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Abstract 

The current work is devoted to investigate the zeolitization ability of locally available volcanic rock with alkali-
Andesitic composition (AR), using the conventional hydrothermal technique under mild lab conditions of 1.0M 
NaOH, 140 oC, and a duration of 1-3 days. The obtained product was a zeolite mixture (ZM) containing, Zeolite-
W (synthetic analogue of Merlinoite zeolite (MER), Epistilbite (EPI), Zeolite-X (ZX), and Analcime (ANA). The 
efficiency of the formed ZM was tested as a novel inexpensive adsorbent for the removal of malachite green 
(MG) dye from contaminated water. The chemical composition and phases of the original rock and its alternative 
product mixture were investigated by XRF, XRD, SEM, EDAX techniques. To increase the removal efficiency, 
effecting parameters on adsorption process were investigated and optimized by batch design of experiments 
approach. Results indicated that, the adsorption isotherm was following Langmuir model with 91.66 mg/g a 
maximum adsorption capacity and the adsorption kinetics was most appropriately explained using pseudo-
second-order model. Furthermore, the investigation of applying Dubinin Radushkevich has indicated that, the 
adsorption of MG is a physical process. Thermodynamics studies predicted an endothermic and spontaneous 
nature for the adsorption.   

Keywords: alkali-Andesitic-rock; Hydrothermal route; Synthetic Zeolites; Zeolite-W; Epistilbite;  Analcime; 
Zeolite-X; Dye removal.  

1. Introduction 

With the rapid rate of industrial development, the 

environment gets affected by many pollutants, 

produced within the manufacturing activities. A large 

quantity of water is used for various processing 

wherein effluents contaminated with organics, toxins 

and heavy metals are being continuously discharged 

into water resources and soils. This results in 

deficiency of oxygen because of growth of 

unnecessary organisms 1. Synthetic dye is one of 

those effluents that has increased consumption 

amounts in the industrial procedures, because of its 

vast applications as in paint, cosmetics, textile, paper, 

printing, leather, plastics, electroplating, wool and 

pharmaceutics 2. Dyes molecules in water can cause 

mutagenicity, carcinogenicity, and kidney 

dysfunction, liver, brain, reproductive system and 

central nervous system 3. Malachite green dye (MG) 

is an organic cationic dye which is intensively used in 

the paper formulation, ceramics production, leather, 

textile industry, food coloring and cell staining. Its 

disinfecting action facilitates its normal use as anti-

bacterial and anti-fungal agent in aquaculture 

industry against parasites, as well as, in the treatment 

of scratches on fish bodies4. Despite of all the 

benefits, MG and its reduced forms can be highly 

toxic, carcinogenic, and mutagenic due to the 

presence of the nitrogen in its structure 5. This 

particular composition can cause serious effects on 

liver, kidney, intestine and gonads of aquatic 

organisms. Therefore, MG application was restricted 

in many countries in aquaculture industry. In the 

https://dx.doi.org/10.21608/ejchem.2022.114237.5195
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same context, the complex chemical structures of 

dyes resulted in environmental resistance to 

degradation thus, cost-effective and highly efficient 

technology of adsorption has widely been applied to 

treat dye-containing wastewater6. 

 Zeolites (Z) are hydrated porous, aluminosilicate, 

inorganic solids with high crystallinity, made up of 

tetrahedral [SiO4]4 and [AlO4]5 units, linked via 

oxygen atoms in an infinite 3D framework 7. Those 

valuable materials are used as adsorbents, ion 

exchangers and catalysts 8. Additionally, Zeolites 

have an economic aspect since they are inexpensive 

with large natural abundance, with non-toxic effects, 

and possessing high surface area 3. Zeolites are found 

naturally in the mineral resources or can be prepared 

synthetically from Si and Al precursors. Natural 

zeolites (Examples; Clinoptilolite, Faujasite, 

Analcime, phillipsite, Heulandite, etc..) were found to 

show good efficacy in adsorbing malachite Green 

(MG) in aqueous solutions 9. Although having the 

ability for water treatment, natural zeolites have 

many disadvantages containing; mixed type presence 

with heterogenous porosity, impure nature, not mined 

in many countries, and expensive if imported. Thus, 

production of zeolites from available local Si&Al-

sources can help effectively in finding a synthetic 

alternative with feasible cost.  Synthetic zeolites were 

used successfully in treating wastewater containing 

dyes; 3A zeolite (synthetic Z) was able to eliminate a 

significant amount of Rhodamine B and MG from 

environmental water samples,10; zeolites prepared 

from two types of metakaolin were positively used 

for adsorbing methylene blue, safranin, and MG from 

aqueous solutions 11.  

Due to multiple industrial and environmental 

needs, several methods for obtaining Z from different 

sources of silicon and aluminum were exploited 12. 

Sustainable routes are withdrawing all the attention 

for being environmentally of non-harmful paths and 

using cost effectiveness in its formation. 

Hydrothermal processing is a very attractive method 

that usually applied for the precursor (raw sources, 

solid wastes, etc.) conversion into Z valuable 

products 13. Table 1 shows some of the published data 

for the same zeolite-types obtained in the current 

work, their starting materials, preparation conditions 

and applications are also given.  

Andesite is a grey volcanic rock named in 

reference to the Andes Mountain where it is 

dominated. Naturally, it exhibits fine-grained (very 

fine particles) or porphyritic (contains large crystals 

in very fine matrix) texture with a chemical 

composition of 50-60% silica, about 5% of K2O+ 

Na2O alkalis, CaO contents of 6-7 %, along with 

some MgO and Fe-oxides 35. Mineralogically, it 

contains andesine and oligoclase as plagioclase 

feldspars, one or more of the dark ferromagnesian 

minerals such as pyroxene and biotite. Sometimes, 

many gas bubbles were left after the solidification of 

lava (volcanic magma), those voids are often filled 

with later mineralization, usually zeolites 35. 

