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Production of olefins from bioethanol. catalysts, mechanism

Abstract. This review describes methods of catalytic obtaining from bioethanol of valuable industrial prod-
ucts — olefins, particularly ethylene. Among olefins, ethylene is the most popular key raw material of peth
rochemical synthesis. The scope of appllication of ethylene is almost unlimited in petrochemical products:
polyethylene, ethylbenzene, styrene, ethylene dichloride, vinyl chloride etc. It also examines catalysts for
the production of olefins and their properties. The most promising and commercially advantageous process
of ethylene production by catalytic dehydration of ethanol on catalysts based on modified alumina. And this
review discusses the mechanisms of catalytic conversion of ethanol to ethylene.
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Introduction

Bioethanol, unlike natural gas and refined oil
products, is a more promising renewable source
that meets current environmental requirements for
chemical raw material. Bioethanol is a liquid alco-
hol fuel that is widely available renewable raw ma-
terial; industrial manufacturing technology is well
developed: the biochemical processing of sugar
cane, grain-crops or wood. Obtained bioethanol
is an aqueous solution containing about 12 wt. %
ethanol. Of the total ethanol produced 80% has fuel
application, 12% - technical and 8% - food [1-2].
Technically, light olefins (ethylene, propylene, bu-
tylene) - important intermediates in the petrochemi-
cal industry, of which the largest volume of produc-
tion is ethylene, a key raw material in the produc-
tion of polyethylene, ethylene oxide, ethylbenzene,
with the further production of styrene. Ethylene is
the most highly sought intermediate product of or-
ganic synthesis. Petrochemical capacity of individ-
ual countries is assessed in terms of production of
lower olefins - ethylene and propylene, representing

H,C—CH,—CH,—CH, - H,
H,C—CH,—CH,—CH, - H,

basic chemical raw materials for the production of
polyethylene, polypropylene, plastics, styrene and
other products. According to forecasts of a consult-
ing company Nexant Inc. world consumption of
ethylene in the next 10 years will grow from 100
million to 160 million tons per year. Demand for
polyethylene will increase from 60 million to 100
million tons, and the polypropylene - from 40 mil-
lion to 60 million tons a year. Kazakhstan does not
have capacity for the production of olefins, plastics,
motor fuel and other products, the need for which is
met through imports, compiled annually, according
to expert estimates, more than $ 2 billion.

Production of olefins

In nature, alkenes are rare. Normally gaseous
alkenes (ethylene, propylene, butylene) are isolated
from gases of the oil processing (at cracking) or as-
sociated gases, and gases from the coking of coal. In
industry alkenes are produced by dehydrogenization
of alkanes in the presence of a catalyst (Cr,0,). For
example, [3]:

—  H,C=CH—CH,—CH, (butene-1)
—  H,C—CH=CH—CH,

(butene-2)

From the laboratory methods of obtaining include the following [3]:
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Splitting of halogen hydrogen from halogen alkyls under the action of an alcoholic solution of alkali:

H,C—CH, - R — H,C=CH, + KCl + H,0
CIH
K—OH

2. Hydrogenating of acetylene in presence of catalyst (Pd):

H—C=C—H+H, — H,C=CH,

3. Dehydration of alcohols (splitting of water). Used as the catalyst acid (sulfuric or phosphoric) or - ac-

ids (sulphuric or phosphoric) or A1,0, :

H,C—CH, — H,C==CH, +H,0

H OH
ethyl alcohol

In these reactions, hydrogen is split off from the least hydrogenated (with the least number of hydrogen

atoms) carbon atom (principle of A.M.Zaitsev):

| H OH

CTH3 CH,

3-methylbutanol-2 2-methylbuten-2

Withdrawal of water from the saturated alcohol is
called dehydration. This is one of the most common
ways to produce olefins.

Production of ethylene and its application

At present, almost all of the ethylene is produced
by the pyrolysis of naphtha and liquefied petroleum
gas (propane-butane fraction). This process is
endothermic and requires a high temperature
reaction - 780-1200° C. As the coolant steam at
a ratio of 1:1 is used. Assessment of industrial
emissions (2009) shows that the production of
ethylene by the technology releases 180 million tons
of carbon dioxide CO, into atmosphere. Therefore,
due to environmental issues, the reduction of natural
resources, the high price of crude oil is becoming
urgent task of producing olefins C -C, from alcohols
C, to C,, which can be used as a cheap raw material
for the production of olefins. Currently under
development are two types of catalytic processes for
production of ethylene from alcohol:

* MTO process (dehydration of methanol to ole-
fins).

