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Abstract New reactions, catalytic ethanol reductive

dehydration into alkanes C3–C10 and cross-coupling of

ethanol with cyclopentanol into alkyl substituted cycloal-

kanes, were studied. The reductive dehydration of ethanol

was carried out at 350 �C and 50 atm of Ar. The interme-

tallic hydrides with different hydrogen content, industrial

Pt/c-Al2O3 and reduced molten promoted iron catalysts

were used as catalysts. The yield of alkanes varies

depending on acid/base additives. The conversion of etha-

nol and the yield of higher alkanes increase as the hydrogen

content in the intermetallic material decreases. When MgO

is used as additive ethanol converts mainly into iso-alkanes.

The content of iso-alkanes in the C5–C10 fraction reaches

92%. The cross-coupling of ethanol with cyclopentanol

over the catalytic compositions consisting of intermetallic

hydride and Pt/c-Al2O3 and reduced molten promoted iron

afforded cyclic alkyl substituted hydrocarbons.

Keywords Ethanol reductive dehydration �
Cross-coupling reaction � Alkanes � Oxygenates �
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1 Introduction

Many catalytic transformations of alcohols have been

known for more than a century [1]. Considerable study has

been given to the redox reactions of alcohols catalyzed by

metals and alloys [2, 3]. Reactions of alcohols catalyzed by

both solid and liquid acids and bases have been studied

intensively [3, 4].

Chemistry of alcohols is of primary importance in

the development and fundamentals of catalysis and in

industrial applications [4–6]. Some fundamentals of

catalytic science have been formulated based on studies

of alcohol chemistry [1–11]. More than 70 millions tons

of the bulk and fine chemicals are produced catalyti-

cally from C1–C4 aliphatic alcohols as feed stocks

[1, 8].

Recently, a new catalytic reaction, alcohol reductive

conversion into alkanes with at least doubled number of

carbon atoms compared to the initial alcohol was reported

[12, 13]. For instance, cyclopentanol was found to react

with dihydrogen at 250 �C in the presence of an iron cat-

alyst giving rise to a mixture of hydrocarbons containing

cyclopentanyl and cyclopentanylidene fragments (see

Scheme 1):

Analogously, benzyl alcohol or benzaldehyde (equilib-

rium between the alcohol and aldehyde is established under

reaction conditions) reacts with H2 in the presence of the

reduced molten promoted iron catalyst (RMPIC) giving

rise to 1,2-diphenylethane. Aliphatic alcohols, e.g., 3-

methylbutanol and 2-methylpropanol, undergo a reductive

conversion over the hydride [TiFe0.95Zr0.03Mo0.02]H0.36

and Pt/Al2O3 catalyst yielding mainly alkanes with the

doubled number of carbon atoms compared to the parent

alcohol (see Eqs. 1 and 2) [13]:
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A similarity between the reactions of alkanols, cyclo-

alkanols and benzyl alcohol is clearly seen. The

intermetallic hydride seems to be the major origin of the H

atoms shown in brackets in Eqs. 1 and 2.

Based on the analogy with Eqs. 1 and 2, the reaction

of ethanol in the presence of the hydride [TiFe0.95Zr0.03

Mo0.02] H0.36 and Pt/Al2O3 catalyst was expected to produce

n-butane as the main product (see Eq. 3):

2C2H5OHþ 2½H� ! CH3CH2CH2CH3 þ 2H2O ð3Þ

However, this reaction was found to be much more

complicated than that shown in Eq. 3. In fact, the reaction

products contained at most 0.1 wt.% n-butane, along with

small amount of isobutane (see Eq. 4):

2C2H5OHþ 2½H� ! ðCH3)2CHCH3 þ 2H2O ð4Þ

Instead, the main reaction products were higher linear

and branched alkanes that formed by ethanol reductive

dehydration. Alkanes C5–C8 predominated in the alkane

fraction [13]. In this paper the ethanol reaction is discussed

in more detail.

2 Experimental

2.1 Catalytic Procedure

The reductive dehydration of ethanol and the combined

transformation of cyclopentanol with ethanol were studied

on a high-pressure flow-circulation setup with fixed-bed

catalyst at 350 �C, 50 atm and alcohol VHSV 0.6 h-1.