 Generally, Andesite rock was commonly used in 

architecture, construction of roads and sculptures, 

making tiles, landscaping and monuments formation 

due to its known heat and frost resistant ability 36. 

Meanwhile, porphyritic-type andesite, named as 

“wheat rice stone” (WRS) has shown adsorption 

ability and bioactivity due to vesical porosity and 

cation dissociation. Therefore, WRS was extensively 

used in treating water and ammonium-rich swine 

waste 37. Regardless of its porous nature, andesite 

maintains limited, differently-sized and non-

uniformly distributed voids, which hindered its 

specific industrial use. Hence, the rock conversion 

into zeolites with definite and even porous structure 

in the nano-scale-size can certainly widen its 

application at very low cost, especially in the field of 

wastewater treatments such as dyes and heavy 

element removal 38. Zeolites prepared from natural 

and/or chemical ingredient have been utilized in 

water purification, some of which are given in the 

previous Table 1.  

 

Merlinoite (MER) is a rarely-found natural zeolite 

mineral that was originated in different geological 

conditions, especially in the massive volcanics and 

intrusive marine sediments. Its typical chemical 

formula is given as; (K, Na)5(Ca, Ba)2Al9Si23O64 · 

23H2O, or K6 Ca2 Na [Al11 Si21 O64].22H2O 39. 

Zeolite W is the synthetic analogue of the natural 

Merlinoite which has been prepared from various 

precursor gels of different chemicals and natural 

rocks such as rhyolitic pumice 40. It possesses small-

pores and its channel system is constructed from 3D 

interconnected 8-membered ring (8 MR) pores and 

has intermediate composition of 2<Si/Al<541. 

Synthetic zeolite W has been applied as a membrane 

for gas separation, catalyst support, fertilizer in 

agriculture field, and ion-exchange material 15-16, 42. 
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Zeolite type  Starting material  conditions        Application Ref. 
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NaAlO2 
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Removal of CO2 

From Industrial  

Exhaust gas stream.  

30 

Diatomite + NaOH + Al (OH)3  110°C/ 3-5h   - 31 

Diatomite + NaOH+ NaAlO2 + 

thiourea 
90°C /20h removal of Cd2+ 

 
32 
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33 
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silane, glutaraldehyde solution + 

(NH2OH・HCl) 
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Epistilbite (EPI), is also a small pore-size zeolite, 

it has a two-dimensional 8 × 8 pore architecture 43. 

This zeolite possesses a system of channels with pore 

openings dimensions of 0.37 nm ×0.45 nm and 0.36 

nm × 0.36 nm in [001]and [101] directions, 

respectively. Maximum diameter of a sphere that can 

be included in the EPI voids is 0.547 nm; diameters 

of the spheres that can diffuse along the channels in 

the [100] and [101] directions are 0.362 nm and 

0.348 nm, correspondingly. The chemical 

composition of this alkaline-earth zeolite is (Ca, 

Na2)3(Al6Si18O48).16H2O with a Si/Al ratio close to 3 
44. Dominant cation for EPI zeolite is always Ca2+, it 

comprises 65% to 90% of the non-framework 

cations; Ba2+ and K+ are minor components in all the 

analyses 44. Epistilbite is poorly studied zeolite with 

few numbers of registered patents which proposed its 

possible uses. It may serve as de-NOx catalyst that 

provides superior NO control performance without 

substantial changing or affecting the hydrocarbon 

conversion during the FCC process 45 or 

functionalized silicate nanoparticles to remove the 

asphaltene particles46. This zeolite, among others, is 

recommended as activating additive in the cleaning 

liquid 47. 

Analcime (ANA) zeolite is the smallest-pore 

zeolite with Si/Al ratio of 1.8-2.8, pore opening of 

0.26 nm in diameter, and a channel dimension of 0.42 

x 0.16 nm. ANA shows a compact and dense 

structure compared to all zeolites, the idealized unit 

cell has Na16Al16Si32O96·16H2O composition 48; its 

complex structure, indicates corner sharing [ SiO4] 

and [ AlO4] tetrahedron, in manner of irregular 

channels and some cavities occupied by the 

exchangeable Na-ions in the crystal lattice 40. 

Analcime is usually of cubic symmetry, but can also 

be of orthorhombic and tetragonal ones. The unit cell 

contains 4-,6-, and 8-membered oxygen rings that 

build three, non-intersecting channels 49. Every Na+ is 

surrounded by 4 oxygen ions and 2 water molecules, 

which results in a distorted octahedron 50. Analcime 

displays a variety of applications in technology, 

especially in selective adsorption in wastewater 

treatments 23-24 and heterogeneous catalysis 51. 

Analcime is also successfully used as fertilizer 

dispenser in agriculture 52, in the nano electronic field 
53, in stomatology, i.e. in ceramics for denture 54. 

Zeolite X (ZX) is a member in the aluminosilicate 

molecular sieves (industrial zeolites) with Faujasite-

type structure (FAU), high-Si/Al-ratio, and a typical 

formula of (Ca, Mg, Na2)29 (H2O)240| [Al58Si134O384]. 

FAU Framework implies 24 tetrahedra 

(cuboctahedra) units (sodalite cages), arranged in the 

unit cell in a manner likes that of the carbon atoms in 

diamond assembly. They are connected via 

hexagonal prisms (double six rings) in a 3D porous 

channel structure. It maintains 12 oxygen ring 

window openings with 8 Ẩ aperture and 12 Ẩ super 

cages 55.The structure exhibits large surface area, 

wide channels, and cages with large openings which 

results in large adsorption capacity with good 

cationic exchange properties 56. ZX has been utilized 

in drug delivery, wound healing and studies on 

endocytosis 57, as well as, in CO2 selective 

adsorbency from gas streams, and pre-purification of 

air for industrial air separation 30. Due to the excellent 

cavities and pore openings, ZX has obtained much 

attention in the fields of catalysts58, ion exchanger, 

molecular sieves, adsorbents59. 

