
  

 

Abstract—The zeolites and oxide catalysts are investigated in 

the conversion of bio-ethanol. It is shown that the formation of 

the products depends on the feedstock composition and the 

composition of the reaction mixture. It is determined that at the 

conversion of bio-ethanol over the zeolites 3A, 4A, 5A, and 13 X 

products of cracking, reforming, dehydration and 

oligomerization of ethylene are formed. The cerium-containing 

catalysts are studied via electron microscopy and temperature - 

programmed desorption of ammonia. Doping Ce/γ-Al2O3 

catalyst with lanthanum is shown to increase its dispersion and 

the number of active acid sites, thereby improving its activity. 

 
Index Terms—Bio-ethanol, zeolite, cerium-containing 

catalyst, aromatic hydrocarbons, ethylene, conversion. 

 

I. INTRODUCTION 

The steady rise in prices for petroleum feedstock in the 

world, which is observed in the last few years, leading to 

higher prices for basic petroleum products. Currently under 

active search for new basic raw materials that can replace oil 

as a fuel in the production and in the chemical industry [1]-[5]. 

Typically alternatively treated natural gas or coal, but they, 

like oil, are non-renewable energy sources. Furthermore, 

there is an environmental problem - pollution of the 

atmosphere with carbon dioxide, since any organic substance 

is transformed into it by incineration, which leads to an 

increase in its content in the atmosphere.  

One of the possible substitutes for oil, bioethanol is 

produced by processing biomass [6]-[8]. This route is often 

regarded as the most realistic way to reduce CO2 emissions 

into the atmosphere. The use of bioethanol in fuel purposes is 

largely limited, mainly due to its high hygroscopicity and 

possible freezing of dissolved water at low temperatures in 

cold regions. In northern countries the ethanol is mixed with 

fuel and is used as an additive to gasolines (5-15%). Currently 

considered a promising further processing of ethanol in 

organic substances and their mixtures having higher fuel 

characteristics, such as energy intensity, low corrosivity, 

vapor pressure, etc. Thus, the increased degree of 

correspondence produced biofuels makes real oil 
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consumption and, consequently, its competitiveness in world 

markets. Most of the projects for the processing of ethanol do 

not yet have an industrial implementation, but research in this 

direction are under way as to obtain a semi-synthetic oil, and 

for the production of clean fuels [9]-[12].  

The most environmentally friendly fuel is now considered a 

hydrogen. However, the use of hydrogen as a fuel in internal 

combustion engines is currently difficult because, firstly, 

there are considerable difficulties in storing sufficient 

amounts of hydrogen gas on board a vehicle, and secondly, 

the combustion temperature of hydrogen in air is 3000
o
C, 

which in its turn, imposes restrictions on the materials of the 

engine, and also leads to oxidation of nitrogen in the air to 

form toxic oxides of nitrogen [13]-[16]. The most promising 

is the consideration of bioethanol as a raw material for the 

components of motor fuels, olefins (mainly ethylene), and 

aromatic hydrocarbons. 

Olefins are widely used in industry [17], [18]. Due to the 

presence of double bond the olefins are reactive which makes 

them the many important product in the various processes of 

organic chemistry. For example, ethylene is the most 

demanded intermediate chemicals. Petrochemical potential of 

individual countries is assessed in terms of production of 

lower olefins - ethylene and propylene, which are the basic 

chemical raw materials for the production of polyethylene, 

polypropylene, plastics, styrene and other products. 

According to forecasts of Nexant Inc. consultancy world 

consumption of ethylene in the next 10 years will increase 

from 100 million tons to 160 million tons per year.Demand 

for polyethylene will increase from 60 million tons to 100 

million tons, and for polypropylene - from 40 million tons to 

60 million tons a year. 

The pyrolysis of straight run gasoline and liquefied 

petroleum gas is the method most commonly used for the 

synthesis of ethylene. However, this process is exothermic 

and requires high reaction temperatures (780–1200°С) and 

the use of steam as a heat transfer agent at a ratio of 1: 1. 

