CATALYTIC ACTIVITY OF PARENT AND MODIFIED ZSM-5 , ZEOLITE-Y FOR TREATMENT OF SYNTHETIC DYES IN WATER BY ADVANCED OXIDATION PROCESS AND HYDROXYLATION OF PHENOL. 
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  1. INTRODUCTION  
              Zeolites are microporous crystalline solids with well-defined structures. Generally they contain silicon, aluminium and oxygen in their framework and cations, water and/or other molecules wthin their pores. Many occur naturally as minerals, and are extensively mined in many parts of the world1.  Zeolites can also be synthesized artificially, and are made commercially for specific uses. 

 ZSM-5 is composed of several pentasil units linked together by oxygen bridges to form pentasil chains.  A pentasil unit consists of eight five-membered ring In these rings, the  vertices are Al or Si and an O is assumed to be bonded between the vertices. The pentasil chains are interconnected by oxygen bridges to form corrugated sheets with 10-ring holes4. Like the pentasil units, each 10-ring hole has Al or Si as vertices with an O assumed to be bonded between each vertex.  Each corrugated sheet is connected by oxygen bridges to form a structure with straight 10-ring channels running parallel to the corrugations and sinusoidal 10-ring channels perpendicular to the sheets. Adjacent layers of the sheets are related by an inversion point. The estimated pore size of the channel running parallel with the corrugations is 5.4–5.6. 

Zeolite Y exhibits the FAU (faujasite) structure. It has a 3-dimensional pore structure with pores running perpendicular to each other in the x, y, and z planes similar to LTA, and is made of secondary building units 4, 6, and 6-6. The pore diameter is large at 7.4Å since the aperture is defined by a 12 member oxygen ring, and leads into a larger cavity of diameter 12Å. The cavity is surrounded by ten sodalite cages (truncated octahedra) connected on their hexagonal faces. 

 Hydroxylation of phenol and the esterification of alcohols by carboxylic acids represents well-known liquid phase reactions of considerable industrial interest due to the importance of organic ester products. Due to increasing challenges from both the ecological and economic aspects, chemists are required to optimize their synthetic methods in order to produce the desired product in high yield and selectivity through an environmentally friendly and safe process.

Waste water from industries such as pulp and paper, dyeing, chemical, petrochemical etc contain hazardous and refractory organic pollutants which can cause severe problems for the environment. Advanced oxidation processes (AOPs), considered as non-waste generating technologies, represent a robust alternative wastewater treatment for dye effluent when common wastewater treatment technologies such as sedimentation, adsorption, flocculation, filtration, reverse osmosis are insufficiently effective [1,2]. AOPs have the ability of exploiting the high reactivity of •OH radicals in driving oxidation processes [3]. AOPs have the proven ability for destroying dissolved organic contaminants such as halogenated hydrocarbons (trichloroethane, trichloroethylene), aromatic compounds (benzene, toluene, ethylbenzene, xylene-BTXE), volatile organic compounds (VOCs), pentachlorophenol (PCP), nitrophenols, detergents and pesticides, aswell as inorganics contaminants such as cyanides, sulfides and nitrites [4].

2. SYNTHESIS OF ZEOLITE
 

                


                                       Hydrothermal treatment                                         

                                                (100-2000C

                             Fig. 1 Schematic diagram for hydrothermal Synthesis of zeolite

2.1 MODIFICATION BY INTRODUCING METAL OXIDES
Metals can introduced into the zeolite structure following either- 
1.Incorporation method: metal is introduced during the reaction. This method is also known as isomorphous substitution. Here metal substitution takes place on the framework. 

2.Impregnation method: a post synthesis method. This method is also known as extraframework  grafting. Here metal substitution takes place on the surface of the zeolite                                Differnt percentage of metal can be loaded on ZSM-5, Zeolite Y. Calculated amount of zirconyl nitrate (Loba Chemie)  was dissolved in minimum amount of water.  Then 1g of ZSM-5(or Zeolite Y) was added. The mixture was stirred for sometime and kept overnight at room temperature. The excess water was decanted  and dried at room temperature then at 110 oC. Then finally it was calcined at 753K to get the required metal oxide  impregnated product.

