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Abstract: The catalytic ethanol dehydration to diethyl ether (DEE) over the synthesized beta zeolite (BEA) with 

different acidity on catalysts having Na and mixed Na-H forms was studied. The Na form of BEA catalyst was 

synthesized via the hydrothermal process, including non-calcined (Na-BEA_N) and calcined (Na-BEA_C) 

catalysts. The Na-BEA_C catalyst was successively used in the synthesis of different mixed Na-H forms under 

the ion-exchange method using the ammonium nitrate solution at 70°C for 2 h/cycle. In the present study, two 

different cycles were chosen, including one cycle (M-BEA_1) and four cycles (M-BEA_4) to compare the 

amount of acidity on catalysts. The results indicated that the M-BEA_1 catalyst exhibited a large surface area 

and contained the highest moderate acid site, which strongly affected the optimal catalytic activity at low 

temperature (<250°C) with ethanol conversion of 74.6% and DEE yield of 27.3%. However, the increased 

number of ion-exchange cycles had not shown remarkable effects on catalytic activity due to low surface area 

and moderate acidity. 
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1. Introduction   
 

Currently, the increase of the population in the world 

consumes higher energy usage, such as nuclear, 

natural gas, coal, and fossil fuel oil 1. Those energies 

are non-renewable, which are finite resources. 

Researchers are trying to find alternative energy for 

the replacement of natural fuels 2. Renewable energy 

is becoming popular in research and development, 

including solar energy, hydropower energy, wind 

energy, and biomass energy 3. Ethanol is a chemical 

compound produced via primary technology using 

the fermentation method of plants from renewable 

biomass resources such as corn, sugarcane, and 

cassava for the generation of liquid fuels. Usually, 

ethanol is mainly used as a biofuel additive by 

combination with petroleum distillates for 

transportation fuels such as gasoline and diesel 

engines. The outstanding feature of ethanol is the 

oxygenated chemical compound, which can reduce 

greenhouse gas emissions, e.g., CO2, CO, and smoke 

in engines 4-7. Nowadays, the production of ethanol 

becomes excess. Therefore, it is predicted that the 

excess ethanol will become available as a used raw 

material for the production of value-added chemical 

compounds shortly. Nevertheless, we can make the 

value-added of ethanol by selectively converting it 

into other chemical products such as diethyl ether, 

ethylene, acetaldehyde, butanol, acetic acid, etc. 8,9. 

Diethyl ether (DEE) has the potential to open new 

pathways to produce petrochemicals from non-

petroleum feedstock, which is an alternative source 

of clean, renewable energy. It is often widely used as 

a solvent in many industries, such as starting fluid 

for diesel and gasoline engines, general anesthetic 

during medical procedures, and solvent for 

pharmaceutical industries. Moreover, ethylene is one 

of the most important olefins, which is used as a 

major feedstock in the petrochemical industry to 

produce polyethylene, packaging materials, and  

PVC 10.  

Ethanol can be converted to DEE and ethylene using 

the catalytic dehydration reaction. The formation of 

both products depends on the reaction temperature as 

the main factor. Ethylene is occurred via cracking of 

ethoxy group intermediate at high temperature with 

endothermic reaction. At the same time, DEE is 

generated at lower temperatures via an exothermic 

reaction, as shown in both reactions (1) and (2) 11-13. 

C2H5OH  C2H4 + H2O H298 = +44.9 kJ/mol        (1) 

2C2H5OH  (C2H5)2O + H2OH298 = -25.1 kJ/mol        (2) 

Many researchers have studied the relationship 

between catalyst properties and catalytic activity in 

ethanol dehydration. Commercial catalysts 

containing zeolite, including H-FER, H-MFI,  
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H-MOR, H-BEA, H-ZSM-5, H-Y, H-USY, and 

alumina were investigated 14-17. Beta zeolite (BEA) is 

one type of zeolite catalysts having high silica 

zeolite, which is an attractive zeolite for a 

petrochemical reaction because it has porous 

structures, high thermal stability, high acidity, and 

large surface area. Also, the DEE and ethylene 

selectivities depend on the nature of the active site. 