Estimates of industrial emissions show [19] that the 

production of ethylene by such technology releases great 

amounts of carbon dioxide into the atmosphere. For 

ecological and economic reasons, it is better to use С1–С4 

alcohols as an initial feedstock for the production of olefins. 

The production of olefins is of practical interest, as they are 

widely used in the industrial synthesis of polymers and a 

variety of other valuable products of organic chemistry, due to 

their high reactivity [20], [21].  

 

II. EXPERIMENTAL  

Catalytic conversion of bioethanol was studied in this work. 
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The studies were carryed out on the automatically catalytic 

flow installation (Fig. 1). The reactor was a metal tube of 40 

cm in length, and its internal diameter was 12-15 mm. During 

the experiments the reactor was vertically placed in an electric 

furnace. The reaction mixture was fed to the reactor bottom. 

The mixture passes between the outer tube of the reactor and 

the container with the catalyst and go out down. Control of the 

composition and the expense of initial reacting mixtures, 

regulation of temperatures in the reactor, evaporator, and start 

of analysis were carried out using the software. 

The gaseous reaction products (hydrogen, ethylene etc.) 

were analyzed on chromatograph (HROMOS GH-1000). 
 

 
Fig. 1. Flow catalytic setup. 

 

III. RESULTS AND DISCUSSION  

In this paper we tried to evaluate the possibility of 

producing ethylene and aromatic hydrocarbons from 

bioethanol. As the initial reactants was chosen bioethanol 

with different composition. Bioethanol 1 (95% ethyl alcohol, 

5 % water) and bioethanol 2 having the following 

composition - ethyl alcohol (92%) of tert-butilcarbinol (5.6%), 

cyclohexane (0.64%), acetal (0.61%), isopropyl alcohol 

(0.47%), toluene (0.39%). As catalysts of the process have 

been studied zeolites - 3A, 4A, 5A and 13 X. The experiments 

on the influence of the nature of the carrier on the of the 

products yield have been studied as a flow of inert gas and 

without it. As the inert gas was selected argon (Ar). Fig. 2 

shows the influence of the nature of the carrier and argon in 

the reaction mixture under at a reaction temperature of 350 ° 

C. 
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Fig. 2. Influence of the nature of carriers and argon in the reaction mixture on 

the yield of products of bioethanol 1 conversion. 

 

Fig. 2 shows that at the conversion of ethanol in a stream of 

inert gas over the 3A zeolite produces about 12 vol.% 

hydrogen and small amount of carbon monoxide and ethylene. 

The same results are typical of other zeolites. At the 

conversion of ethanol without adding an inert gas into the 

reaction mixture increases the yield of products. Over the 

zeolite 3A is formed synthesis gas with a ratio of H2: CO = 1: 

1.2 and ethylene with a concentration of 18.3 vol.%. Zeolite 

4A runs in the direction of the formation of hydrogen, wherein 

the hydrogen concentration in the reaction product reaches a 

value of 33 vol.%. The highest yield of ethylene (54 vol.%) is 

formed over the 5A zeolite. Over the 13 X zeolite a 

substantial amount of carbon monoxide (36 vol.%) is formed, 

also in the reaction products are observed of H2 (5.4 vol.%) 

and ethylene (18.6 vol.%). It should be noted that at 

conversion of 95% ethyl alcohol over these zeolites liquid 

hydrocarbons are not formed. 

These results demonstrate that, when used bioethanol 2 as 

feedstock special changes in the composition of gaseous 

products is not observed (Fig. 3). 

3А 4А 5А 13 Х
0

5

10

15

20

25

30

35

40

45

50

C
o
n
ce

n
tr

at
io

n
, 
v
o
l.