Ethanol and cyclopentanol, (analytical-grade) were used

as received.

2.2 Catalysts

The intermetallic hydrides with different hydrogen con-

tents, industrial Pt/c-Al2O3 or reduced molten promoted

iron were used as catalysts.

The intermetallic compound TiFe0.95Zr0.03Mo0.02 was

prepared by the consumed-electrode melting (2,400–

2,600 �C) of the starting components. Titanium sponge (TG

100), low-carbon steel (Russian State Standard 11036-75),

zirconium iodide and molybdenum metal were used as the

starting materials. Prior to loading into the reactor, the

intermetallic compound was crushed to 2–3 mm pellets

using a ball mill with corundum balls. The intermetallic and

Pt/c-Al2O3 mixtures were prepared as thoroughly mixed

blend consisting of 2–3-mm pellets of the intermetallic

compound and small cylinders of the industrial Pt/c-Al2O3

catalyst. The mixture of finely ground intermetallic com-

pound (60 g) and Pt/c-Al2O3 catalyst (7 g) was loaded in the

reactor and the resulting heterogeneous system was treated

with hydrogen at 100 �C and 1 atm under H2 flow for 10–

14 h (activation). After the activation, the system was cooled

to 25–30 �C, and H2 (100–120 atm) H2 was fed in the cir-

culation mode. Approximately 1 mol of H2 was absorbed per

the TiFe0.95Zr0.03Mo0.02 unit, which amount corresponds to

the [TiFe0.95Zr0.03Mo0.02]H2 hydride. Then [TiFe0.95Zr0.03-

Mo0.02]H2 was partially dehydrogenated upon heating under

Ar to the working temperature (350 �C), and the

[TiFe0.95Zr0.03Mo0.02]H0.36 hydride was formed. The sub-

sequent oxidative treatments of [TiFe0.95Zr0.03Mo0.02]H0.36

produced various hydride containing intermetallic species

(See Table 1 samples I, III–VI).

MgO or c-Al2O3 (analytical-grade) used as co-catalyst

were introduced in an amount of 10% by weight based on

the initial catalytic composition (TiFe0.95Zr0.03Mo0.02 +

Pt/c-Al2O3).

The reduced molten promoted iron catalyst was pre-

pared by arc melting of natural magnetite with V2O5

promoter using water-cooled copper electrodes. The melt-

ing temperature of the oxide mixture was 1,500–1,600 �C,

and the melting time was 60–120 s. The resulting alloy was

crushed to a particle size of 2–3 mm and reduced with

hydrogen at 450 �C and 0.1–5 MPa for 10–12 h.

2.3 Catalyst Pretreatment

Samples I and III–V were prepared by pretreatment of

[TiFe0.95Zr0.03Mo0.02]H0.36 with CO2 (350 �C, 50 atm, 2 h);

H2

-H2O

~ 60 %

35 %

OH

+

+

Scheme 1 (dehydration of cyclopentanol) (250 �C, iron catalyst,

PH2 = 0.7 MPa, H2 flow rate 103 h-1, alcohol feed rate

0.1670.18 h-1)
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Sample VI was prepared by pretreatment of [TiFe0.95Zr0.03

Mo0.02]H0.36 with an Ar–air mixture ([O2] * 5% vol)

(350 �C, 50 atm, 2 h)

Sample VII was prepared by reduction of the Fe3O4/

V2O5 alloy with H2 (450 �C; 1 atm, H2 flow rate 30 l/h)

2.4 Product Analysis

The gaseous reaction products were analyzed by on-line gas

chromatography using LKhM-80 and LKhM-8M chroma-

tographs. The gas components were identified by reference

compounds; their concentrations were calculated by the

absolute calibration method. The H2, CO, CH4 and CO2

samples were analyzed using analytical packed column 1

(5 m 9 4 mm) with the SKT carbon sorbent (0.25–0.5 mm

fraction), a heat-conductivity detector and special-purity

grade Ar as the carrier gas. The C1–C4 hydrocarbons were

analyzed on an analytical packed column (2 m 9 4 mm)

with a-Al2O3 (0.25–0.50 mm fraction) modified with 2%

squalane using a flame ionization detector.