As known, DEE formation is more favored for lower 

SiO2/Al2O3 ratios, which correspond to a high acid 

density according to increased Al content in the 

zeolite framework 18,19. The catalytic performance 

mainly depends on the acid sites available on the 

catalyst surfaces. The strong Brønsted acid sites play 

the primary duty for the conversion of ethanol to 

ethylene, while the moderate Bronsted acid sites are 

responsible for producing DEE 14,20. An ion-

exchange of NH4
+ ions on the zeolite is used to 

obtain the mixed Na-H form in the zeolite structure, 

which is acidic catalysts 21. Upon calcination of the 

ammonium zeolite, ammonia is driven off, leaving 

behind the acidic form of the zeolite. Then, protons 

reside at the ion exchange sites to generate an acid 

site of catalyst. The generation of the acid site can be 

described in 4 steps; i) the ammonium solution is 

added to create ammonium exchange by ion-

exchange method, ii) Na+ is exchanged by NH4
+, iii) 

the NH3 compound is decomposed by calcination to 

create an acid site (H+ form), and iv) the H+ form is 

in equilibrium, in which the silanol group is close to 

tricoordinate aluminium 22. 

Many works of literature reported the catalytic 

ethanol dehydration over a variety of catalysts. 

However, beta zeolite has an attractive property in 

this reaction due to suitable acidity, acid strength, 

and physicochemical properties. Therefore, the 

synthesis of zeolite was chosen in this research to 

study the various factors that affect the performance 

of the catalyst. Besides, the modification of catalyst 

and the optimum ion-exchange cycle conditions to 

synthesis the modified beta zeolite has been 

addressed by a few approaches. Therefore, in the 

present study, our attention was focused on the 

catalyst properties of the synthesized beta zeolite 

catalysts prepared via the hydrothermal method 

followed by an ion-exchange process to obtain the 

catalysts with different Na and mixed Na-H forms. 

For the achievement of more detailed aspects, it may 

be useful to look more closely at the effect of 

catalytic preparation with different forms in zeolite 

catalysts to the gas-phase dehydration reaction of 

ethanol to DEE and ethylene.  
 

2. Experimental  
 

2.1. Materials 

Tetraethylammoniumhydroxide solution (TEAOH) 

40% in H2O, silica nanopowder (SiO2), and sodium 

aluminate (NaAlO2) were purchased from Sigma-

Aldrich Chemical Company, Inc. Sodium chloride 

(NaCl) and sodium hydroxide (NaOH) are Emsure 

premium grade chemical products from Merck 

Company, Inc. Potassium chloride (KCl) was a 

product of Riedel-de Haën Company, Inc. 

Ammonium nitrate (NH4NO3) was obtained from 

Univar Company, Inc. 

 

2.2. Catalyst preparation 

Scheme 1 illustrates the synthesis strategy of BEA. 

The BEA catalysts were prepared via the 

hydrothermal method, following procedures 

described by M. A. Camblor 23. 

 

 

Scheme 1. Schematic diagram showing the synthesis of beta zeolite from the hydrothermal and ion-exchange 

method 

https://www.sciencedirect.com/science/article/pii/S0169131716300886#f0005
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In detail, 89.6 g of TEAOH was firstly mixed with 

NaCl (0.53 g), KCl (1.44 g) in 59.4 ml of deionized 

water, and 29.5 g of SiO2 nanopowder was 

introduced sequentially. The solution was stirred 

until homogenized and then mixed with NaOH (0.33 

g), NaAlO2 (1.79 g), and    20 ml of water until 

obtaining a thick gel to get the Si/Al atomic ratio of 

13. After that, it was transferred into a stainless-steel 

autoclave, and the zeolite was crystallized at 135°C 

for 20 h with agitation at 60 rpm. Finally, the 

obtained product was filtered and washed with 

deionized water until the obtained pH9, and then 

dried at 110°C overnight. The non-calcined catalyst, 

which was defined as Na-BEA_N, was obtained. The 

Na-BEA_N was continuously calcined under airflow 

at 550°C for 6 h with a heating rate of 5°C/min. The 

calcined product was denoted as Na-BEA_C. 