%

Zeolites

 Н
2
, reaction with Ar               СО, reaction with Ar

 Н
2
, reaction without Ar           CO, reaction without Ar

 С
2
Н

4
, reaction with Ar             Toluene, reaction with Ar

 C
2
H

4
, reaction without Ar         Toluene, reaction without Ar

 
Fig. 3. Effect of the carriers nature and argon in the reaction mixture on the 

yield of products of bioethanol 2 conversion. 

 

Also active on the yield of ethylene is carrier 5A, the 

ethylene concentration in the reaction products up to 42 vol.%. 

Over the 4A carrier is formed the synthesis gas with a ratio of 

H2: CO = 1.5: 1, wherein the hydrogen concentration is 28 

vol.% and CO - 18 vol. %. 

In the conversion of bioethanol 2 over the zeolite 3A liquid 

reaction products contain toluene. In the study of the 

conversion of ethanol in the inert gas flow is formed about 20 

vol.% toluene, conducting the reaction without addition of 

argon to the reaction mixture leads to increase of the 

concentration of toluene to 24 vol.%. Besides toluene liquid 

reaction products formed in trace amounts of benzene. About 

5 vol.% of toluene formed over the zeolite 4A. Over the other 

zeolites (5A and 13X), liquid hydrocarbons are not formed. 

At a conversion of bioethanol 1 and bioethanol 2 in gaseous 

reaction products over the all zeolites formed as methane and 

carbon dioxide. The concentration of methane increases when 

used as the feedstock of bioethanol 1, also in the absence of 

inert gas in the reaction mixture. 

 

 
Fig. 4. The scheme of ethanol conversion over zeolites. 
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According to the results it can be assumed that over the 

investigated zeolites several reactions have places as 

dehydration reaction, cracking, reforming of ethanol, and 

ethylene oligomerization (Fig. 4). 

Further the activity of Ce-containing catalysts were studied 

in the dehydration of bioethanol 1. The catalysts were 

prepared via incipient wetness impregnation of the support, 

followed by drying at room temperature and 300°C, with 

subsequent calcination at 500°C for 3 h. The catalytic activity 

of the catalysts was studied in the 250–450°C range of 

temperatures with hourly space velocities (HSVs) of 

1500–13000 h
–1

. Before each experiment, the catalysts were 

reduced in a hydrogen flow for 1 h at 500°C and atmospheric 

pressure.  

Data on the effect the reaction temperature has on the 

activity of Cе/γ-Al2O3 catalyst at HSV = 3000 h
–1

 are given in 

Table I. It can be seen that ethylene is formed at a reaction 

temperature of 250°C with a concentration of 39 vol.% and an 

ethanol conversion of 42%. As the reaction temperature 

grows, ethanol conversion rises to 59%, and the concentration 

of ethylene, a key product, reaches 56 vol.%. In addition to 

ethylene, propylene (0.70 vol. %) also appears among the 

reaction products. As the reaction temperature rises to 350°C, 

the ethylene concentration reaches 67%.  
 

TABLE I: EFFECT THE REACTION TEMPERATURE ON THE CONCENTRATION 

OF PRODUCTS ON CE-AL2O3 CATALYST  

T оС КEtOH,% 
Concentration, vol% 

СН4 С2Н4 С2Н6 С3Н6 

250 42 - 39 - - 

300 59 - 56 - 0.70 

350 75 - 67 - 4.5 

400 87 - 80 0.38 3.8 

450 90 1.0 75 0.62 3.3 

 

The highest concentration of ethylene (80 vol.%) is 

observed at a reaction temperature of 400°C, at which the 

ethanol conversion of 87%. At temperatures of 400°C and 

higher, ethane is formed in small amounts (0.38 vol.%), in 

addition to ethylene and propylene. Raising the reaction 

temperature to 450°C lowers the target product yield to 75 

vol.% at an ethanol conversion of 90%. Our data show that the 

best temperature for the dehydration of ethanol on Cе/γ-Al2O3  

catalyst is 400°C. The effect of lanthanum doping on the 

activity of the Се/γ-Al2O3 catalysts was studied in the 

250–450°C range of temperatures at HSVs of 1500–13500 

h
–1

 (Fig. 5). As can be seen from Fig. 5, the hourly space 

velocity has a slight effect on the activity of the catalyst at 

reaction temperatures of 250 and 300°C, and the key product 

(ethylene) yield is nearly the same (~20%) at all HSVs. When 

the reaction temperature rises to 350°C, the optimum 

concentration of ethylene (62 vol.%) is observed at W = 

13500 h
–1

.  