The liquid products of alcohol conversion were analyzed

on a Crystal-4,000 chromatograph (SE-30 phase) and a

Kratos MS 25 RF chromatomass spectrometer using the

packed and capillary columns.

3 Ethanol Conversion Over Intermetallic Hydride

and Co-catalysts

In general, the reaction of ethanol yields a number of

gaseous and liquid products (see Scheme 2):

In the presence of the intermetallic hydride [TiFe0.95

Zr0.03Mo0.02]H0.36 and commercial Pt/c-Al2O3 (10:1) cat-

alyst composition ethanol is converted into gaseous and

liquid alkanes and oxygen containing products (see

Scheme 2 and Tables 1, 2, 3, 4). For instance, 64% of

ethanol was converted giving rise to mostly C1–C4 alkanes

and 4.5% mol C5–C10 alkanes (see Experimental and

Table 1, entry III) in the presence of the mixture of

intermetallic hydride ([TiFe0.95Zr0.03Mo0.02]H0.18] and

Pt/c-Al2O3 catalyst at 50 atm of Ar and 350 �C.

Both the materials under study, the intermetallic hydride

([TiFe0.95Zr0.03Mo0.02]H0.18] and Pt/c-Al2O3 catalyst,

exhibited no catalytic activity in ethanol into alkanes trans-

formation when used separately each other. Similarly, the

yield of iso-C10 alkanes (listed in brackets below) from

3-methylbutanol reaction rose up in the succession:

[IMH + Al2O3] (0.6%) \ Pt/Al2O3 (2.5%) \ Al2O3 (4.9%)

\ [IMH + Pt/Al2O3] (50%), suggesting a synergism of

the IMH : [TiFe0.95Zr0.03Mo0.02]H0.1 and Pt/Al2O3

activity [13].

Preliminary experiments showed the reaction is influ-

enced by the catalysts mixture composition (including solid

acid/base additives), hydrogen content in the intermetallic

hydride and the method of IMH pretreatment.

4 Hydrogen Content in IMH

Our experiments showed that the reaction selectivity

depends on both the composition of the intermetallic

hydrogen carrier and hydrogen content. The data in Table 1

clearly show that both the alcohol conversion and higher

alkanes yield tend to rise up as the hydrogen content in the

intermetallic material decreases.

The intermetallic alloy TiFe is known [14] to absorb one

mole of dihydrogen per TiFe unit forming the hydride

TiFeH2. Studies of H2 thermodesorption [12] showed that

the hydride TiFeH2 splits off a dihydrogen molecule at

room temperature. Our experiments demonstrated that

ethanol converted into ethane mainly when contacting the

C2H5OH + m[H]
350°C

Pt/Al2O3

IMH

CH4, CO, CO2, C2H6, C3H8, C4H10

CnH2n+2 (n>4)

Oxigenates: butanal,
higher alcohols, ethers, 
esters, acetals

Scheme 2 Main ways of ethanol conversion. IMH is intermetallic

hydride

Table 1 Activity of intermetallic hydride materials in ethanol to alkanes conversion (350 �C, 50 atm of Ar, Vethanol = 0.6 h-1)

No. Hydride composition Alcohol conversion,

% mol

Alkanes C5–C10 yield on

alcohol converted, % mol

I [TiFe0.95Zr0.03Mo0.02]H0.18 33.5 –

II Pt/Al2O3 66 0.4a

III [TiFe0.95Zr0.03Mo0.02]H0.18 + Pt/Al2O3 64.2 4.5

IV [TiFe0.95Zr0.03Mo0.02]H0.02 + Pt/Al2O3 + MgO 94 33.1

V [TiFe0.95Zr0.03Mo0.02]H0.1 + Pt/Al2O3 + c-Al2O3 72 5.5

VI [TiFe0.95Zr0.03Mo0.02]Hx + Pt/Al2O3, where x \ 0.1 96 20.3

VII RMPIC 92 6.5

a Only n-olefins C6–C8 were detected
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intermetallic hydride TiFeH2 under these conditions. The

intermetallic hydride of composition TiFe0.95Zr0.03-

Mo0.02H2 was found to react analogously with ethanol at

the temperatures below 350 �C.