* Catalytic dehydration of ethanol.
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H,C—C—CH—CH, — H,C—C=CH—CH, + H,0

The most part of research on transformation of
methanol to light C-C, olefins was carried out on ze-
olite catalysts, mainly H-ZSM-5 and different types
of SAPO [4]. The effect of process conditions, pore
size and additions of various elements that regulate
the acid-base properties of zeolites is studied. But
for more than 30 years of research, the MTO pro-
cess has not been brought to industrial applications.
Currently running a pilot plant UOP/HYDRO MTO
(company Norsk Hydro, Norway) for the produc-
tion of ethylene and propylene using SAPO-34 [4].
The main challenges to the practical use of the MTO
process, with rapid deactivation of zeolite catalysts
due to coke formation, after which the activity and
selectivity to light olefins decrease sharply. There-
fore, the duration of run of the catalyst before regen-
eration is 3-5 minutes. Active zeolite catalysts in the
MTO process related to their microporous structure
(or rather narrow channel sizes) and a pair of acidic
and basic center definite strength.

The second method of producing ethylene is de-
hydration of ethyl alcohol. The method of produc-
ing ethylene by catalytic dehydration of ethanol has
been applied in countries such as Brazil and India.
Ukraine plans to organize in the near future the same
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process. Russian companies also show interest in al-
ternative sources of olefins by dehydration of alco-
hols. CJSC “North Donetsk association “Nitrogen™”
has signed a contract with the Institute of Catalysis,
Russian Academy of Sciences to develop baseline
data for the design of process steps for producing
ethylene by catalytic dehydration. The first phase of
the work was to find the most efficient and inexpen-
sive catalyst for this process.

Today, the scope of appllication of ethylene is al-
most unlimited in petrochemical products: polyeth-
ylene, ethylbenzene, styrene, ethylene dichloride,
vinyl chloride. Ethylene oxide, ethylene glycol,
ethanol, vinyl acetate - olefins and linear alcohols
- all of the most common derivatives of ethylene,
produced by industry. Household products that are
derived from these chemicals can now be found ev-
erywhere, from soap and plastic building materials
and finishing products, detergents and motor oils.

Ethylene and propylene are produced in the
greatest volume, but they have a very simple struc-
ture. The best part of their property - the presence
of a double bond between two carbon atoms, so that
they are chemically active substances.

Analysis of the needs of the international mar-
ket for the petrochemical production shows that
Kazakhstan will be the most cost-effective devel-
opment of basic petrochemical plants to produce
polyethylene, polypropylene, styrene and polysty-
rene, ethylene glycol and benzene, especially that
the consumers are expected to be from the Central
Asian region and China. Today, China’s petrochem-
ical complexes cover the demand of the domestic
market for polystyrene and propylene by only 50%.

Catalysts of receipt of olefins

According to the literature the most promising
for use in a wide range of dehydration of alcohols
are individual and modified aluminum oxides. For
individual alumina found a significant effect on the
activity of sodium and iron admixtures. Thus, small
amounts of sodium admixtures lead to a sharp de-
crease in activity and selectivity to olefins alumina
dehydration of ethanol, propanol and butanol; iron
admixtures lead to cracking and coking processes.
Therefore, greater activity and selectivity to olefins
can be expected with the use of aluminum oxide,
which is substantially does not contain the above
mentioned admixtures.

Traditional methods of preparation of alumi-

num oxide (reprecipitation or hydration products
hydrargillite thermal decomposition) do not allow
obtaining high-purity alumina. Known species pre-
cipitation method (ammonium nitrate technology)
gives a fairly pure aluminum oxide containing so-
dium impurities <0.01%, but it is associated with
significant runoff. One of the low-waste methods
for high-purity aluminum oxide is based on the hy-
drolysis of aluminum alkoxides. This method also
allows you to receive the modified alumina at joint
hydrolysis of aluminum alkoxides and modifying
connections [5, 6], of which the most interesting
is the introduction of tetravalent cations. The best-
known foreign producer of alcoholate alumina is a
firm BazoYuegtapu.