The different mixed Na-H forms were synthesized 

via the ion-exchange method using NH4NO3 (1 M) 

with the v/w ratio of 20 ml NH4NO3/gcat under 

continuous agitation at 70°C for 2 h/cycle. The 

various cycles, including one and four cycles of 

agitation, were studied. The obtained ion-exchange 

samples were washed with deionized water, filtered, 

and then dried at 110°C overnight. The collected 

samples were calcined under airflow at 550°C for 6 h 

to drive off the unstable components such as NH3 

and NOx. The one and four cycles of the ion-

exchange method were denoted as M-BEA_1 and  

M-BEA_4 catalysts, respectively. 

 

2.3. Catalyst characterization 

The crystalline phases of the catalysts were 

characterized using a SIEMENS D-5000 X-ray 

diffractometer with Cu Kα (λ = 1.54439 Å). The 

spectra were scanned in the 2 range of 10 to 50°. 

The surface area, average pore volume, and average 

pore diameter of the catalysts were analyzed by N2 

physisorption using a Micromeritics ASAP2000 

automated system instrument. A Hitachi mode         

S-3400N was used to investigate the morphology of 

catalysts. Micrographs were taken at the accelerating 

voltage of 30 kV and magnification ranging from 

1,000 to 10,000 and the resolution of 3 nm. The 

SEM was performed using the secondary scattering 

electron (SE) mode. 

The elemental distribution mapping of catalysts was 

determined by using Link Isis series 300 program 

Energy-dispersive X-ray spectroscopy. The acidic 

properties of the catalysts were investigated using 

temperature-programmed desorption of ammonia 

(NH3-TPD) using a micromeritics chemisorp 2750 

pulse chemisorption system equipment. In order to 

perform the experiment, 0.05 g of catalyst was 

packed in a U-tube glass with 0.03 g of quartz wool 

and pretreated at 500°C under helium flow for 1 h. 

Then, the sample was saturated with 15% of NH3/He 

and the physisorbed ammonia was desorbed under 

helium gas flow after saturation. The sample was 

heated from 40°C to 500°C at a heating rate of 

10°C/min to desorb the chemisorbed NH3. 

 

2.4. Catalytic test 

The gas-phase dehydration reaction of ethanol was 

performed in a fixed-bed continuous flow 

microreactor. In the experiment, 100 mg of catalyst 

was packed in the microreactor. Before the reaction, 

the catalyst sample was pretreated in a 60 ml/min 

flow rate of N2 at 200°C for 1 h to remove some 

impurities from the catalyst surface. Then, the liquid 

ethanol was fed using a single-syringe pump at a 

constant flow rate of ethanol 1.45 ml/h into the 

reactor by vaporizing it under a flowing of N2 at 

120°C. The reaction temperature was carried out, 

ranging from 150 to 400°C. At each temperature, the 

reaction was carried out for ca. 1 h with 5 sample 

measurements. All chemicals in feed and product gas 

were detected and analyzed by a gas chromatograph 

with a capillary column (DB-5) connected to a flame 

ionization detector (FID). 

 

3. Results and Discussion  
 

3.1. Physicochemical properties  
X-ray diffraction (XRD) technique was used to 

determine the characteristic phase and crystallinity of 

the BEA catalyst with different forms. The XRD 

patterns of BEA catalysts were recorded at 2 values 

ranging from 10 to 50. The XRD patterns      

(Figure 1) indicated the characteristic reflections of 

zeolite phase with a BEA type structure appearing at       

2θ= 13.4°, 21.5°, 22.6°, 25.4°, 27.0° and 29.7° 23-25. 

It may be expected that all catalysts were beta zeolite 

structure. The crystallinity of the samples correlated 

with dealumination. The crystallinity of the            

M-BEA_1 catalyst is higher than the Na-BEA_C 

catalyst corresponding to the lower Al content in the 

M-BEA_1 and the M-BEA_4 catalysts obtained 

from EDX measurement, as seen in Table 2. 

However, the diffraction peak of parent zeolite 

showed a low intensity in the M-BEA_4 catalysts. It 

might be presumed that the structure of catalyst 

might be destroyed form too much cycle of ion-

change preparation. 