3. CHARACTERIZATION OF THE CATALYSTS
1. X-ray diffraction Analysis 

The purpose of XRD patterns is to  determine the unit cell parameters and thus unit cell 14 volume when the zeolitic structure is known,  it is also possible to determine if an element has been introduced into the lattice framework position.
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                                           Fig. 2. XRD pattern of parent ZSM-5

2. Infrared spectroscopy
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Fig14 FT-IR spectrum of parent ZSM-5




3. Thermogravimetric Analysis
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                                           Fig. 4. TGA curve of parent ZSM-5

4. Scanning Electron Microscope
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                                             Fig.5. SEM image of parent ZSM-5

4.CATALYTIC ACTIVITY OF THE ZEOLITE BASED CATALYSTS

 Zeolite based catalyst for synthetic dye removal : 
                Zeolites are crystalline aluminosilicate materials [5] with a threedimensional framework and four-connected framework structure built from tetrahedra [6]. It is consist of robust, crystalline silica (SiO2) and neutral frameworks. At some places in the framework Al3+ replaced Si4+ and the framework carries a negative charge [7]. This Si/Al ratio controls total acidity as well as acid site strength. Loosely held cations that sit within the cavities preserve the electroneutrality of the zeolite. Those cations are amenable to cation exchange capacities up to several milliequivalents per kilogram and are able to reversibly interact with polar molecules [8]. These properties have contributed significantly to the commercial success of zeolites to have excellent cation-exchange capability [9] but only a small number of zeolites are suitable for used as support in catalysis for synthetic dye removal under acidic condition.

                     One major limitation of using common zeolite as support for dye wastewater pollutants is that it is exhibiting shape-selective molecular sieves in microporous structure; where active sites are specific to only a few reactants and product molecules. Relatively few works describe the use of zeolite based catalyst for catalytic abatement of synthetic dye removal, in Table 1. As of now, majority of these studies dealt with the use of the zeolites types such as ZSM5, HY and MCM-41 immobilize with metal active species for wastewater abatement. Zeolites are prefer by added into AOPs system to enhance the adsorption efficiency through combination of physical and chemical oxidation for dye removal rather than chosen as support by immobilizing it with other metal ions [10-11].

Table 1

Effects of zeolite based catalysts applied in AOP for dye removal.

	Dye
	Catalyst/support
	Decolourization

conversion
	Mineralization

conversion
	Conditions
	Ref

	Procion Marine H-EXL
	Fe-exchanged Y zeolite
	~100% in 120 min
	42.73% in 120 min
	pH 5.0; 1.0 g/L catalyst; 100 mg/L dye; 20 mmol/L H2O2; 50 °C
	[12]

	Reactive Yellow 84
	Fe-Y zeolite (11.5 wt.% Fe)
	96.90% in 60 min
	34.52% in 60 min
	pH 5.0; 1.0 g/L catalyst; 100 mg/L dye; 20 mmol/L H2O2; 50 °C
	[13]

	Congo Red
	Fe-exchanged Y zeolite
	97% in 4 h
	   _____
	pH 7.0; 1.0 g/L catalyst; 0.6mL of H2O2 in 350mL solution; 90 °C 
	[14]

	Orange II
	Fe/MCM-41 by MOCVD
	    _____
	85% in 90 min
	pH 3.0; 1.0 g/L catalyst; 0.3 mM dye; 14.4 mM H2O2; 8W UVC
	[17]

	Orange II
	Bimetallic FeCu/MCM-41 by MOCVD
	    _____
	78%–93% in

120 min
	pH (3.0–7.0); 1.0 g/L catalyst; 0.3 mM dye; 14.4 mM H2O2; 8W UVC
	[17]

	Reactive Orange 16
	Fe(III)-exchanged natural zeolite
	100% in 120 min
	~90% in 120 min
	pH 5.2; 1.0 g/L catalyst; 50mg/L dye; 15mmol H2O2; 35 °C , UVA
	[9]

	Acid Blue 74
	Fe-ZSM5 synthetic zeolite
	99% in 10 min
	57.1% in 120 min
	pH 5.0; 0.5 g/L catalyst; 8.56×10−5 mol/L dye; 21.4 mmol/L H2O2; 15W UVC
	[20]

	Acid Blue 74
	Fe-ZSM5
	   _____
	~76.0% in 120 min
	pH 7.0; 0.5 g/L catalyst; 40mg/L dye; 20mmol/L H2O2; 15W UVC
	[18]

	Reactive Brilliant Blue KN-R
	Fe-ZSM5co
	90%. in 20 min
	  _____
	pH 2.5; 4.0 g/L catalyst; 250 mg/L dye; 30 mmol/L H2O2
	[19]

	Reactive Brilliant Blue KN-R
	Fe-Yie.
	~90%. in 30 min
	  _____
	pH 2.5; 4.0 g/L catalyst; 250 mg/L dye; 50 mmol/L H2O2
	[19]
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Catalyst  Phenol:H 2 O 2  Solvent  Conv.       %  Selectivity  Temp.   ( K )  Ref.  