Development of catalysts based on aluminum
oxide to processes of C2-C4 olefins from alcohols
C1-C4, as well as studying the effect of acid-base
properties on the specific catalytic activity in the de-
hydration of alcohols to olefins is devoted to work
[7], at the Institute of Catalysis SB RAS. The prob-
lem of synthesis of active catalysts for the dehydra-
tion of alcohols was solved in two ways: by obtain-
ing high-purity alumina and modified by alcoholate
technology (does not contain an admixture of sodi-
um) and by modifying the finished aluminum oxides
obtained by means of reprecipitation and hydration
products of thermal activation gidrargilita (contain
an admixture of sodium ). With the use of NMR
spectroscopy and SAXS revealed that alcohol solu-
tion of aluminum alkoxide has the set of complexes
with tetrahedral, octahedral environment of alumi-
num and pentacoordinated aluminum complexes. In
solutions of trimetilata and triizopropilata-aluminum
tetrahedral and pentacoordinate forms of aluminum
dominate. Octahedral shape dominates in trietilata
aluminum solutions. According to SAXS, there are
four main areas of the particle distribution in alu-
minum hydroxides, and four types of complexes in
the initial solution triizopropilata aluminum. It is as-
sumed that there is a limited number of options for
the interaction of these aluminum complexes with
each other during the hydrolysis, which causes loss
and further growth of particles of a certain size.

Shown that the modification of aluminum ox-
ide on the hydrolysis step by adding tetravalent
elements is an effective method that allows a wide
range regulation of the acid-base and catalytic prop-
erties. Developed a new technique that can deter-
mine not only strong, but also weak electron-centers
using EPR spectroscopy. The advantage of using
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this method, compared with the known, is mani-
fested in increasing the number of electron centers
detected by 5-10 times and the possibility of reduc-
ing the temperature of pre-treatment of samples to
200° C to study the thermally unstable samples or
samples obtained at low calcination temperatures.
Using the new technique revealed that the introduc-
tion of chloride and sulfate ions increases the con-
centration of electron centers and the specific rate of
production of ethylene, and the presence of sodium
cations (even small amounts of sodium - 0.3 wt.%)
reduces the concentration of electron centers and
speed. Aluminum oxides, modified by chloride ions
are recommended for practical use.

The linear dependence [7] between the specific
rate of production of olefins (ethylene-butylene)
in the dehydration of ethanol and n-butanol and
the amount detected on aluminum oxide catalysts
of electron centers (including weak) were first ob-
tained. Comparison of data on the concentrations of
electron centers of different strength with the data
on the catalytic activity led to the conclusion that
it is the weak acceptor centers play an important,
and perhaps decisive role in the dehydration of alco-
hols and are catalytically active centers in the pro-
cess. Found that the rate of formation of olefins in
the dehydration of alcohols decreases linearly with

increasing concentration of electron donor (basic)
centers and increases linearly with increasing con-
centration of electron acceptor (acid) centers [7].

As catalysts for the production of ethylene from
ethanol, composites based on TiO, and supported on
zeolites [8] are used, which proved much more ef-
fective than an aluminosilicate zeolite or TiO,. The
rate of formation of ethylene on these catalysts is 8
times higher than in the aluminosilicate zeolite or
TiO, at 420° C.

Catalytic dehydration of bioethanol to ethylene
on CeO,-Zr0,, TiO,/g- TiO, nanostructured HZSM
- 5 zeolite catalysts are described in works [9, 10]
(table 1).

Obtaining ethylene catalytic dehydration on
Ti0,/g-Al0, catalysts was carried out in a multi-mi-
crochannel reactor [9]. Physics-chemical properties
of the catalysts were studied by X-ray diffraction
(XRD) and FT-IR spectroscopy. The effect of ex-
perimental parameters such as the concentration of
ethanol, the reaction temperature and the flow rate
of the liquid was studied. The conditions of high
activity and relative stability TiO,/ g-Al,O, cata-
lysts were determined. Reaction results show that
the catalyst containing TiO, has a high conversion
of ethanol of 99.96% and the selectivity of ethylene
0f 99.4%.

