000x illustrated three crystals which are 

pseudohexagonal of hydroxysodalite zeolite, crystals 

with noodle-like of cancrinite, and amorphous species of 

calcium silicate. According to [47], cancrinite formed as 

more tiny hexagonal needles in the lepispheres. 

Fig. 8 represents the morphology of Z3 at different 

magnifications. The image produced at low 

magnification (200x, 800x, 3000x, and 6000x,) indicated 

the presence of clusters of different grains with different 

sizes and shapes. The highest magnification (21000x and 

24000x) indicated crystals with noodle-like cancrinite, 

and elongated rhombohedra crystals of hydroxysodalite 

are present. 
Fig. 6. SEM images of zeolite Z1 (NaOH/ash ratios 

= 1.4) with different magnifications (A) 100 x; 

(B) 200 x; (C) 6000 x; (D) 12 000 x; (E) 50 000 x, 

and (F) 100 000 x. 



L.A. Ibrahim and E. E. ElSayed  
____________________________________________________________________________________________________________ 

________________________________________________ 

Egypt. J. Chem. 64, No. 7 (2021) 

 

 

3810 

  

 

3.3. Adsorption Studies  

The take-up of heavy metals on synthesized zeolites 

has been widely examined [45]. Most investigations 

considered it as a cation exchange process amongst 

metal cations present in water and cations in the zeolite 

shape [45].  The scientific community also proposed 

the adsorption of metal ions results from the surface 

reaction amongst metal cation and hydroxyl groups on 

the zeolite framework [45]. The reaction can be 

represented in the next equations (6-9). Whereas 

equations (6-8) address the surface reaction and charge 

combination, and Equation 9 addresses the ion 

exchange mechanism. M’(z) is the metal cation 

(generally  

Na+ or Ca2+) in the zeolite structure. MOH+ is the 

hydrolyzed divalent metal cation (M2+) in the aqueous 

solution. 

𝑛 𝑆𝑖 − 𝑂𝐻 + 𝑀𝑛+   ↔  (𝑆𝑖 − 𝑂)𝑛 −𝑀 + 𝑛𝐻
+  (𝟔) 

𝑆𝑖𝑂− + 𝑀𝑂𝐻+  ↔ 𝑆𝑖𝑂𝑀𝑂𝐻                                  (𝟕)  

𝑛𝑆𝑖𝑂− + 𝑀𝑛+  ↔ (𝑆𝑖 − 𝑂)𝑛 −𝑀                       (𝟖) 

𝑛𝑀𝑂𝐻+ + 𝑀′(𝑧) ↔  𝑀𝑛(𝑧) + 𝑀
′𝑛+ + 𝑛𝑂𝐻−  (𝟗) 

Fig. 7. SEM images of zeolite Z2 (NaOH/ash 

ratios = 1.2) with different magnifications (A) 

100 µm, 1000 x; (B) 50 µm, 2000 x; (C) 30 µm, 

4000 x, (D) 10 µm, 7 000 x; ((D) 10 µm, 13 000 x;. 

and (E) 5 µm, 25 000 x.  

Fig. 8. SEM images of zeolite Z3 (NaOH/ash 

ratios = 1.4) with different magnifications (A) 

200 x; (B) 800 x; (C) 3000 x; (D) 6000 x; (E) 12000 

x, and (F) 24000 x. 
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Factors affecting the removal efficiency of elements 

from aqueous solution were examined to properly 

choosing the optimum parameter for simultaneous or 

synchronous adsorption process.  

3.3.1. Effect of initial metal ion concentration on 

metal ion uptake by zeolite  

Fig. 9 shows the efficiency of synthesized zeolite Z1, 

Z2, and Z3 as an adsorbent for Cd(II), Fe(II), Pb(II), 

and Ni(II) in simultaneous adsorption experiments for 

a concentration range of 20–100 mg/L. The outcomes 

of Fig. 8 demonstrated that the percent of removal 

increases as the concentration of metal ions Cd(II), 

Fe(II), Pb(II), and Ni(II) decreases. Whereas, the 

mechanism of metal ions uptake particularly relying 

on their initial concentration; at low concentrations, 

metal ions are adsorbed by specific active sites on 

zeolite Z1, Z2, and Z3 products, while with increasing 

metal ion concentrations the specific sites are 

somewhat saturated. For Z1, Z2, and Z3, the decline in 

the removal efficiency followed a trend of Pb(II)> 

Cd(II) > Ni(II)> Fe(II). This could be inversely 

proportional to the hydrated ionic radii as 4.01 Å for 

Pb(II) < 4.04 Å for Ni(II) < 4.26 Å for Cd(II), <  4.28 

Å for Fe(II),). This means that the smaller the ionic 

radius, the more closely and strongly is the ion 

adsorbed [19, 45]. Because the smaller cations have 

more chance to pass through the micropores, 

mesopores, and channels of the synthetic zeolites [24, 

48]. 