A number of hydrides based on the TiFe0.95Zr0.03Mo0.02

alloy were tested as reducing agents in the reaction with

ethanol. Earlier we found [15–17] that 1 mole of

TiFe0.95Zr0.03Mo0.02 absorbs 1 mole of H2 to form the

intermetallic hydride [TiFe0.95Zr0.03Mo0.02]H2. The ther-

mal desorption curve of the adsorbed hydrogen from the

sample of the stoichiometric composition [TiFe0.95Zr0.03-

Mo0.02]H2 in an argon atmosphere clearly exhibits three

regions. The first of them corresponds to an intense release

of 0.80–0.82 mol H2 per mole of the sample in the range

from 70 to 185 �C giving rise to the hydride of composition

[TiFe0.95Zr0.03Mo0.02]H0.36, as shown by Eq. 5.

½TiFe0:95Zr0:03Mo0:02�H2�!70�180 �C

0:82H2

þ ½TiFe0:95Zr0:03Mo0:02�H0:36 ð5Þ

The portion of dihydrogen evolved can be

conventionally referred to as loosely bound hydrogen

(LBH). Hydrogen contained in the intermetallic hydride

[TiFe0.95Zr0.03Mo0.02]H0.36 (1) is termed as strongly bound

hydrogen (SBH). Hydride 1 is stable within the temperature

interval 185–700 �C [15–17]. Part of SBH (*0.09 mol H2

per mole of the intermetallic compound 1 was released from

[TiFe0.95Zr0.03Mo0.02]H0.36 within 700–920 �C (Eq. 6):

½TiFe0:95Zr0:03Mo0:02�H0:36�!700�920 �C

0:09H2

þ ½TiFe0:95Zr0:03Mo0:02�H0:18 ð6Þ

Much higher temperature is required for thermal

desorption of the remaining hydrogen (*0.09 mol H2

per IMH mol) from compound 2. However, part of this

SBH amount can be removed from the intermetallic

hydride [TiFe0.95Zr0.03Mo0.02]H0.36 by treatment with

CO2 or oxygen containing gas mixture at 350–430 �C

(See Scheme 3) [9].

Table 2 Representative example of hydrocarbon products composition of ethanol conversion at 350 �C and 50 atm

No. Systems Yield of C2–C10 hydrocarbons, mmol Yield of d C2–C10

alkanes, mol %
Alkanes Alkenes

n- i- Total

I [TiFe0.95Zr0.03Mo0.02]H0.18 32 – 32 7 15a

II Pt/Al2O3 36 0.4 36.4 503 7

III [TiFe0.95Zr0.03Mo0.02]H0.18 + Pt/Al2O3 55.8 14.5 70.3 9.6 17

IV [TiFe0.95Zr0.03Mo0.02]H0.02 + Pt/Al2O3 + MgO 113 154 267 6 53

V [TiFe0.95Zr0.03Mo0.02]H0.1 + Pt/Al2O3 + c-Al2O3 105 4 109 16 23

VI [TiFe0.95Zr0.03Mo0.02]Hy + Pt/Al2O3, where y \ 0.1 260 25 285 26 47

VII RMPIC 104 6 120 45 40

a Alkenes and alkadiens C2–C4 were found in the presence of Pt/Al2O3

Table 3 Hydrocarbon gaseous products (350 �C, 50 atm)a

Catalysts Gaseous products, mmol

CH4 C2H6 C2H4 C3H8 C3H6 C4H10 C4H8 Total

[TiFe0.95Zr0.03Mo0.02]H0.18 (I) 18.1 30.2 0.7 0.9 1.8 1.3 4.4 57.4

Pt/Al2O3 (II) 5.4 35.8 467.2 – 2.0 0.4 33.3 544.1

[TiFe0.95Zr0.03Mo0.02]H0.18/Pt/Al2O3 (III) 18.7 32.7 0.3 1.4 0.1 3.1 1.4 57.7

[TiFe0.95Zr0.03Mo0.02]H0.02/Pt/Al2O3/MgO (IV) 27.8 84.3 – 3.2 0.2 13 1.2 129.7

[TiFe0.95Zr0.03Mo0.02]H0.1/Pt/Al2O3/c-Al2O (V) 23.6 53.6 – 2.1 0.2 6.3 2.3 88.1

[TiFe0.95Zr0.03Mo0.02]Hy/Pt/Al2O3, (VI) whert y \ 0.10 79.7 142.2 – 5 – 11.1 0.4 238.4