CL   %  HQ   %  

H - MFI (40)  10:1(60%)  -  14.68  10.46  4.22  373  [2]  

H - MOR (18)  10:1(60%)  -  0.61  0.00  0.61  373  [2]  

H - USY (18)  10:1(60%)  -  15.94  10.00  5.94  373  [2]  

H - BEA (150)  10:1(60%)  -  31.19  27.95  3.25  373  [2]  

H - BEA  10:1(60%)  Diethyl  ketone  85.0  51.4  33.6  373  [3]  

Mg/H - BEA  10:1(60%)  Diethyl  ketone  93.3  54.0  39.3  373  [3]  

Ca/H - BEA  10:1(60%)  Diethyl  ketone  96.1  55.6  4 0.5  373  [3]  

Sr/H - BEA  10:1(60%)  Diethyl  ketone  94.0  53.6  40.4  373  [3]  

  Ba/H - BEA  10:1(60%)  Diethyl  ketone  94.0  54.0  40.0  373  [3]  

Cu - MFI  3:1  H 2 O  12.1  57.9  42.1  353  [1]  

    H - MFI (H - ZSM - 5), H - mordenite   (H - MOR), H - ultrastable Y (H - USY) and H - beta (H - BEA) . The   numbers given in the parenthesis indicates the  SiO 2 /Al 2 O 3  


Dye degradation                  
    The catalyst Fe-exhanged Y zeolite has been reported as a possible system for the pretreatment of simulated dye bath in the presence of reactive azo dye Procion Marine H-EXL, dye auxiliaries and dissolved salts by wet peroxide oxidation [12]. This zeolite Y support was obtained commercially with its surface area as high as 730 m2/g. It then exchanges the Fe3+ for its cation support using simple ion exchange methods. For 100 mg/L simulated dye concentration, complete decolourization was achieved in less than 60 min under the optimum condition pH 5.0; 50 °C; 1 g/L Fe-Y; 20 mmol H2O2/L. This catalyst exhibited a poor catalytic activity because after 120 min reaction, the total organic carbon (TOC) still remains at a high level with only 42.73% mineralization. It is believed that the presence of several dye auxiliaries and dissolved salts inhibited the mineralization. The effect of dealumination of iron(III)-exchanged Y zeolites on oxidation of Reactive Yellow 84 azo dye in the presence of hydrogen peroxide was further studied by Neamtu et al. [13]. After the 60 min and under the same conditions, using Fe-Y-5 catalyst, 99.93% of colour removal, more than 74.14% of COD and 64.21% of TOC removal were obtained. By using HPICE analysis (a type of chromatograph), the peak showed that acetate, nitrate, formate, malanate and oxalate are present as main end products after 60 min. The authors suggested that bio-luminescence test could be used as pre-screening test for the toxicity evaluation and their result showed the product is more toxic than precursor compounds during the treatment at first 15 min. Azo dye (Congo Red) was studied by Kondru et al. [14] using commercial Na-Y zeolite cation exchange with iron nitrate in solution. The surface area of Fe exchange Y zeolite is 423 m2/g and account 9.74 wt.% Fe composes in their catalyst. The effect of temperature initial solution pH, hydrogen peroxide concentration, and catalyst loading in catalytic wet peroxide oxidation was then studied. The percentage removals of dye at neutral pH, when temperature is 90 °C with 0.6 mL of H2O2 in 350 mL solution and 1 g/L catalyst, it was 97% in 4 h. Leaching of Fe cations out of zeolites depends strongly on pH of the solution, where, 7.8 ppm of iron was detected at solution of pH 2.0 however no leaching was observed at neutral pH [14].

                   Most of the zeolite based catalyst studied in the past were using a commercial grade type but in recent times, modification of the catalyst support to increase the surface area in order to enhance the catalytic activity start to pay the interest among researchers. Modification of natural zeolites or synthetic zeolites can be done in several methods such as acid treatment, ion exchange, and surfactant functionalisation, making the modified zeolites capable of achieving higher adsorption capacity [15]. Later several immobilization methods have been developed for the wastewater pollutants removal with the main goal to minimize the metal leaching and the capability to degrade the dye pollutants under broad range of pH. Lam and Hu [16], after their first catalyst communication for in situ oxidation for stabilization of Fe/MCM-41 catalyst prepared by metal organic chemical vapour deposition (MOCVD), in which the oxygen atoms was intercalated into the framework of both siliceous and ferric oxides via strong Fe–O–Si and Fe–O–Fe bonds, reported the better heterogenization version of the zeolite catalyst support. The immobilization iron catalyst by binding the oxygen atom was achieved by its strong adsorption to porous solid substrate MCM-41 channel molecular sieve yielding mineralization efficiency of orange II dye by ~85% and an extremely low iron leaching concentration of ~0.17 mg/L in acid medium throughout four runs.