Fig. 9.  Effect of initial metal ions on adsorption of (Cd(II), Fe(II), Pb(II), and Ni(II)) by zeolite products Z1, Z2, 

and Z3. 

3.3.2. Impact of the initial weight of adsorbent 

zeolite products  

In Figs. 9 and 10, the removal rate and adsorption 

capacity of Cd(II), Fe(II), Pb(II), and Ni(II) change 

with the amount of zeolite added. As illustrated by the 

adsorption curve, when the amount of zeolite 

increments from 0.5 g/L to 8 g/L, the removal rate of 

Cd(II), Fe(II), Pb(II), and Ni(II) increased linearly, 

Fig. 10. This is because with the increase of the 

amount of zeolite, adsorption sites increment, bringing       

about a fast increment in the removal rate of Cd(II), 

Fe(II), Pb(II), and Ni(II) [49]. However, the content of 

Cd(II), Fe(II), Pb(II), and Ni(II) in water is limited, 

with the increase of the amount of zeolite, an 

enormous number of abundance adsorption sites will 

definitely lead to adsorption capacity decline, Fig. 10. 

After that, the removal rate of Cd(II), Fe(II), Pb(II), 

and Ni(II) increment slowly with the increase of the 

quantity of zeolite. When the amount of zeolite 

increases to 1 g/L, the removal rate for Cd(II), Fe(II), 

Pb(II), and Ni(II) by for Z1, Z2, and Z3 stabilizes at 

less than 70-92, 83-95, and 86-95%, While the 

adsorption capacity is 35-46, 42-48, 43-48 mg/g, 

respectively, Fig. 11. Additionally, extreme crowding 

or grouping of zeolite particles causes interference on 

adsorption sites. Finally, in view of the thought of 

saving the amount of zeolite and ensuring the removal 

effect of Cd(II), Fe(II), Pb(II), and Ni(II), the amount 

of addition utilized in the following examination is 1 

g/L with adsorption capacity 40 mg/g. 
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Fig. 10. Effect of zeolite addition (Z1, Z2, and Z3) on removal efficiency (%) of Cd(II), Fe(II), Pb(II), and Ni(II) 

from wastewater. 

Fig. 11. Effect of zeolite addition on adsorption capacity (mg/g) of Cd(II), Fe(II), Pb(II), and Ni(II) by zeolite 

products Z1, Z2, and Z3. 

3.3.3. Impact of contact time 

The estimation of the ideal time is a significant 

variable in a wastewater treatment system. Overall for 

a given concentration, the amount of Cd(II), Fe(II), 

Pb(II), and Ni(II) ions adsorbed increments quickly 

with time in the beginning, then non-linearly reduce at 

a slower rate and finally attain saturation at 

equilibrium time, which is relying on concentration for 

every adsorbent ion, Fig. 12. For Z1, Z2, and Z3, at 15 

to 30 min, the removal rate and adsorption capacity of 

Cd(II), Fe(II), Pb(II), and Ni(II) increased rapidly; 

however, at 30 to 45 min, the removal rate of Cd(II), 

Fe(II), Pb(II), and Ni(II) increment very slowly and 

reached equilibrium somewhere between 45 and 60 

min. Finally, the ideal time for removal Cd(II), Fe(II), 

Pb(II), and Ni(II) by zeolite Z1, Z2, and Z3 is 45 min.
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Fig. 12. Effect of contact time on adsorption of Cd(II), Fe(II), Pb(II), and Ni(II)) by zeolite products Z1, Z2, and 

Z3. 

3.3.4. Impact of pH 

 One of the most principal parameters in the adsorption 

investigation that influence the adsorption behaviour 

of Cd(II), Fe(II), Ni(II), and Pb(II) in water is pH. 

Adsorption of different metal ions on the synthesized 

zeolite products Z1, Z2, and Z3 was studied at pH 4, 

7, 8, and 10 values to optimize the maximum metal ion 

removal. The progressions of Cd(II), Fe(II), Pb(II), 

and Ni(II) removal rate with pH appear in Fig. 13. At 

the point when the pH of the solution is 4 the removal 

rates for Cd(II), Fe(II), Pb(II), and Ni(II) are 78, 63, 

80, and 69% for Z1, but for Z2 are 79, 70, 84, and 78%, 

and 92, 82, 96, and 87% for Z3, respectively. Because 

at low pH, there is a large amount of H+ in the solution 

that preempts the adsorption site with Cd(II), Fe(II), 

Pb(II), and Ni(II)  and forms competitive adsorption 

and for this, the rate of removal for these ions by Z1, 

Z2, and Z3 is low [45]. By increasing the pH to 7, the 

removal rate increments quickly, and reaches 90, 81, 

99, and 94% for Z1, while 90, 83, 99, and 95% for Z2, 

and 98, 96, 99, and 97% for Z3, respectively.  