The current study aims at investigating the 

feasibility of converting an inexpensive and locally 

available natural resource (Andesitic rock) in the 

synthesis of zeolites using an easy and simple method 

(Conventional hydrothermal treatment), using the 

alkali effect of caustic soda at relatively low 

temperature of 140 oC for 1-3days. The efficiency of 

the synthetic product will be tested in the removal of 

Malachite green dye from waste water. The chemical 

and mineralogical composition of the original rock 

and that of the synthetic zeolite mixture are to be 

examined, parameters affecting the adsorption 

process will be optimized and the thermodynamic 

parameters are to be discussed, as well. 

 

2. Materials and Methods 

2.1. Chemicals and materials 

(A) For zeolite preparation, the starting material, 

Andesite rock, was supplied by Egyptian mineral 

resources authority, as a massive hand specimen. 

Sodium hydroxide pellets (98.6% NaOH) and 

Malachite green (MG) dye C23H25ClN2, molecular 

weight: 364.91 from (Sigma-Aldrich) 99% (dye 

content). Potassium Mono-basic KH2PO4, Molar 

mass 136.09 g/mol, (98.0-100.5%), Potassium di-

basic K2HPO4 Molar mass 174.18 g/mol, (98.0-

100.5%) and Calcium Chloride molecular Formula 

CaCl2.2H2O, Molar mass 147.02 g/mol (99.0-

103.0%) were purchased from Panreac. 

 

2.2. Zeolite Synthesis 

Figure 1 shows the flow chart for the 

hydrothermal processing used for the synthesis of 
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zeolite phases from Andesitic rock. In a typical lab 

work, the rock powder of particle size <40 µm was 

treated with 1.0 M NaOH solution, the use of the 

least alkali concentration is to benefit from the 

natural alkali and alkaline-earth cations contents 

maintained in the original rock composition. The 

batch constituents were stirred for 7 days at 700 rpm 

and room temperature to dissolve the rock powder 

and formation of Si and Al precursor slurry or fresh 

gel. About 50 ml of the prepared slurry was placed in 

a locally manufactured, 125 ml Teflon-lined 

stainless-steel vessel, and heated at temperature 140 

ºC for 1-3 days. The treated samples were then 

collected, washed severally with distilled water using 

centrifugation at 4000 rpm for solid/liquid separation. 

Solid product was then collected and dried overnight 

at 140 ºC for phase characterization testing. 

 

 
Figure (1): Schematic presentation of the andesite rock-batch 

Zeolite conversion via hydrothermal method. 

 

2.3. Adsorption testing (Adsorption batch 

experiments) 

The batch experiments were carried out according 

to Mittal et al. 60 to study the efficiency of the 

prepared material in eliminating the MG dye from 

aqueous solution.  The optimal conditions for the 

removal processes, such as solution pH, zeolite dose, 

initial concentration of M.G, contact time, ionic 

strength and temperature were investigated. Batch 

experiments were achieved at room temperature by 

the addition of known weight of zeolite product into a 

number of 100 ml glass conical flasks, sealed with 

aluminum foil on a rotary shaker at 250 rpm, 

containing 50 mL of MG solution in deionized water. 

The effect of pH was conducted to by shaking 0.2g of 

zeolite product at different pH values from 3 to 10 

with 50 ml of MG solution 10 μg/l for 15 min. pH 

values was adjusted by phosphate buffer solution and 

0.1 M HCl or 0.1 M NaOH. The effect of adsorbent 

dosage was conducted by adding desired amounts of 

zeolite product 0.01, 0.025, 0.05, 0.1, 0.2, 0.3, 0.4 

and 0.5 g at the optimal pH pH 7 with 50 mL of the 

M.G solutions (10μg/l) in distilled water. To 

investigate the effect of M.G concentration, 

experiments were processed by adding 0.2g of zeolite 

product at optimal pH pH 7 to 50ml of MG solutions, 

having different MG concentrations of 2, 5, 10, 15, 

20, 30, 40, 50, 70, 90,100,120,150,300,400,600,800 

and 2000 mg/l. Equilibrium time was conducted by 

shaking 0.2g of zeolite at optimum pH and MG 

solutions of 800 mg/l in distilled water for different 

time intervals of 5, 10, 60, 90, 120, 150, 

180,210,240,300 and 320 min. To investigate the 

effect of temperature, thermodynamic experiment 

was conducted at optimal pH 7.0 for, optimal 

concentration 800 mg/l for, optimal adsorbent dose 

0.2g at equilibrium time of 120 min for different 

temperatures of 35, 45 and 52 °C. To examine the 

effect of ionic strength, experiments were done at 

different concentrations of CaCl2 of 0.01, 0.05, 0.1, 

0.3, and 0.5 M, at optimum conditions that mentioned 

previously.  It is noteworthy that the percent removal 

of malachite green dye (% Removal) at different PH , 

zeolite dosage (g), different concentrations of 

malachite green dye (2-2000 mg/l),  time (5-320 min)  

and different concentrations of NaCl2 (0.01- 0.5 M) 

was estimated using Eq. (1)   
   

%Removal (R %) = (Co−Ce) 100/Co          (1) 

Where, Co (mg/l) is the initial concentration of 

malachite green dye solution, Ce is the residual 

concentration of malachite green dye Moreover, the 

effect of different concentrations of malachite green 

dye (2-2000 mg/l) has been studied as the adsorption 

capacity of the adsorbent at equilibrium (Qe, mg/g) 

was measured using Eq. (2). 

Qe   = (Co-Ce) v/m                                     (2) 

 

Where, Ce (mg/l) is the concentration of malachite 

green dye solution at equilibrium.  

 

2.4. Characterization techniques 
 

The chemical composition of the rock precursor 

was studied using Wavelength Dispersive X-Ray 

Fluorescence Spectroscopy; Axios advanced, 

sequential WD XRF spectrometer, PANalytical 2005. 

The identification of rock and product phases were 

done via X-ray diffraction instrument, BRUKUR D8 

ADVANE with secondary monochromatic beam 

CuK radiation at keV = 40 and mA = 40 was applied. 