The physical adsorption of N2 gas was used as a 

probe molecule to analyze the specific surface area 

(BET surface area) and pore size diameter of the 

catalyst, as summarized in Table 1. The surface area 

of a Na form indicated that the Na-BEA_C catalyst 

was found to be higher than Na-BEA_N catalyst, 

while its pore size diameter was smaller. The reason 

is that the calcination process decomposes the 

organic template and generates the channels in the 

crystal structure of the catalyst. The mixed Na-H  

form showed that the surface area and pore size 

diameter of M-BEA_1 was much higher than that of 

M-BEA_4. This might be rationalized by the fact 

that the one cycle in the ion-exchange method could  
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be decomposed ammonia species and rearranged Al 

structures from tetrahedral to octahedral via 

calcination of ammonium in zeolite structures 

resulting in increased surface area on M-BEA_1 

catalyst 26. 

 

 

Figure 1. XRD patterns of the synthesized beta zeolite catalysts 

 

In contrast, four cycles in the ion-exchange method 

led to the decomposition of Al atom, known as a 

dealumination reaction. This is likely due to the 

defect and partial collapse structures in zeolite that 

results in decreased surface area on the M-BEA_4 

catalyst. A comparison between the Na and mixed 

Na-H form revealed that the mixed Na-H form      

(M-BEA_1) exhibited the highest surface area of 

392.4 m2/g, among other catalysts. As seen in   

Figure 2, the Na and mixed Na-H form catalysts 

represented the hysteresis loop between type I and 

IV curves, indicating the type of solid materials with 

micropores and mesopores material, according to the 

International Union of Pure and Applied Chemistry 

(IUPAC) classification 27. 

 

Table 1. BET properties of the synthesized beta zeolite catalysts. 

Catalysts BET surface area a, SBET (m²/g) Pore size diameter b (nm) Pore volume b (cm3/g) 

Na-BEA_N 16 8.1 0.03 

Na-BEA_C 236 5.4 0.04 

M-BEA_1 392 4.4 0.05 

M-BEA_4 196 4.1 0.03 

a calculated from BET method 
b calculated from BJH adsorption and desorption method 
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Figure 2. The N2 adsorption-desorption isotherm of the synthesized beta zeolite catalysts 

 

SEM technique was used to characterize the surface 

roughness of the material. The morphology on the 

surface of catalysts is shown in Figure 3. It was 

observed that the particle shapes of all catalysts are 

mostly spherical (round ball) and partially     

irregular 28. The Na-BEA_N and Na-BEA_C 

represented the similar morphology in the round ball 

with some lumps formed. Nevertheless, the           

Na-BEA_C remained a little higher small lumps 

particle, which accompanied with the increase of 

surface area result. In the case of M-BEA_1 and     

M-BEA_4, it can be observed more top lumps 

formed, which can be attributed to the H+ protonated 

zeolite and the NH4NO3 precursor of the catalyst. 

However, the different catalyst preparation methods 

did not affect the morphology of catalysts 

significantly. The quantity of elemental distribution 

on the catalyst surface was evaluated via the EDX 

spectroscopy, as summarized in Table 2. The result 

revealed that the Si/Al ratio increased with the 

number of calcinations. The Na-BEA_N catalyst 

exhibited the lowest Si/Al ratio of 5.9, while the    

Na-BEA_C was higher (6.1). For, the 2nd-calcined 

catalysts, the observed Si/Al ratios of M-BEA_1 and 

M-BEA_4 were 7.8 and 8.1, respectively, which was 

in a similar trend. The reason for this can be 

attributed to the dealumination after calcination.  

Additionally, the amount of Na elements drastically 

decreased about the ion-exchange method of catalyst 

preparation. It is presumably suggested that the BEA 

catalyst can exchange the ions between Na ions in 

the zeolite structures with ammonium ions in the 

ammonium nitrate solution during the ion-exchange 

process. 

 

Table 2. Chemical composition obtained by EDX technique of the synthesized beta zeolite catalysts. 

Catalysts 
Elemental distribution (wt%) 

Al Si O Na Si/Al 

Na-BEA_N 8.63 49.68 39.64 2.05 5.76 

Na-BEA_C 8.84 51.97 37.38 1.82 5.88 

M-BEA_1 6.98 50.89 41.65 0.48 7.29 

M-BEA_4 6.84 51.53 41.85 0.29 7.53 
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Figure 3. SEM images of the synthesized beta zeolite catalysts 

 

To obtain a deeper insight into the acidity and acid 

strength properties of the catalyst that play important 

roles for the dehydration reaction, the NH3-TPD 

measurement was performed. The ability of the 

active site in a catalytic dehydration reaction 

depends on the acidity and strength of the acid site. 