(VII) RMPIC 123 54 – 32 5 21 10 245

a A number of oxygenate products was formed under reaction condition besides alkanes (see scheme 2, Table 4)

[TiFe0,95Zr0,03Mo0,02]H0,18
350-430°C

O2

H2O

[TiFe0,95Zr0,03Mo0,02]H0,1

[TiFe0,95Zr0,03Mo0,02]Hx

2

3

4

CO2

H2O
350°C, 2h

CO

CO2

CO H2O

x<0.1

Scheme 3 Removal of hydrogen from metal hydride 2 by treatment

of the hydride with CO2 or dioxygen (6% of O2 in Ar)
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CO2 treatment of hydride 2 for a more extended time or

repeated treatment of formed material, hydride 3, (2 h at

350 �C) afforded a material containing less hydrogen

amount, [TiFe0.95Zr0.03Mo0.02]Hx, where x \ 0.1. Analo-

gously, hydrogen can be removed by careful oxidation of

hydride 2 with the air–Ar mixture (* 6% of O2 vol.) as

shown in Scheme 3 [16, 17].

The listed intermetallic hydrides in a combination with

the Pt/c-Al2O3 co-catalyst were tested in ethanol conver-

sion (see Tables 1–3).

Intimate mixtures of the powdered intermetallic hydride

materials 2–4 with the industrial Pt/c-Al2O3 catalyst

revealed catalytic activity in ethanol transformation to the

higher alkanes, gaseous products and oxygenates. The

results obtained (see Tables 1 and 2, entries III, IV and VI)

show tend of rise the alkanes yield as hydrogen content in

the intermetallic hydride is decreased.

5 The Role of Acid/Base Functions. MgO Promoting

Effect

The acid groups and electronic vacancies capable of serv-

ing as acid centers and the basic groups (OH-, H-) could

occur on the catalyst surface. Alcohols are known to

undergo dehydration and condensation in the presence of

solid acids like alumina [4, 5]. Hydrogenation catalysts

(Cu, Pd, Rh, Ni, Cu/Cr, Ru-contacts) in combination with

basic species are known to catalyze the Guerbet conden-

sation of primary alcohols giving rise to branched higher

alcohols, e.g. iso-butanol from propanol and methanol

[7, 18–21]. Ethanol is known [21] to be converted into

1-butanol over the alkaline earth metal oxides and MgO

modified catalyst at 450 �C.

Recently, in a study of CO2 conversion with ethanol in the

presence of the intermetallic hydride [TiFe0.95Zr0.03

Mo0.02]H2 and the HIMC–c–Al2O3–2% Pd/SiO2 composi-

tion it was found [22] that the C5–C14 alkanes were formed

when the intermetallic hydride–alumina composition was

preliminarily treated with carbon dioxide. In the presence of

other compositions including intermetallic hydride com-

bined with Pd/SiO2, ethyl acetate was found as the main

liquid product. The conversion of ethanol was determined in

the presence of zeolite (ZSM-5) catalyst as support pos-

sessing Bronsted acidic sites [23]. Alkyl benzenes were the

main products of ethanol conversion. Only negligible

amount of light alkanes (up to C5) was identified.