The diffraction charts and relative intensities are 
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obtained and compared with ICDD files. Whereas, 

the surface morphologies and the internal 

microstructures were studied using SEM (Quanta 250 

FEG, Field Emission Gun) attached with EDX Unit, 

with accelerating voltage 30 kV (FEI, Netherlands).  

For the adsorption batch experiments, pH meter 

model (Hach, Sension1) equipped with reference 

electrode was used to adjust the solutions pH.  The 

following equipmentes were also used; rotor shaker 

with 15 position model (THERMO, SHKE2000) 

supported with timer, Analytical balance with four 

digits (Sartorius), Oven (Binder), Centrifuge model 

(Hermle, Z206A) for solid/liquid separation at 6000 

rpm, water bath (Memmert) for solution temperature 

adjustment, and a Spectrophotometer model (analytik 

jena, specord 205 wavelength range (190:1100 nm). 

 
 

3. Results and Discussion 

3.1. Rock characterization 

The XRF testing of the andesitic rock revealed the 

following oxide ingredients as the main constituents 

(in weight %); 44.80 SiO2, 16.30 Al2O3, 13.70 Fe2O3, 

11.20 CaO, 6.89 MgO, 1.59 Na2O, 1.16 K2O, 1.27 

TiO2, 0.16 P2O5, 0.08 SO3, 0.18 MnO, and some 

minors comprising; NiO, SrO, Cr2O3, Co3O4, CuO, 

ZnO &Cl of 0.31%, whereas, the L.O.I was 2.36% of 

the total rock weight.  Notably, the high percentage 

of alkali-cations (Ca, Na, K, Mg, etc.) reflected the 

alkali-rich nature of the andesitic rock. It is worth 

mentioning that, the utilization of such precursor is 

costly- effective in respect to zeolite production 

owing to the fact that, the hydrothermal preparation 

of zeolites usually involves a step of alkali- rock 

treatment. 

Table 2 and Figures 2 are presenting the 

mineralogical composition and internal 

microstructure for the parent andesitic precursor, as 

given by XRD and SEM testing, respectively.  As can 

be noticed from Figure 2A, the XRD diffraction 

pattern reflects a poor-crystallinity of the starting 

material where all phases were of reduced peak 

intensities. In the same time, Figure 2B presents the 

SEM micrographs of the rock internal texture where, 

very few large fragmented crystals (phenocrysts) are 

scattered within a fine-grained glassy groundmass, 

mostly of the same chemical composition of those 

crystals. In general, the amorphous mode of the 

volcanic rocks typically specifies a sudden or rapid 

cooling of the molten volcanic magma (Lava). This 

usually indicates poor developing textures with minor 

amounts of fine crystalline phases (H, A, C & Q in 

this case) resulted in unfavorable crystallization 

conditions of insufficient gradient cooling an/or 

duration.  The SEM result agrees well with the XRD 

finding of having incomplete and low intensity set of 

peaks for all detected phases, Figure 2A. 

 

Table 2: Mineral composition of Andesite rock. 

Ref. Card Mineral Name Chemical Composition 

00-045-1371 Magnesiohornblende, ferroan Ca2 (Mg, Fe+2)4 Al (Si7Al) O22 (OH, F)2 

00-041-1481 Anorthite, Sodian, disordered (Ca, Na) (Si, Al)4 O8 

00-046-1322 Clinochlore  (Mg5Al (Si, Al)4O10 (OH)8 

00-005-0490 Quartz, low-alpha SiO2 

A). XRD (B). SEM 

  

Figure 2: XRD profile (A) and SEM (B) microstructure for the starting andesitic rock, where; H is 

Magnesiohornblende, A refers to Anorthite, C is clinochlore, and Q is the quartz. 
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3.2. Characterization of Zeolite product 

3.2.1. XRD Results  
 

 

Table 3 and Figure 3 are displaying the obtained 

zeolite phases developed after attacking the rock 

powder with 1.0 M NaOH for 7days, followed by 

hydrothermal treatment at 140 oC for 1(a), 2 (b), and 

3 (c) days. The synthetic powder was then tested 

using the XRD tool and the formed phases were 

compared with the standard PDF cards. The 

recognized batch materials were of the following 

compositions and identities of Table 2. It is clear that, 

the Zeolite-W (W), Epistilbite (E), and Zeolite-X 

were the main developed phases in the batch product 

from the first day of treatment, Analcime (A) was 

then appeared in the obtained powder after two days 

of the reaction and afterwards.  

 

 
Figure 3: XRD profile for the final phases developed 

in the the synthetic batch- product at 140 oC/ 1-3days. 

 

The main phase Z-W contained Potassium as its main 

cation, along with less amounts of sodium and 

calcium, the Si/Al (2.45) is consistent with that of the 

literature 41. In the other hand, EPI contained calcium 

as the only modifying cation and the Si/Al was 2.88 

which also agrees with the theoretical ration which is 

close to 344. The Si/Al for analcime appeared in its 

matched formula in the XRD data base was found to 

be 2, which is exactly within the reported range of 

1.8-2.8. Zeolite-X with Si/Al ratio of 1.1 which is 

lower than the theoretical value of 2-3, this Si 

deficiency in ZX composition could be related to the 

low-silica contents of the parent andesitic rock, 44.80 

wt%.  

3.2.2 SEM and EDS 

Figure 4 presents the internal microstructure of the 

developed phases and their microchemical analysis. 

Figure 4A is showing prismatic shaped crystals of 

Zeolite-W(W) with a well-developed and differently-

sizes particles in the range of 3-5 μm in length; 

Epistilbite (E) appeared in a lath-shaped particles 

with more elongated form of about 5-10 μm in length 

and up to 1 μm in width (Figure 4B); Analcime (A) 

implied spherical granules with 1-2 μm (Figure 4C); 

and finally, Zeolite-x exhibited a bipyramidal cubic 

morphology with well-formed crystals of 2-5 μm 

(Figure 4D). The obtained data ascertained the XRD 

result of having W, E, and ZX as the dominant 

phases, accompanied by smaller amounts of analcime 

in the final stage of crystallization.     