At higher temperatures, it exhibited a higher acid 

strength affecting the activity of the reactions. The 

NH3-TPD technique can measure the acidity of the 

catalyst, but cannot divide the acid strength on the 

catalyst that is the limitation of this method 29. 

However, the weak acid sites, in which the 

desorption peak appears at low temperatures below 

250ºC, is possibly described as Lewis acid sites. In 

contrast, at higher temperatures, it is corresponding 

to Bronsted acid sites 30. The NH3-TPD profiles of 

catalysts having different forms are shown in    

Figure 4. The results demonstrated that all catalyst 

samples had three broad peaks located below 200°C, 

between 200-400°C and above 400°C due to the 

presence of the weak, moderate, and strong acid site, 

respectively. The number of acid sites with different 

strengths measured by the integration of ammonia 

desorption peak are listed in Table 3. 

The results presented that the Na-BEA_N catalyst 

had the highest amount of total acid site         

(4,747.7 mol NH3/gcat).  However, it is not the 

amount of active site because this acidity is partially 

measured from acidic templates used in the synthesis 

of beta zeolite catalyst 31. Nevertheless, the amount 

of total acid site of other catalysts tended to decrease 

as followed; Na-BEA_C (1,937.6 mol NH3/gcat) > 

M-BEA_1 (1,888.0 mol NH3/gcat) > M-BEA_4 

(1,462.2 mol NH3/gcat). These results are in good 

agreement with the observation of Chalupka et al. 32. 

They reported that the calcined catalysts and ion-

exchange methods reduce the amount of Al atom 

resulting in decreased total acidity in catalysts 

corresponding to the SEM-EDX technique, as shown 

in Table 2. When compared the acid strength on 

different forms of catalysts, it was observed that the 

highest weak, moderate, and strong acid sites were 

M-BEA_4, M-BEA_1, and Na-BEA_N catalysts, 

respectively. It is suggested that the ion-exchange 

method only affects the acid strength of catalysts. 

 

Table 3. The acidic properties of the synthesized beta zeolite catalysts determined by temperature-programmed 

desorption of NH3. 

Catalysts 
Number of acid site (μmol NH3/gcat) 

Weak Moderate Strong Total 

Na-BEA_C 226.8 1,193.8 516.9 1,937.6 

M-BEA_1 135.7 1,232.6 519.7 1,888.0 

M-BEA_4 519.6 405.7 536.9 1,462.2 
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Figure 4. NH3-TPD profiles of the synthesized beta zeolite catalysts 

 

3.2. Catalytic performance 

Vapor phase ethanol dehydration over prepared BEA 

catalysts, including Na-BEA_N, Na-BEA_C,            

M-BEA_1, and M-BEA_4, was performed to 

evaluate the catalytic activity, the ethanol 

conversion, selectivity and yield of products such as 

DEE, ethylene, and acetaldehyde at various 

temperatures. The reaction temperatures in this study 

ranged from 150C to 400C under atmospheric 

pressure. The results of ethanol conversion upon 

different reaction temperatures are displayed in 

Figure 5.  

 
Figure 5. Ethanol conversion of the synthesized beta zeolite catalysts 
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Notably, the conversion of ethanol increases with 

increasing reaction temperature, which gives a rise in 

the equilibrium constant (K), resulting in a shift of 

reactant to the products 33. As expected, all catalysts 

in this study exhibited an increase in ethanol 

conversion by increasing the temperature. It can be 

seen that the mixed Na-H form (M-BEA_1) showed 

the highest ethanol conversion for all reaction 

temperatures, whereas the Na-BEA_N exhibited the 

lowest conversion of ethanol. This result mainly 

came from the absence of calcination in Na-BEA_N 

because this catalyst did not decompose the organic 

template and generate the channels in the crystals. 