Table 1 — Product composition of the gas phase at different concentrations of ethanol (t-440 °C, LHSV-52 h'!) [9]

EtOH Q.. Product composition of the gas phase, mol % Xeon S, Y
wt % ml/min mol % mol % glg . h
C.H, C.H, C C, DEE
12,0 47 0,40 99,55 0,05 0 0 99,7 99,2 4,4
30,0 103 0,25 99,6 0,13 0,01 0 99,9 99,3 9,8
50,0 170 0,19 99,5 0,24 0,04 0 99,8 99,2 16,0
70,0 227 0,24 99,15 0,40 0,12 0,01 99,7 98,8 21,2
93,8 281 0,23 99,0 0,45 0,23 0,02 99,7 98,6 26,1

Ethylene yield reached 26 g/g cat. per hour,
which is a very important discovery for intensifica-
tion and miniaturization process for producing eth-
ylene from ethanol. The optimum concentration of
ethanol 30-50 weight %, and the optimum tempera-
ture of 400-500° C. Miniaturization process for pro-
ducing ethylene from bioethanol has been achieved
in a microchannel reactor.

Active nano and micro HZSM-5 zeolite catalysts
and the selectivity of ethylene compared to the de-
hydration of bioethanol to ethylene in a stationary
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reactor at 240° C and atmospheric pressure [10].
Nanostructured HZSM-5 zeolite catalysts showed
better stability than the microstructure. At 95 vol.
% of bioethanol in the reactant at the nanoscopic
HZSM-5 zeolite catalyst conversion of ethanol and
the selectivity of ethylene remained constant for
630 hours of reaction, while at the microstructural
HZSM-5 zeolite catalyst conversion of ethanol af-
ter 60 hours of reactions decreased. At 45 vol. % of
bioethanol in the reactants at the nanoscopic HZSM-
5 catalyst bioethanol conversion and selectivity for
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ethylene were kept constant for 320 hours, and at the
microstructural HZSM-5 zeolite catalyst conversion
of ethanol and selectivity for ethanol in these condi-
tions are reduced at the beginning of the reaction
[10].

On a vanadium catalyst from fraction of hydro-
carbons of C, - C,, of obtained biomass in the pro-
cess of pyrolysis can be obtained ethylene, propyl-
ene and butylens [11, 12]. In catalytic pyrolysis up
to 40-50% of ethylene and 60-65% of the gaseous
olefin feedstock are produced. Verification of this
process in terms of pilot [13] showed that depend-
ing on the feedstock used ethylene is formed with
a yield of 40% and olefins of 60-65%. By thermal
pyrolysis of ethylene yield usually does not exceed
25-26%. Thus, as a result of processing of vegetable
raw materials liquid hydrocarbons as components
of motor fuels and olefins, particularly ethylene, for
the processes of petrochemical synthesis can be ob-
tained.

Catalytic conversion of ethanol produced by
fermentation of biomass is an alternative to tradi-
tional crude oil processing. So in [14] the results
of the catalytic conversion of bioethanol into such
valuable petrochemical products as olefins, gaso-
line range hydrocarbons and aromatic are shown.
It is shown that, depending on the characteristics
of the catalyst the composition of the resulting
products can vary. Zeolites ZSM-5 are used as
catalysts, which are active in the conversion reac-
tion of ethanol to ethylene and other hydrocarbons.
During the processing of bio-ethanol a number of
valuable chemicals are produced, such as acetal-
dehyde, ethyl acetate, hydrogen, ethylene, and the
liquid product composition that presents a wide
range of hydrocarbons.

The experimental results showed that the conver-
sion of ethanol in all cases is almost entirely, with
the ethanol content in the aqueous fraction is less
than 0.2%, even at high speeds. It was found that
the volume rate of 2 h™! is optimal for the production
of liquid hydrocarbons. For small space velocity of
ethanol and its increase, liquid yield decreases. This
trend indicates that at very low space velocities with
increasing contact time with the catalyst surface, the
formation of hydrocarbons is decreased with other
reactions. At very high volume flow rates, there is
not enough contact time of the reaction mixture
with catalyst for the complete oligomerization of
ethylene.

Studies of bioethanol conversion on zeolite cata-
lysts in a wide range of reaction conditions allowed
the identification of the following major product
groups:

1. The products of disproportionation, which in-
clude benzene and xylenes presented ortho-, meta-
and para-isomers.

2. Products of skeletal isomerization.

3. Fragmentation products, including ethylben-
zene, toluene and metiletilbenzol (OIE).

4. Products of dealkylation, followed by ethyl-
ene oligomerization, isomerization and cracking of
oligomers, with the main contribution given by satu-
rated and unsaturated aliphatic hydrocarbons having
a carbon number from two to six.