Table 3: Mineral composition of the synthetic product. synthetic batch- product at 140 oC/ 1-3days. 

Ref. Card Mineral Name Chemical Composition Si/Al 

61 Zeolite-W (MER) 
Na 0.68 K5.28 Ca1.844 Mg 0.444 (H2O)19.44| 

 [Si22.72 Al9.28 O64] 

2.45 

01-019-0213 Epistilbite (EPI) Ca3.06 (Al6.18 Si17.82) O48.16 H2O 2.88 

00-003-0740 Analcime (ANA) Na Al (Si O3 )2 · H2 O 2 

01-079-1131 (Ca, Mg)-Zeolite-X (Ca23.2 Mg22.4 (Al92 Si100 O384) 1.1 

 

 

Figure 4 is also showing the chemical microanalysis 

of the developed phase in the final product. Each 

table reding is presenting an average of three detected 

spots on differently-sized crystal-surfaces of the same 

zeolite phase (particles with different generations). 

Table 3 is tabulating those EDS elemental analysis of 

the scanned phases. The calculated Si/Al ratios were 

2.3,1.98, 2.4, and 1.59 for Zeolite-W, Epistilbite, Z-x, 

and Analcime, respectively. Obviously, the 

deficiency in the silica content of the rock precursor 

is preserved in the composition of the synthetic 

product, especially that of zeolite-X. In addition, the 

prepared zeolites indicated total alkali contents of a 

higher amounts than that found in their theoretical 

formulae, as given from the XRD reference cards and 

EDS analysis. This finding agrees will with the alkali 

enrichment of the precursor rock composition, as 

mentioned in section 3.1. In addition, this can be 

explained in the light of the cation exchange 

property, known for all zeolites, where the early 

developed phases can replace their cations by other 

ones, released from the late dissolution of the rocky 

materials.  
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A. Zeolite-W (MER) 

 

B. Epistilbite 

 

C. Analcime 

 

D. Zeolite-X 

 

Figure 4: SEM micrographs for the synthetic product where: W: Zeolite-W, ZX: Faujasite-X, A: Analcime, & E: 

Epistilbite. 

 

Table 4: EDS microanalysis for the synthetic product 

Elements 
Zeolite-W (MER) Epistilbite (EPI) Analcime (ANA) Faujasite-X (ZX) 

Wt% At % Wt% At % Wt% At % Wt% At % 

O K 24.16 40.10 29.70 44.23 40.17 53.06 35.84 49.47 

Na K 4.78  5.52  7.13 7.38 15.18 13.95 9.11 8.75 

Mg K 3.77 4.12 2.60 2.55 2.03 1.77 2.27 2.07 

Al K 9.63 9.48 13.60 12.01 13.92 10.91 13.03 10.66 

Si K 23.10 21.84 28.04 23.79 22.89 17.30 32.20 25.32 

K K 4.95 3.36 6.69 4.07 -- - 0.60 0.34 

Ca K 6.73 4.46 4.43 2.63 5.71 3.01 4.15 2.29 

Ti K 3.01 1.67 --- -- - - - - 

Fe K 19.87 9.45 7.82 3.34 - - 2.80 1.11 

Total 100 100 100 100 100 100 100 100 

 

Due to multiple mineralogical and chemical 

composition of the natural volcanics, their 

hydrothermal treatment is commonly resulted in an 

impure zeolitic product due to the complexity 

involved in the phase-dissolution process. In such 

case, the reaction system is actually a heterogenous 

one, containing differently-reacted materials with 

many controlling factors of disintegration, such as 

chemical composition, pH, crystallinity, rate of phase 

dissolution, and phase percentage, etc. 62. It has been 

found that, zeolite formation was significantly 

affected by the concentration and type of the alkalis 

offered to the reaction solution by the susceptible 

dissolution of the rock ingredients 63. The high 

alkalinity plays an enhanced rule in the materials 

dissociation process and mostly controls the proper 
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supply of the essential elements (Si, Al, and Cations) 

needed for zeolite framework construction. Herein, 

the mechanism of zeolite synthesis involves the 

spontaneous arrangement of SiO4 and AlO4 

tetrahedral species around the hydrated cations, 

which act as a positively-charged directing agent in 

the formed gel, to facilitate and stabilize the phase 

crystallization 63a-c. In addition, high alkalinity was 

proved to increase the precursor solubility and to 

provided more (OH‾) mineralizing agent for 

improving the rate of nucleation and crystallization of 

the microporous species 63a, 63c, 63d, 64. 

 

3.3. Results of the dye adsorption 

3.3.1. Effect of pH  

The point of zero charge (pHZPC) of the applied 

zeolite mixture (ZM) used for the adsorption 

experiment is determined by using adsorbent to liquid 

ratio of 1.0:1000. For this, 0.1mg of ZM is added to 

100 mL of water with varying pH values from 2.0 to 

11 and stirred for 24 h.  The pH values were adjusted 

by phosphate buffer solution and 0.1 M HCl or 0.1 M 

NaOH. The obtained ΔpH (pHfinal− pHinitial ) of the 

solution is plotted against the initial pH values, Fig.5. 

 

 Figure 5: Zero-point-of-charge for zeolite product 

 

As seen from the previous figure, the detected point 

of zero charge (pHZPC) for zeolite adsorbent was at 

pH 6.0 65. 

 
Figure 6: Effect of pH on the removal % of MG 

 

The initial pH of the dye-contained solution is one of 

the essential parameters that influence the adsorption 

capability. The pH of a solution will affect: (1) the 

adsorbent surface charges, (2) the ionization degree 

of adsorbate molecules, and (3) the degree of 

dissociation of the functional groups found on the 

adsorbent active spots. Fig.6 shows the adsorption of 

MG over zeolite product at various pH values, based 

on initial dye concentration of 10 mg/l MG, zeolite 

dosage 0.1 g and contact time of 15 min. It is obvious 

that, there is an improvement in the MG uptake over 

ZM surfaces when elevating the pH from 5.0 to 7.0. 