 
 

 

Figure 6. DEE selectivity of the synthesized beta zeolite catalysts 
 

 

Figure 7. Ethylene selectivity of the synthesized beta zeolite catalysts 
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Table 4. All product yields of the synthesized beta zeolite catalysts. 

Catalysts 
Temperature 

(°C) 

Product yield (%) 

DEE Ethylene Acetaldehyde 

Na-BEA_N 

150 0.0 0.0 0.0 

200 0.0 0.0 0.0 

250 0.0 0.0 0.0 

300 0.0 0.0 0.3 

350 1.5 7.3 4.2 

400 0.7 55.8 1.9 

Na-BEA_C 

150 0.0 0.0 0.2 

200 3.9 0.2 0.4 

250 26.5 15.6 0.3 

300 5.8 69.6 0.9 

350 0.2 92.9 0.8 

400 0.0 98.9 0.7 

M-BEA_1 

150 0.5 0.0 0.0 

200 13.4 0.6 0.4 

250 27.3 47.0 0.3 

300 1.7 85.7 1.5 

350 0.0 98.3 1.1 

400 0.0 99.7 0.2 

M-BEA_4 

150 0.0 0.0 0.1 

200 2.2 0.2 0.2 

250 24.3 8.9 0.3 

300 8.3 66.3 0.0 

350 0.1 93.1 3.5 

400 0.0 99.8 0.0 

 

The selectivities to DEE and ethylene for the 

dehydration reaction are presented in Figures 6 and 

7, respectively, indicating that the main products are 

DEE and ethylene. The results demonstrated that the 

selectivity of DEE decreased with increasing the 

temperature, whereas the ethylene selectivity was 

contrary. It can be seen that the M-BEA_1 catalyst 

can achieve the complete DEE selectivity at 150°C. 

The product yields of different forms in catalysts are 

listed in Table 4. It can be noticed that the DEE yield 

increased when the reaction temperature reached 

250°C and dramatically decreased when the reaction 

temperature was raised. The obtained DEE yields 

were ranged between 0-27.3% at 250°C. The 

dehydration activity decreased in the following 

order: M-BEA_1 > Na-BEA_C > M-BEA_4 > Na-

BEA_N. The obtained highest DEE yield of           

M-BEA_1 was following the largest surface area and 

the amount of moderate acid site (329.4 m2/g, 

1,232.6 mol NH3/gcat), while the lowest DEE yield 

of Na-BEA_N was corresponding to the least surface 

area and the amount of moderate acid site           

(15.8 m2/g, 70.4 mol NH3/gcat). 

Interestingly, the dehydration activity of M-BEA_4 

was found to be lower than M-BEA_1 because the 

surface area and the number of moderate acid sites 

were relatively lower. This finding suggests that 

increasing the number of ion-exchange cycles caused 

a decrease in the surface area and the amount of 

modest acid site, consequently leading to a reduction 

in dehydration activity. One can verify that DEE 

selectivity is dominant at the temperature below 

250°C. On the contrary, ethylene is a primary 

product at high temperatures (above 250°C). It is 

generally accepted that ethanol conversion can 

undergo via acid-base catalyzed reaction. Therefore, 

acetaldehyde is also found as a byproduct formed by 

the dehydrogenation reaction. 

 

4. Conclusion 
 

The synthesized beta zeolite catalysts with different 

forms, including Na and mixed Na-H form, were 

characterized and investigated upon the catalytic 

performance in the ethanol dehydration reaction. The 

XRD and N2 physisorption results confirmed that the 

synthesized catalyst is “beta zeolite”. The finding 
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demonstrated that the preparation of the catalyst by 

the ion-exchange method improved the moderate 

acid site of the catalyst, which can play an essential 

role in primary alcohol dehydration. It can be 

concluded that the mixed Na-H form (M-BEA_1) 

catalyst with one cycle in the ion-exchange method 

(M-BEA_1) is a suitable catalyst to convert ethanol 

to DEE because it exhibited the optimal catalytic 

activity at low temperature (250°C) with ethanol 

conversion of 74.6% and DEE yield of 27.3%. The 

reason is that this catalyst has the highest surface 

area resulting in increased accessibility for the 

number of adsorbed ethanol reactants and the proper 

amount of moderate acid site that is selective to DEE 

formation at low temperatures.  
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