However, increasing pH from 7 to 8, and 8 to 10 the 

removal rates showed non-linearly slower rate and 

attained saturation. Because, when the pH value 

increments and the alkaline environment 

predominates, the hydroxide ion OH– in the solution 

can easily react with Cd(II), Fe(II), Ni(II), and Pb (II) 

to form Cd(OH)2, Fe(OH)3, Ni(OH)2, and Pb(OH)2 

precipitate, respectively [45]. At this time, not only the 

adsorption of synthetic zeolite to Cd(II), Fe(II), Pb(II), 

and Ni(II) but also the precipitation of hydroxide. 

Finally, to investigate the adsorption of synthetic 

zeolite to each of Cd(II), Fe(II), Pb(II), and Ni(II) and 

eliminate the impacts of competitive adsorption and 

precipitation, the pH of the examination solution was 

chosen as 7.0. 

Fig. 

13. Effect of pH on adsorption of (Cd(II), Fe(II), Pb(II), and Ni(II)) by zeolite products Z1, Z2, and Z3.  

3.4. Regeneration of spent zeolites 

The most significant issue in wastewater treatment is 

the regeneration of spent adsorbent materials [34]. 

Regeneration is an alternative to disposal for spent 

zeolites [34]. The regeneration removes the 

contaminant from the spent zeolites, after repeated 

reuse of adsorbent for adsorption/desorption cycles (5 

trials) in the treatment. The outcomes demonstrated 

that the removal efficiencies for Z1, Z2. and Z3 were 
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reduced by average 7%, 5%, and 3% after 

regeneration, Fig. 14.  1 M KCl could adjust the 

mineral structure by replacing ions originally present 

in the mineral zeolites (mono-, divalent cations) with 

K+ ions in the desorbing KCl solutions to improve the 

mineral performance during the recovery cycles. 

Besides, the increment of metal take-up could be 

ascribed to the development of complexes among 

chlorides and metals. Specifically, during the 

desorption interaction chloride ions could be captured 

in the cavities of zeolites. The difference in the 

adsorption between the Z1, Z2, and Z3 could be 

attributed to the surface area which decreases in the 

following order Z3<Z2<Z1. 

 

Fig. 14. Percentage of removal efficiency (RE%) Cd(II), Fe(II), Pb(II), and Zn(II) removed from wastewater by 

synthesized zeolites Z1, Z2, and Z3 before (Syn) and after regeneration (Reg). 

 

4. Conclusion 

Different Zeolite structures synthesized via fly ash and 

sodium hydroxide (NaOH) have good adsorption 

affinity for Cd(II), Ni(II), Fe(II), and Pb(II) from 

artificially contaminated water. The conditions of 

synthesizing zeolite Z1, Z2, and Z3 are fusion reaction 

conditions of 550 °C for 2 hours, NaOH:FA = 1:1, 

1:1.2, and 1:1.4, Si/Al = 2.02, and hydrothermal 

treatment conditions of 45 °C for 48 h. The outcomes 

demonstrated that the change in NaOH ratio to fly ash 

resulted in an effect on the produced phase, crystallite 

size, and morphology. From the SEM, XRD, and 

Brunauer-Emmett-Teller (BET) analyses of the zeolite 

products conducted, the optimum ratio NaOH/CFA for 

zeolite synthesis is in a specific order 1:4> 1:1 > 1: 1. 

N2 adsorption/desorption isotherms demonstrated that 

the synthetic zeolites were mesoporous and 

microporous materials with a higher specific area 

(347, 240, and 127 m2/g) than the values for raw fly 

ash (15m2/g). The X-ray diffraction result suggested 

that the synthetic products mainly belonged to zeolite 

phillipsite, carbonate cancrinite, and hydroxysodalite. 

The optimum condition for removal of Cd(II), Fe(II), 

Pb(II), and Ni(II) from the water was pH 7, contact 

time 45 min,  and 1 g/L dose of Z1, Z2, and Z3 

products. The maximum adsorption capacity for Z1, 

Z2, and Z3 products was in the range 46-47 mg/g. The 

adsorbed Cd(II), Fe(II), Pb(II), and Ni(II) ions  by 

zeolites Z1, Z2, and Z3 can be eluted utilizing 1M KCl 

solution. 

Further investigations are needed to identify the 

efficiency of removal for the physical and chemical 

properties of wastewater by synthetic zeolites and 

conduct an on-site pilot-scale study. 
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