In contrast, any more increase in pH values over than 

7.0 up to 10.0 indicated insignificant rise in the dye 

sorption. The structure of the dye molecule and the 

point of zero charge (pHZPC) of the ZM may explain 

the difference in dye uptake with respect to the initial 

solution pH. At a lower pH, the carboxylic groups of 

MG (pKa = 10.3) were protonated and had a high 

positive charge density 66, while ZM's point of zero 

charge is calculated to be 6.0, 67. At a pH higher than 

pHZPC, the zeolite product particle acquires a negative 

surface charge and favors uptake of cationic dyes due 

to the increase of the electrostatic force of attraction. 

On the other hand, at low pH values, due to 

formation of positive charge on the surface of zeolite 

and protonation of dyes little electrostatic interaction 

occurs10. Due to this explanation, there is an 

electrostatic repulsion between dye molecules and 

zeolite product that causes the reduction in dye 

adsorption. The previous outcome was confirmed by 

Rahmani et al.10who showed the direct relation 

between the dye solution pH and the significant MG 

dye- removal of the synthetic zeolite 3A which was 

maximized at pH= 7.0, any further increase in the 

solution pH in the range of 7.0 to 9.0 was found 

insignificant in terms of dye sorption. In the same 

context, brilliant green adsorption efficiency on 

zeolite-Y, incorporated karaya gum hydrogel 

composite, was improved by raising pH and reached 

to the equilibrium value of 78% at pH 6, no 

noticeable change has been detected on further 

solution pH elevation 60. 

 

3.3.2. Effect of adsorbent dose 

Fig. 7 is showing the adsorption profile of MG versus 

different adsorbent amount in the range of 0.01–0.5 

g/50 ml with initial concentration of 10.0 mg/1, and 

15min contact time. 
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Figure 7: Effect of zeolite weight on the removal Of MG% 

 

It is clear that, the percentage of MG removal has a 

direct relation to the adsorbent dose. Such a trend, is 

mostly attributed to an enlargement in the adsorbent 

surface area and the availability of more active 

adsorption sites. Although the percentage removal of 

dye is directly proportional to the adsorbent dose, the 

equilibrium adsorption capacity for MG is declined 

with the addition of more amounts of the synthetic 

product.  Experimentally, the maximum dye removal 

of 73.5% was recorded at 0.2g/50 ml, after which no 

significant change in the adsorption yield occurred 

whatever the increase in adsorbent dose. This can be 

explained as follows, the addition of more zeolite 

powders resulted in different particles agglomeration 

leading to the adsorption sites blocking and in turn, 

the reduction in the available surface area ended with 

non-improved sorption performance 60. This result 

has been confirmed by Rahmani et al.,10 who reported 

the same finding when increasing 3A zeolite dosage 

in the removal of malachite green and Rhodamine B 
10.  As well, Mittal et al. 60, on his work on 

eliminating brilliant green with 0.02 g/50 ml of 

zeolite-Y incorporated hydrogel composite of gum 

karaya (ZHC-4) with a max. efficacy of 98%. 

 

3.3.3. Effect of Initial dye Concentration 

Fig. 8 is showing the adsorption profile of MG versus 

different MG concentrations (50ml) in the range of 

2.0–2000 mg/l with optimum PH 7.0 and optimum 

ZM dose of 0.2g and contact time of 15min. 

The effect of different initial dye concentrations on 

the adsorption onto zeolite product is presented in 

Fig. 8. It could be noticed that, the removal 

percentage of MG has been decreased by increasing 

the initial dye concentration. This can be explained 

by the mass transfer driving force being provided by 

the initial concentration of the dye. The number of 

activated sites on the adsorbent is too high at lower 

concentrations, and any addition of dye molecules 

could interfere with them. Furthermore, because of 

the saturation of active sites on zeolite surfaces at 

higher dye concentrations, a lower removal 

percentage was observed 10. This effect led to an 

increment in equilibrium sorption until the sorbent 

saturation was achieved with maximum adsorption 

capacity (qmax) 91.66 mg/g. Similar results were 

reported for adsorption of malachite green from 

environmental water samples onto 3A zeolite. The 

results showed that, the removal percentage of M.G 

decreased by rising the initial dye concentration from 

10 up to 15mg/l for MG and from 15 up to 20mg/l for 

Rhodamine B10. 

 

 
 

 
Figure 8: (a) Effect of initial concentration on removal % 

of MG at ZM dosage 0.2g/50ml, (b) Effect of adsorption 

capacity of ZM against initial concentration of MG at ZM 

dosage 0.2g/50ml. 

 

3.3.4. Effect of Contact Time 

Fig. 9 is showing the adsorption profile of MG versus 

different time intervals in the range of 5 - 320 min, 

with optimum pH 7.0, optimum ZM dose of 0.2g/50 

ml and optimum dye concentration of 800 mg/l. 
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Figure 9: Effect of agitation time on removal % of 

MG 

 

In the sorption experiment, the effect of contact time 

is critical since the data would allow confirmation of 

the agitation time. This will bring the adsorption 

processes in the solid phase (adsorbent) and the 

aqueous phase (adsorbates) into equilibrium. The 

data on the impact of contact time on MG removal is 

summarized in Fig. 9. Generally, on increasing the 

contact time, the removal efficiency increases and 

reaches a constant value at equilibrium state10. The 

fast adsorption rate at the initial stage could be 

explained by the improved availability in the number 

of active binding sites on the adsorbent surface 68, 

Moreover, above equilibrium times, the percent 

removal or the amount of adsorbed dye is not 

significantly affected because of the saturation of the 

active sites of the adsorbents 69. Accordingly, the 

removal efficiency of MG was increased up to 150 

min of contact time, after which, the differences in 

the removal efficiency were very small. This result is 

consistent with that of Rahmani et al. 10 and 

Abdelrahman. 69.   