Table 4 Liquid oxygenates (350 �C, 50 atm of Ar)

Catalytic systems Oxygenates (yield, mmol)

CO CO2 Alcohols Aldehydes, ketones Esters, ethers, acetals

[TiFe0.95Zr0.03Mo0.02]H0.18/Pt/Al2O3 (III) 101.7 Traces C4H9O-7.4 – (C2H5)2O-160.2

C6H13OH-0.3 C2H5-O-C4H9-4.3

C2H5-O-C3H7-2.2

C5H10O2-30

C4H7OOC2H5-0.9

[TiFe0.95Zr0.03Mo0.02]H0.02/Pt/Al2O3/MgO (IV) 99.8 17.9 C4H9OH-8.2 C2H4O-4.3 (C2H5)2O-37.2

C4H8O-3.3 C2H5-O-C4H9-8.2

C6H12O-2.8 C2H4(OC2H5)2-1.5

[TiFe0.95Zr0.03Mo0.02]H0.1/Pt/Al2O3/c-Al2O (V) 116.7 Traces – C2H4O-17.3 (C2H5)2O-161

C4H8O-3.5 C2H5-O-C4H9-27.8

C3H6(OC2H5)2-6.6

C2H5OC7H15-0.7

C4H8(OC2H5)2-0.8

[TiFe0.95Zr0.03Mo0.02]Hy/Pt/Al2O3, where y \ 0.1 (VI) 140 38.8 C4H9OH-2.2 C2H4O-3.9 (C2H5)2O-16.4

C4H8O-1.7 C2H5-O-C4H9-7.7

C3H6(OC2H5)2-2.6

C4H7OOC2H5-3.5

C2H4(OC2H5)2-1.2

RMPIC (VII) – – – C5H10O-7.4 –

iC5H10O-1.7

C6H12O-5.0

C8H16O-0.9

C9H18O-0.4
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In this context, we examined the effect of alumina and

magnesia additives to the catalytic composition under

study.

Our experiments showed that the addition of c-Al2O3

exerted no influence on the total alkane and iso-alkane yields

(see Tables 1 and 2). The addition of 6 g of magnesia to

the mixture of 6 g Pt/Al2O3 and 60 g [TiFe0.95Zr0.03Mo0.02]

H0.36 intermetallic hydride changed the properties of the

system dramatically. After CO2 treatment of the system

(2 h at 350 �C), the hydrogen content in the hydride

intermetallic was found to correspond to the composition

[TiFe0.95Zr0.03Mo0.02]H0.02 instead of [TiFe0.95Zr0.03Mo0.02]

H0.18 in the absence of MgO. Moreover, more than

28.3 mol% ethanol was converted into higher alkanes C5+

with the composition consisting of [TiFe0.95Zr0.03-

Mo0.02]H0.02/Pt/Al2O3/MgO. This is much higher than

that in the reaction of ethanol in the absence of MgO

(entry IV).

The yield of iso-alkanes was found to enhance in the

presence of MgO dramatically (see Fig. 1 and Table 2),

while the hydrogen content in IMC in III-V systems ini-

tially corresponded to [TiFe0.95 Zr0.03 Mo0.02]H0.18. The

reactivity of the compositions increased in the succession

III \ V \\\ IV. As a consequence, hydrogen was

exhausted from the V and IV systems faster than from the

system III. As shown below, the hydrogen content in the

IMH component affects the alkane distribution much less

pronounced than it can be seen in Fig. 1. The extremal

enhancement of iso-C6 yield should be attributed to the

effect of magnesia additive.

Basic agents, e.g., NaOCH3, are essentially important

components of the Guerbet catalyst [9–11]. However, the

Guerbet reaction is restricted by rather selective conden-

sation of two alcohols molecules [7, 9–11]. For instance,

the MgO-catalyzed condensation of two ethanol molecules

(at 450 �C) was found as a way toward 1-butanol [21].

Hence, if the reaction in the presence of MgO would have

been a version of the Guerbet reaction, an increase in the

n-butanol yield should be expected. However, Fig. 2

shows that most part of alkanes formed in the presence of

the Pt/c-Al2O3/[TiFe0.95Zr0.03Mo0.02]H0.02/MgO catalyst

are C57C10 alkanes. Moreover, the yield of iso-alkanes

increased significantly in the presence of MgO containing

system (Fig. 1).

The data available allow one to conclude that the acid

centers are not involved into the reaction. In contrary to

that, the basic centers seem to contribute into the higher

alkane formation. However, the pathways of basic com-

ponent participation in the reaction under study seem to

differ from those in the Pt/c-Al2O3 catalyst mediated

reaction, which is used widely in alkane hydroisomer-

ization.