5. Products of alkylation of benzene by unsatu-
rated aliphatic hydrocarbons, consisting of alkyl
aromatic hydrocarbons with the number of carbon
atoms in the side chain of more than three.

As aresult of a comprehensive study of proposed
methods for obtaining new zeolite containing cata-
lysts, from which was developed a flexible conver-
sion technology of ethanol into important products
for the petrochemical [14], such as motor fuel, ole-
fins and aromatic hydrocarbons.

Mechanisms of catalytic conversion of ethanol

The mechanism of formation of olefins from
alcohols to some extent depends on the structure
of alcohol [7,14]. In multipoint adsorption of re-
actants they bind multiple bond with the catalyst at
a certain distance from each other. This principle
of geometric correspondence between the posi-
tions of the atoms in the reactants and the catalyst
was clearly articulated in the multiplet theory of
A.A.Balandin [15].

0O.V.Krylov [16] showed that the geometric cor-
respondence with the catalyst may be required not
only for the source, but also for one of the inter-
mediates involved in the rate-limiting step of the
reaction. This is evidenced by the work, taking into
account the possibility of adsorption centers of
various kinds, which causes the polarization of re-
lations. Activated complex of polar molecules with
polar catalyst may take the form of a six-membered
ring, because in this ring the voltage bond angles
are minimal. For example, for the dehydration of
alcohols on hydrated Al O,, the following scheme
is offered:
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CH,—CH, + HO—Al « ,CH,—CH,,
| | H
H OH (0) \
O------ Al
H O
Coordinatively unsaturated Al ion polarizes the
OH group of alcohol, and polarized hydrogen meth-
yl group interacts with the OH group on the surface
of the catalyst. As the result, catalyst exchanges pro-
tons with reagents.
\ /
g N g I
/M \
H OH
@) L
0 —Al

Here is an example bifunctionality of some metal
oxides in the decomposition reaction of ethanol:

C,H,OH
At 350°C and 1 atm
g w
Oxide H,+C H,0 H,0+ CH,
First class, Second class,
% %
AlO 1,5 98,5
Cr,0, 9,0 91,0
TiO, 37,0 63,0
ZrO, 55,0 45,0
Fe O, 86,0 14,0
ZnO 95,0 5,0

This selectivity is a function of surface of differ-
ent types of active centers that depend on the pre-
liminary treatment (reduction, oxidization) of metal
oxides.

When dehydration of primary alcohols (in the
carbon atom bound to hydroxyl is connected with
only one radical) assumed the following mechanism
[18]:

1) proton (from any acid) is attached to the free
electron pair of the oxygen atom to form substituted
oxonium ion;

2) next, when heated, water splits from
substituted oxonium ion, as the result carbocation
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OH < CH, +HO +AIO(OH)

Stereochemical features of the dehydration
of alcohols are also found in [17], where explana-
tion is given that on the surface of aluminum oxide
basic and acid centers operate together, as shown
below:

\ /
— C=C
/ \
H OH
\ /
O0—Al

CH,-CH," must be obtained, but since such an ion is
very unstable, it is stabilized by the loss of a proton
and the formation of the double bond. Loss of water
and protons (with dehydration of primary alcohols)
occurs almost simultaneously with formation of
olefin.

Works [18, 19] are devoted to technological de-
velopment of a catalytic process for the conversion
of ethanol important products for the petrochemical
industry. The study aims to establish technological
foundations of the catalytic conversion of ethanol to
produce olefins, aromatics and hydrocarbons of gas-
oline range. A new flexible technology of catalytic
bioethanol conversion process is developed, which
includes obtaining nanostructured zeolite catalysts
(catalyst HZSM-5), which ensures the production of
olefins, components of motor fuels and aromatic hy-
drocarbons. We propose a method for a given class
of hydrocarbons, depending on the module and the
structuring of silica supplements. On the basis of the
revealed laws, a scheme transformations provide an
overview of the key problems of the kinetic conver-
sion of bioethanol and mechanism defining and con-
trolling process parameters.