 

3.3.5. Effect of ionic strength 

Fig. 10 is showing the adsorption profile of MG 

versus different NaCl concentrations in the range of 

0.01- 0.5 M, with optimum conditions of pH 7.0, ZM 

dose of 0.2g, dye concentration of (800 mg/l) and 

time of 150 min. 

Generally, the adsorption efficiency depends on 

the electrostatic interactions between the cationic dye 

molecules and the zeolite binding sites 60. In the 

present work, MG solutions were prepared with 

CaCl2 salts having varied metal cationic strengths and 

the influence of ionic strength of metal cations on 

adsorption efficiency was examined Fig. 10. The 

results have been confirmed with those of Mittal et al. 
60, who found an inverse relation between the ionic 

strength of a specific cation, such as Na+ or Ca+2, and 

its adsorption efficiency. According to the previous 

authors, the adsorption mechanism of brilliant green 

dye onto the zeolite-Y-integrated hydrogel 

composite, followed the ionic interactions, which was 

highly dependent on the existence of oppositely 

charged binding sites of zeolite and the brilliant green 

dye.  

 

 
Figure 10: Effect of ions strength on removal% of 

MG over zeolite 

 

3.3.6. Effect of temperature on the adsorption and 

thermodynamics 

 

 
Figure 11: Plots ΔG◦ versus T for adsorption of MG on 

zeolite 

 

It is well established that, temperature is an additional 

factor that greatly influence any adsorption process. 

In the present work, the adsorption of MG was 

carried out at different temperatures for the initial 

concentration of 800 mg/l. The free energy of 

adsorption (ΔG°) was calculated from the following 

equation: 

(B) ΔG = - RT lnK                           (3) 

where K is the equilibrium constant and T is the 

solution temperature (K); R is gas constant (8.314 J= 

mol K). The apparent enthalpy of adsorption (ΔH°) 

and entropy of adsorption (ΔS°) were calculated from 

adsorption data at different temperatures using the 
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Van’t Hoff Eq. (4). 

ln K=   
⧍𝐬

𝑹
−

⧍𝐇

𝑹
( 

𝟏

𝑻
 )                              (4) 

Therefore, batch adsorption experiments were 

carried out at different temperatures ranging from 

308 to 325 K for the zeolite product. Data obtained 

from the experiments are presented in Fig. 11. Values 

of ΔH ° and ΔS◦ were determined from the slope and 

intercept of the plot of ΔG◦ versus T. The obtained 

results from Table 5 showed that, the obtained ΔG◦ 

values were found in the range of (-13.82) to (-8.27) 

kJ/mol, which designated the spontaneous nature of 

the MG adsorption process. The positive ΔH value 

supported the improved adsorption efficiencies with 

increased temperatures and the positive value of ΔS° 

has suggested the increased randomness at the solid–

solution interface during the MG adsorption in 

aqueous solution on zeolite. These obtained values of 

ΔG◦, ΔH◦ and ΔS◦ have been found to be in 

agreement with those reported by Mittal et al. 60, who 

assigned the adsorption of brilliant green over 

zeolite-Y to be spontaneous and endothermic in 

nature. The change in free energy for physisorption 

and chemisorption was recorded between -20 and 0 

kJ/mol, and 80 to-400 kJ/mol, respectively 70. In 

Table 5, the obtained value range of ΔG◦ specified 

the physisorption as the dominating mechanism of 

MG uptake onto the prepared zeolite surfaces.  

 

Table 5: Thermodynamic parameters for MG adsorption 

on zeolite under different temperatures. 

 

3.3.7. Effect of adsorption isotherm 

 

The linear forms of Langmuir, Freundlich, and D-

R isotherm equations are given in equations. (5), (6), 

and (7) respectively, the related constants were 

calculated and given in Table 3. 

 
𝐂𝐞 

𝐪𝐞
=

𝐂𝐞 

𝐪 𝐦𝐚𝐱 
+

𝟏

𝑲𝒒𝒎𝒂𝒙
                              (5) 

log 𝑞 = log 𝐾f + 𝑛. log 𝐶𝑒                      (6) 

ln 𝑞 = ln qm − 𝐾 έ2 P                         (7) 

where, qm is the maximum adsorption at 

monolayer coverage in mg/l; K is the adsorption 

equilibrium constant related to the energy of 

adsorption in l/mg; KF and n, Freundlich constants 

representing the adsorption capacity and intensity 

respectively; K is the equilibrium constant related to 

the adsorption energy; έp is the Polanyi potential and 

it was calculated using the following equation: 

έ𝐩 = 𝐑𝐓 𝐥𝐧(𝟏 +
𝟏

𝑪𝒆
)                               (8) 

where, R is the gas constant (8.13 J) and T is 

temperature in kelvin. E is the mean free energy of 

adsorption and can be calculated using the following 

equation: 

𝐸 =(-2K)-0.5                                             (9) 

 

 

 

 
Figure 12: (a): Langumuir adsorption isotherm of MG 

on zeolite (b); freundlich adsorption isotherm of MG on 

zeolite (c): Dubinin–Radushkevich (D–R) isotherm of MG 

on zeolite 

 

As seen in Fig.14, the MG adsorption onto zeolite 

powder gave a better fit with Langumuir model 

compared to that of Freundlich and Dubinin–

Radushkevich (D–R) isotherm, based on correlation 

coefficients values (R2).  
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The calculated adsorption capacity (Vm= 100 

mg/g) that extracted from Langumuir model is 

obtained close to the experimental value (qmax=91.66 

mg/g). It can be worthy concluded that, the 

Langumuir isotherm could be suggested for the 

monolayer coverage of MG on the surface of the 

synthetic zeolite.  This model proposed that, the 

surface of zeolite is homogenous and there is a 

uniform distribution of sites and their energies onto 

the surface should be without transmigration of 

adsorbate in the plane of the surface 71. The same 

finding was mentioned by Mittal et al. 60 & 

Abdelrahman, 69, who reported the suitable fitting of 

langmuir model to the isothermal data of a monolayer 

homogeneous adsorption of brilliant green over 

modified zeolite-Y surface, and of MG over a 

synthesized zeolite nanostructure, respectively.  