The iso-alkanes formed from ethanol are not the prod-

ucts of normal hydrocarbons skeletal isomerization on

platinum-alumina catalyst known to catalyse alkane

isomerization.

The yield of C6 fraction depends on the catalyst com-

position. However, the only component of mono-methyl

substituted pentane fraction is 3-methylpentane, regardless

of the catalyst used. 2-methylpentane expected as ther-

modynamically more stable reaction product was not found

(see Scheme 4) [24–26]:
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These facts suggest the catalysts tested are not capable

of performing the acid catalyzed skeleton isomerization of

alkanes.

An important point is that the highest iso-alkane content

was attained by adding basic magnesium oxide to the

(IMC + Pt/c-Al2O3) catalytic system. Note that the acid

carrier c-Al2O3 and the bifunctional catalyst Pt/c-Al2O3,

revealed no pronounced effect.

6 Role of Preliminary Catalyst Treatment

Alkane composition depends substantially on the mode of

the preliminary treatment of the catalytic system resulting

in removal of the intrinsically bound hydrogen. For

instance, treatment of IMC with carbon dioxide (sample

III) produced high amount of iso-alkanes, whereas the

processing with a strong oxidizing agent like dioxygen

provided preferential formation of n-alkanes (see Fig. 2).

7 Source of Hydrogen in the Reductive

Dehydrogenation Reaction

It is clear that the amount of hydrogen contained in the

intermetallic hydride is insufficient to cover the demand for

the reaction observed. In fact, two H atoms are required to

form ethane from an ethanol molecule (see Eq. 7):

C2H5OHþ 2½H� ! C2H6 þ H2O ð7Þ

Similarly, two H atoms are necessary to convert ‘‘n’’

molecules of ethanol into alkanes of composition C2nH2n+2

(see Eq. 8):

mC2H5OHþ 2½H� ! CnH2nþ2 þmH2O ð8Þ

where n = 2 m

Taking into account Eqs. 7 and 8, one can estimate the

hydride demand for alkane production in ethanol into

alkanes conversion. The estimation point out that alkane

formation requires much more hydrogen than it is available

in the starting IMC hydride.

A major part of hydrogen is expected to come from side

reactions responsible for CO, CO2 and oxygenates forma-

tion. For instance, one mole of dihydrogen will be

produced when one ethanol molecule eliminates carbon

monoxide molecule:

C2H5OH! CH4 þ COþ H2 ð9Þ

Water gas conversion of ethanol can be expected to give

rise to two dihydrogen molecules per one molecule of

carbon monoxide (see Eq. 10) [18].

C2H5OHþ H2O! 2COþ 4H2 ð10Þ

Analogously, formation of each mole of acetaldehyde

and/or its derivatives (acetals) suggests the generation of one

mole of dihydrogen per a mole of ethanol (see Eqs. 11, 12):

C2H5OH! CH3CHOþ H2 ð11Þ
2C2H5OHþ C2H5OH! CH3CH(OEt)2 þ H2Oþ H2

ð12Þ

The formation of an ester molecule will produce two

dihydrogen molecules per two molecules of the ethanol

reacted (see Eq. 13)

2C2H5OH! CH3CHOOC2H5 þ 2H2 ð13Þ

The hydrogen content in catalytic system IV

([TiFe0.95Zr0.03Mo0.02]H0.02], (0.01 mole of H2 per IMC

unit) is quite insufficient to cover the demand for the

observed conversion of ethanol into alkanes (see Table 1).

Meanwhile, the contribution of the hydrogen eliminated

from the ethanol consumed to form oxygenates according

to Eqs. 9–13 satisfactory fills up this deficiency (see

Table 5)

Approximately 0.2 moles of H2 were required to form

this amount of alkanes: 0.098 and 0.096 moles of hydrogen

were consumed to form C2–C4 and C5–C10 alkanes,

respectively (see Eq. 8). The amount of hydrogen con-

tained in the intermetallic hydride [TiFe0.95Zr0.03Mo0.02]

H0.02 (0.01 mol) is too small to convert ethanol into

alkanes.

This observation is at variance with the assumption that

the intermetallic hydride is a main reducing agent in the

reaction under study. Moreover, the above analysis of

reaction products suggests that the metal hydride in the III–

VI systems contributes to only a small extent to alkane

formation.