Thus, among olefins, ethylene is the most popu-
lar key raw material of petrochemical synthesis.
From this review follows that the most promising
and commercially advantageous process of ethylene
production by catalytic dehydration of ethanol on
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catalysts based on modified alumina. The mecha-
nism of production of olefins from ethanol to some
extent depends on the state of the catalyst surface,
particularly on their acidic and basic centers. Selec-
tivity of the process is also a function of the different
active surfaces (oxidation, reduction) of the centers
of the catalyst.
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K. Hocymos, JI.X.UYypuna, I.E. Eprazuesa, I.B. AdGpamoBa, M.M. Tenr0acBa
Buosranonaaun onedunaepai aay, KaTajau3aTopJap, MexaHu3Mi

By monyna OmosTaHONmaH OHMIpiCTIK Oaraibl eHiMAEp — OJNCPUHIACPIl, OHBIH IIIIHAC ITUICHII KaTaIUTHKAIBIK
OMICTIEH ajy >KOJIaphl CHMAaTTaiFaH. MyHaXUMHsS CHHTE31 YIIiH oleUHIEPIiH INIHIe €H HEeTi3ri KepeKTi IHKi3aT
ITHIICH OoMabl. MyHAXUMUS 3aTTapbIH: MOJMATHIICH, STUIOCH30, CTHPOI, JUXJIOPITAH, BUHWIXIOPU T.0. any yIIiH
STHIICHII KOJIaHy aifMarsl ic XKy3iH/e meKci3 nen ecenreneai. OneduHaepIl ady YIIiH KOIJaHBUIATHH KaTaln3aTopiap
JKOHE OJIAPABIH KACHETTEpi KapacThIPbUIFaH. DTHIICHI OHOATAHONIAH KATAIWTHKANIBIK JETHIpATAsIay HKOJIbIMEH
MOIU(PHUINPICHICH aTIOMIHAN OKCH/II KaTaIH3aTOPBIHIA aTy KOMMEPUIHSIIBIK THIMAL KOHE OOammarsl 30p. DTaHOIIBIH
STUJICHTE JISHIHTT KaTAIMTHKAJIBIK KOHBEPCHSChIHBIH MEXaHNU3MI TaJlJaHFaH.

Tyitin ce30ep: Taburu ra3, OMOATAHOI, TEXHOJOTHS,0THIH, aIKCHIEP.

K. Hocymos, JI.X. Uypuna, I.E. Eprasuesa, I.B. A6pamoBa, M.M. TensbaeBa
Mosny4yenne oepHOB M3 OMOITAHOJIA. KATAJIU3ATOPbI, MEXaHU3M

B Hacrositiem 0030pe onucaHbl crocoObl KaTaJUTHUECKOTO MONYyUYSHHs] U3 OMO3TaHONa IEHHBIX MTPOMBILIICHHBIX
NPOAYKTOB — oyie)MHOB, B 4YacTHOCTH HTwiieHa. Cpeiau oyiepMHOB JTHIICH SIBISIETCS Haubosiee BOCTPEOOBAHHBIM
KJIFOYEBBIM ~ ChIpbeM HedTexuMuueckoro cunte3a. OOnmacTh NPUMEHEHHs OTHIICHa CYMTACTCS IPAKTHYECKH
HEOTrpaHUUEHHOMW M0 He(PTEXUMHUYECKUM MPOYKTaM: MOJIUITUIICH, THIOSH30I1, CTUPOJI, TUXJIOPATAH, BAHUIXIOPU/ U JIp.
PaccMoTpeHb! Karaian3aTopsl Mojy4eHus oneUHOB U uX cBoiicTBa. Hanbonee nepcrnekTHBeH U KOMMEPYECKH BBITOJICH
MPOLIECC MPOM3BOJCTBA ATHJICHA IMYTEM KaTAIUTHYECKOW Jerujaparaldd OHOdTaHONAa Ha Karajau3aropax Ha OCHOBE
MOAN(HUIMPOBAHHOTO OKCHJIA aTfoMUHMS. OOCYKIAIOTCSI MEXaHN3MbI KATATUTHYECKOI KOHBEPCHHU 3TaHOJIA JI0 STHIICHA.

Knroueewie cnoea: npupoHblii ra3, OMOATAHOI, TEXHOJIOT U, TOTIMBO, AJIKEHBI.
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