In order to understand the adsorption type, 

equilibrium data has been tested by D-R isotherm. 

Straight lines are obtained by plotting (ln qe) versus 

(έ2 P), indicating that the adsorption of MG on 

zeolite obeys the D-R isothermal equation in the 

entire concentration range. The qm and K` values 

calculated from the intercepts and slopes of the plots 

are given in Fig. 12c. Based on K values, it is 

possible to calculate the mean free energy of 

adsorption (E), which is defined as the free energy 

change when 1.0 mole of ion is transferred to the 

surface of the solid from infinity in solution. E value 

is useful for estimating the type of adsorption and if 

this value is between 8.0 and 16 Kj/mol, the 

adsorption type can be explained by ion exchange. 

The value of E in this study is found within the 

energy range of physical adsorption (E<8.0) 72. The 

calculated value of E is 0.16 K j/mol which is smaller 

than 8 K j/mol for MG, indicating that adsorption of 

MG on zeolite is physically in nature. 

 

Table 6: Adsorption isotherm parameters of MG 

onto zeolite 

(A) Langmuir isotherm 

qm(mg/g) K(l/mg) R2 

100.0 0.000407 0.9705 

(B) Freundlich isotherm 

KF N R2 

0.55 1.19 0.8468 

(C) D-R isotherm 

Qm(mg/g) E (kJ/mol) R2 

14.68 0.61 0.960 
 

 

3.3.8 Adsorption kinetic 

For realizing more data about the adsorption 

mechanism, different kinetic models are applied; 

pseudo-first- or pseudo-second-order reaction (Seen 

Eq. (10) and Eq. (11))  

Pseudo first order:  

𝐥𝐨𝐠 (𝐪𝐞−𝐪𝐭)=𝐥𝐨𝐠𝐪𝐞−
𝐤𝟏

𝟐.𝟑𝟎𝟑
𝐭                        (10) 

Pseudo − second – order: 
𝐭

𝐪𝐭
=

𝟏

𝐤𝟐𝐪𝐞𝟐
+

𝟏

𝐪𝐞
𝒕                                          (11) 

 

Where t is the adsorption time, qe and q, (mg/g) 

are the adsorbed amount of MG at equilibrium and 

time t and k1, and k2 are the rate constants of pseudo-

first order and pseudo-second order, respectively. 

Adsorption kinetics of MG describes the solute 

uptake rate and evidently this rate controls the 

residence time of the adsorbate uptake at the solid–

solution interface. Adsorption rate constants for the 

MG was calculated by using pseudo-first-order and 

pseudo-second-order kinetic models which were used 

to describe the mechanism of the adsorption. The 

conformity between the experimental data and the 

model-predicted values was expressed by the 

correlation coefficients (R2). A relatively high R2 

values indicate that the model has successfully 

described the kinetics of MG adsorption. Fig.13 

presents the pseudo second-order graphics for the 

adsorption kinetics of studied dye. The data 

confirmed good compliance with the second-order 

kinetic model in terms of higher correlation 

coefficients (0.9965). In Table 7, the regression 

coefficient (R2) for second-order model is noticed 

higher than first-order one. In the other hand, the 

calculated equilibrium adsorption capacity (qe calc.), 

extracted from second order is found to be 208.33 

mg/g, indicated close agreement with the determined 

experimental values (qe exp.) 177.15 mg/g. This 

previous outcome agrees well with the reported data 

for the adsorption of MG over synthetic and natural 

zeolites, respectively (Abdelrahman. 69 & Han et al. 
9).  

 

Table 7: Kinetics parameters of MG adsorption by zeolite 

adsorbent parameters Pseudo 

first model 

Pseudo 

second 

model 

 

Zeolite 

product 

R2 0.8849 0.9652 

qe calc. 281838.29 208.33333 

qe exp. 177.15 

 



 Samar M. W. Ghonim et.al. 

_____________________________________________________________________________________________________________ 

________________________________________________ 

Egypt. J. Chem. 65, No. 8 (2022) 

682 

 

 
Figure 13: Kinetic plots of pseudo second order for the 

adsorption of MB over zeolite product. 

4. Conclusion 

This following data can precisely conclude the 

major outlies of the in-hand study: 

1. A volcanic rock of alkali-andesitic composition 

was subjected to a zeolitization process at mild 

hydrothermal lab conditions (1.0M NaOH, 140 
oC, 3day), resulted in an economic microporous 

adsorbent- mixture containing zeolite-W, 

Epistilbite, zeolite-X, and Analcime zeolite 

phases.  

2. The synthetic product was efficiently applied 

with 91.66% MG dye removal capacity, at lab 

optimum conditions of pH 7.0, ZM dose of 

0.2g, dye concentration of 800 mg/l, and 

optimum time of 150 min. 

3. The synthetic product reflected the low-silica 

and the high alkaline nature of the parent rock, 

without any negative effect on its adsorption 

capacity for eliminating MG dye from the 

effluent solution. 

4. The dye molecules were attached on the 

adsorbent surface via electrostatic interaction 

mechanism which was confirmed by the reduced 

adsorption efficiency in presence of other cations 

like Ca+2. Langmuir model was applied most 

suitable rather than the other studied isotherm 

model with correlation coefficient 0.97 to the 

isotherm data which indicated the monolayer 

homogeneous adsorption which further increased 

with increasing temperature. Furthermore, 

Dubinin Radushkevich has indicated that the 

adsorption of MG is a physical process. 

Thermodynamics studies predicted endothermic 

and spontaneous nature of adsorption.  The 

adsorption kinetics followed pseudo-second order 

kinetics equation. Therefore, it can be concluded 

that new synthetic composite of zeolite species is 

a favorable adsorbent to adsorb cationic dyes with 

extraordinary adsorption capacity. 
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