                   In order to further improve the catalytic performance under wide range of pH, same methodology was applied with addition of bimetallic iron–copper catalyst supported on MCM-41[18]. They modified their catalyst to a high surface area about 1000 m2/g, which is large enough to be used as catalytic materials. In this case, CuFe/MCM-41 was tested, the activity increases to 93% at acidic medium, and perform efficiently for the Orange II degradation with their mineralization achieved at the range of 78%–93% over a wide pH range (pH 3.0–7.0). The mechanism responsible for the enhanced reactivity and the atomic structure with bimetallic combinations is still unclear and a likely limitation to the full-scale application of bimetallic combinations to textile dye remediation is deactivation of the catalytic surface either by poisoning with sulfide or by formation of thick oxide films due to corrosion.

                   Zeolite catalyst prepared by in situ chemical vapour deposition method seems more stable towards leaching at acidic medium than other conventional methods of simple cation exchange, as well as to give the high degradation conversion. It is noted that under pH 5.5, the mineralization efficiency was still kept constant around 80% for all the ten runs; proven that there is strong bonding between the metal catalyst and the porous support. However, the major drawback is that the methodology was complicated and time consuming when applied to the epoxidation of ferric acetylacetonate inside a tubular rotating reactor under vacuum and transported to targeted substrate MCM-41 by an oxygen flow at temperature of 280 °C and then treated at the calcination temperature at 550 °C [17,18] .

                 Concurrently, natural zeolite sample obtained from Bigadiç region in Turkey was studied by Tekbas et al. [9] in photo-assisted Fenton oxidation using Remazol Brilliant Orange 3R (Reactive Orange 16) as a dye model pollutant. The Zeolite sample is mainly consists of clinoptilolite, which microporous structure framework. Zeolite based iron catalyst was prepared by simple ion exchange method. By the UVA irradiation, the optimal operational parameters were found as follows: 35 °C, solution pH 5.2, 15 mmol H2O2 dosage, 1 g/L catalyst loading and lead to more than 90% decolourization in 60 min. About 0.5 mg/L iron concentration in solution where leached from 28 mg/g iron concentration on the exchanged zeolite during the first run.

                Within the same time frame, Kasiri et al. [20] used Fe-ZSM5 to degrade the Indigoid dye Acid Blue 74. The Fe-ZSM5 was synthesized in the presence of fluoride ions in order to solubilize the silica and iron sources. Under preparation temperature of 90 °C for Fe-ZSM5, it was found that bigger crystal size is more efficient compared with synthesis temperature at 170 °C. Characterization of Fe-ZSM5 at 90 °C showed 187 m2/g surface area with 38.95 Å, and XRF on the Fe-ZSM5 showed the chemical compound consist of SiO2, SO3, MnO and Fe2O3. The authors suggested that the addition of the zeolite did not enhance the decolourization efficiency but would enhance the mineralization of the pollutants and when their result was compared without zeolite addition, they concluded that adsorption of the dye molecules into zeolite particles did not play significant role [20].

 Optimization studies using same model pollutants was carried out by same authors and concluded that the dye mineralization process was mainly influenced by pH and the initial concentration of the dye, whereas the other factors such as concentration of the catalyst, molar ratio of initial concentration of H2O2 to that of the dye showed lower effects [17]. The catalyst obeys the pseudo-first order kinetic and three consecutive experiments do not showed significant drop of the catalyst mineralization efficiency indicating that the catalyst has long term stability with negligible deactivation due to leaching [18].
                  Fe-ZSM5 and the Fe-Y were also studied by the Chen et al. [19] to decolourize anthraquinone dye Reactive Brilliant Blue KN-R. The catalysts were prepared by co-precipitation and ion exchange methods, respectively. The catalytic activities follow the order of Fe-ZSM5co > Fe-Yie >Fe-ZSM5ie> Fe(II)> Fe-Yco (the alphabet in the subscript represent the synthesis methods, where ‘co’ represent the co-precipitation and ‘ie’ represent ion exchange). FeZSM-5co has the highest KN-R decolourization capacity, which is four times higher than homogeneous Fenton reactions catalyzed by 15 mg/L Fe(II) ions. The synthesis methods which give rise to their composition and frame structure are the important factor for the catalytic activities and stability. In terms of the stability, Fe-Yie calcined at 350 °C was much better than Fe-ZSM5co calcined at 450 °C with low iron leaching. Both catalysts also reported high iron leached from support at the first run, which account 11.0–12.0 mg/g leached from 65 mg/g of the Fe-loading contents in FeZSM-5co and Fe-Yie.
                Overall, in the experiment, the optimum pH for anthraquinone dye degradation was observed to be in the range 2.5 to 3.5. Most of the researchers using zeolite as a support on the Fenton reaction to degrade synthetic dyes in the pH range of (5.0–7.0) [17] except for