After doping the Cе/γ-Al2O3 catalyst with lanthanum at a 

reaction temperature of 400°C, the optimal HSV shifted 

toward higher values (3000 to 6000 h
–1

), at which the 

maximum ethylene concentration of 82 vol.% is observed.  

Effect of lanthanum concentration in the structure 

CеLa/ɣAl2O3 catalyst was studied in the 1-3 mass.% range 

(Fig. 6). At temperature 350
o
C, the active catalyst is 3%Се + 

1% La/γ-Al2O3. As the reaction temperature rises to 400°C, 

higher concentration of ethylene observed over 3%Се + 3% 

La/γ-Al2O3 catalyst. 

 

 
Fig. 5. Effect of reaction temperature and hourly space velocity on the yield 

of ethylene on CеLa/γ-Al2O3 catalyst. 

 

 
Fig. 6. Effect of ratio Сe:La on the catalysts activity. 

 

The textural characteristics of catalysts were determined by 

BET method. Getting results are shown in Table II. An 

increase of calcination temperature from 200 to 400 °C 

greatly reduces the specific surface area of catalyst from 162 

to 69 m
2
/g. The increase of calcination temperature to 500 

o
C 

enhances surface area of catalyst to 133 m
2
/g by stabilizing of 

the catalyst composition. 

The study of surface area of catalysts with different 

concentration of lanthanum showed, that for 3% Ce+ 3% La / 

ɣAl2O3 catalyst observed highest values of surface area and 

pore volume: S surface area = 174 m
2
/g, Vpore = 0.075 cm

3
/g. 

The catalyst showed the highest catalytic activity in the 

reaction to produce ethylene from ethanol at a reaction 

temperature of 400
o
C. 

The phase composition of the catalysts was determined via 

electron microscopy. The results from studying the 

Се/γ-Al2O3 catalyst are shown in Fig. 7. It can be seen that 

there was an agglomeration of 5–10 nm particles whose X-ray 

microdiffraction picture can be attributed to a mixture of 

phases Ce6O4 (JCPDS, 32-196) and AlCe3 (JCPDS, 9-260). 

Doping Cе/γ-Al2O3 with lanthanum increases the dispersion 

of the catalyst (Fig. 8, but some aggregates of fine (2 nm) 

particles are observed in the aggregates, along with particles 

10 nm in size. The X-ray microdiffraction picture shows a 

small set of rings and can be attributed to a mixture of phases 

α-La (JCPDS, 2-618), Ce2O3 (JCPDS, 23_1048), La2O3 

(JCPDS, 22-269), La2O3 (JCPDS, 24-554), and to 
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metalloclusters Al3La (JCPDS, 19-25), AlCe3 (JCPDS, 

9-269), and AlLa3 (JCPDS, 25-1131).  
 

TABLE II: THE TEXTURAL CHARACTERISTICS OF CATALYSTS  

Catalysts Т ,оС 

Surface 

Area  

/(m2/g) 

Pore 

volume 

/(cm3/g) 

Average 

pore size 

/nm 

γ Al2O3  - 171 0.084 1.98 

Се/ Al2O3 200 162 0.070 1.71 

Се/ Al2O3 300 133 0.088 2.64 

Се/ Al2O3 400 69 0.045 2.58 

Се/ Al2O3 500 133 0.079 2.36 

4%CеLa /Al2O3  500 162 0.069 1.71 

5%CеLa /Al2O3  500 173 0.074 1.72 

6%CеLa /Al2O3  500 174 0.075 1.72 

      

 
Fig. 7. Microphotos of Ce/γ-Al2O3 sample. 