anthraquinone dye in which the optimum was at pH 2.5 to 3.5 [19]. Further investigation on influence of pH of different categories of dyes using zeolite based catalyst is needed to explain the phenomena in future.

5. Conclusions and Discussions
                The efforts on heterogeneous Fenton system have showed great amount of oxidizing agent, wide range of reaction pH, higher catalytic activities and encouraging kinetic rate compared to homogenous catalyst. Various preparation methods from simple ion exchange, impregnation, pillaration to complex chemical vapour decomposition followed by calcination have been developed to strengthen the active sites to stick on the supports. Furthermore the heterogeneous catalyst has successfully demonstrated its capabilities to operate under a broad range of pH from (2.0–9.0) as compared to homogenous catalyst only under narrow acidic conditions.

 Major causes of catalysts deactivation in heterogeneous Fenton system

               The causes of catalyst deactivation in heterogeneous catalytic Fenton process have been observed by authors. Nevertheless, catalyst deactivation may occur due to diversity of factors, as pointed out by Moulijn et al. [21] and Guo et al. [22]. Among these include attrition by reduction of the catalyst specific surface area, poisoning of the catalytic agents by compounds formed during oxidation, surface deposition and strong adsorption on a polymeric carbon layer, and most commonly the leaching by the dissolution of some metal oxides from catalysts into the acidic reaction medium under Fenton system. Accumulation of toxic intermediate in the form of the acetic acid, halogen-, sulfur- or phosphorus-containing compounds can cause poisoning during dye degradation process.

 It is worth mentioning that catalyst deactivation can be prevented with proper characterization of the support by knowing their nature, the chemistry involved in the reaction and control of the properties of the active sites to distribute homogenously on the support. A part from this, good research practice can also take into consideration the need to prevent catalyst deactivation for the dye removal by using the Fenton process. For example  

1. purification of the support especially for natural support materials;

2. optimizing the reaction condition especially the effect of the pH; 

3.  introducing the buffer solution to maintain the pH when effect of pH is crucial; and 

4.  doping with other metal precursors on the support to create bimetallic catalysts.

               In many ways, bimetallic catalysts can overcome the weaknesses of the single catalyst alone.
6. Future prospect on dye removal using heterogeneous catalytic Fenton process

              Comprehensive effort aiming at the development of new catalytic processes, mesostructured catalyst will constitute a major part. But this part led to conspicuous innovation, and this is because the chemical engineering aspect of catalyst industrial development was considered simultaneously with the basic science aspects and the development of the whole process [23]. Since the surface of the catalyst support have shown a remarkable effect for the active site to promote the reaction with the reactants, the challenge in future is to increase the surface area by appropriate synthesis methods either by modifying the structure or properties of supports [24], to dope with other elements making up the catalyst to contain several elements homogeneously distributed on the support and in order to have better reaction rate to explore a new and effective catalyst.
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		40.0

		373

		[3]



		Cu-MFI

		3:1

		H2O

		12.1

		57.9

		42.1

		353

		[1]





H-MFI (H-ZSM-5), H-mordenite (H-MOR), H-ultrastable Y (H-USY) and H-beta (H-BEA). The numbers given in the parenthesis indicates the SiO2/Al2O3

[1]Aida Luz Villa, Cesar Augusto Caro and  Consuelo Montes de C.,Department of Chemical Engineering, Universidad de Antioquia,  Medellin, Colombia, AA 1226.

[2]  T. Atoguchi et al. ,Journal of Molecular Catalysis A: Chemical ,220 (2004) 183–187.

[3] T. Atoguchi, T. Kanougi ,Journal of Molecular Catalysis A: Chemical ,222 (2004) 253–257.