 

 
Fig. 8. Microphotos of CеLa/γ-Al2O3 sample. 

 

The formation of acid sites on the surface of the 

cerium-containing catalysts was studied via the 

temperature-programmed desorption of ammonia. The 

desorption of ammonia from the surface of the Cе/γ-Al2O3 

catalyst (Table III) proceeds within three ranges of 

temperature with maxima at 160, 480, and 670°C. 

 
TABLE III: RESULTS OF THE TEMPERATURE -PROGRAMMED DESORPTION OF 

AMMONIA FROM CATALYSTS (V IS THE AMOUNT OF ADSORBED AMMONIA)  

Catalysts Т max, оС V, mL/(g cat  
V × 10–4,  

mol/(g cat) 

Cе /γ-Al2O3 

160 20. 88 9.32   

480 16.16 7.21  

670 13.52 6.04  

Cе La 

/γ-Al2O3 

145 27.52 12.29  

470 11.92 5.3  

660 12.96 5.79  

 

Within the temperature range of 50–365°C, ammonia was 

apparently desorbed from the weak acid sites of the catalyst in 

the amount of 9.32 × 10
–4

 mol/(g cat). Ammonia was 

desorbed from medium strength sites in the range of 

365–580°C and from strong acid sites in the range of 

580–890°C in amounts of 7.21 × 10
–4

 and 6.04 × 10
–4

 mol/(g 

cat)), respectively [12]. After doping the cerium catalyst with 

lanthanum, ammonia was also desorbed in three ranges of 

temperature with maxima at 145, 470, and 660°C. The 

amount of ammonia desorbed from weak acid sites grew from 

9.32 × 10
–4

 to 1.229 × 10
–3

 mol/(g cat),compared to 

Ce/γ-Al2O3 catalyst. The amount of ammonia desorbed from 

medium strength and strong acid sites fell from 7.21 × 10
–4

 to 

5.3 × 10
–4

 mol/(g cat), and from 6.04 × 10
–4

 to 5.79 × 10
–4

 

mol/(g cat), respectively.  
 

IV. CONCLUSION 

Thus the study of conversion of bioethanol 1 and 

bioethanol 2 over zeolites allows to identify the products of 

dehydratation of alcohol - ethylene, cracking - methane, 

reforming - hydrogen and carbon monoxide. Also aromatic 

hydrocarbons - toluene, benzene, which are the next products 

of ethylene oligomerization. Formation of toluene at 

conversion of industrial alcohol may also depends on the 

presence of additives tert-butilcarbinol, cyclohexane, and 

others in the composition of alcohol. The explanation of this 

will be the subject of our following research works. 

The of conversion bioethanol 1 over Ce-containing 

catalysts showed that the synthesized catalysts exhibited high 

activity and productivity in the catalytic conversion of 

bioethanol 1. The highest activity was observed on the 

CеLa/γ-Al2O3 catalyst. At the optimum process parameters 

(reaction temperature, 400°C; HSV, 6000 h
–1

; ethanol 

concentration, 19.7 g/m
3
), the yield of ethylene reached 82 

vol.% at an ethanol conversion of 94% with a selectivity of 

87.2%. Electron microscopy showed that doping Cе/γ-Al2O3 

with lanthanum increases its dispersion, and some aggregates 

of fine (2 nm) particles could be observed. 

Temperature-programmed desorption revealed that doping 

Cе/γ-Al2O3 catalyst with lanthanum raised the total number of 

acid sites from 2.257 ×10
–4

 to 2.338 × 10
–3

 mol/(g cat).  

According to data from electron microscopy and the 

temperature-programmed desorption of ammonia, the high 

activity of the CеLa/γ-Al2O3 catalyst was apparently due to an 

increase in its dispersion and the number of acid sites, relative 

to Ce/γ-Al2O3 catalyst. 
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