The data available suggest the reductive dehydration to

be a dismutation reaction including two macro-kinetic

steps:

• In the first step an ethanol molecule undergoes dehy-

drogenation (e.g., via reactions Eqs. 9–13).

Estimated for equilibrium at 600 K Experimentally found

32%

68%

>99%

Scheme 4 The ratio between 2- and 3-methyl-pentanes
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• In the second step the hydrogen produced in the ethanol

decomposition step is consumed to give rise to alkane

molecules.

The hydrogen treatment of the starting intermetallic

compound (TiFe0.95Zr0.03Mo0.02) and the subsequent

removal of the absorbed hydrogen seem to be the proce-

dure necessary to create the active sites responsible for the

conversion of ethanol into alkanes.

8 Reaction Catalyzed by Reduced Molten Iron Catalyst

Reduced molten iron promoted catalyst (RMPIC) was

shown to exhibit activity in the reductive dehydration of

ethanol at 350 �C. The yield of C3–C10 alkanes reached

25 mol% (including 6.5% linear C5–C10 alkanes) in the

presence of RMIC catalyst (see Table 1 and Figs. 3, 4).

9 Cross-coupling of Alcohol Skeleton

Both ethanol and alicyclic alcohols have been shown to

undergo reductive dehydration [12, 13, 16].

The reaction under study can be represented as an

including oligomerization of fragments CnH2n supposedly

formed upon splitting off an H2O molecule from the

alcohol. If the life-time of the hypothetical CnH2n species is

high enough, the intermediates originated from different

alkanols and different in structure and composition will

gain a possibility to combine the formed alkanes with a

carbon chain constructed from the residues of different

alcohols. Keeping this in mind, we allowed a mixture of

ethanol and cyclopentanol to react over the catalytic system

discussed above.

In these experiments the yields of cyclic alkyl substitute

hydrocarbons based on cyclopentanol passed, over

[TiFe0.95Zr0.03Mo0.02]H0.1/Pt/ c-Al2O3 and RMPIC systems

were 6.4 and 10.1 mol%, respectively.

Table 5 Hydrogen evolution and consumption in ethanol reductive dehydration reaction (350 �C; 50 atm of Ar; IV [TiFe0.95Zr0.03Mo0.02]H0.02/

Pt/AI2O3/MgO catalytic system)

Hydrocarbon Found, mol H2 required, mol Organic products of reactions

(9)-(13)

Found, mol H2 emissed, mol

Ethane 0.09 0.084 Acetaldehyde 0.004 0.004

Propane 0.003 0.003 Butanal 0.003 0.002

i-Butane 0.001 0.001 1,1-diethoxyethane 0.002 0.001

Butane 0.013 0.012 Hexanal 0.003 0.002

Pentane 0.007 0.006 CO 0.100 0.100

i-Hexanes 0.08 0.077 CO2 0.02 0.055

i-Heptanes 0.001 0.001 (TiFe0.95 Zr0.03Mj0.02)H0.02 0.5 0.02

i-Octanes 0.008 0.010 dehydrogenation

Octane \0.001 \0.001
P

0.203 0.194 – 0.180
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Fig. 3 The distribution of ethanol reductive dehydration products.

(RMPIC, P—V2O5, 350 �C, 50 atm., EtOH feed rate = 0.6 h-1).

X-axis—Hydrocarbon type content; Y-axis—Composition, mol%

 

0

2

4

6

8

10

12

lo
m 

%

n-alkanes i-alkanes

i-alkanes 0,4 0,2 1 0,2 0,2 0,04 0,04 0,01 0,01

n-alkanes 10,1 8 3,4 0,7 0,4 0,1 0,1 0,06 0,05 0,02

C3 C4 C5 C6 C7 C8 C9 C10 C11 C12

Fig. 4 The distribution of alkanes in C3–C12 fraction (RMPIC, P—

V2O5, 350 �C, 10 vol% of H2 in Ar, V = 0.6 h-1). X-axis—Hydrocarbon

fractions; Y-axis—Composition, mol%
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Table 6 presents the composition of alkyl substituted

cyclic hydrocarbons, which could be attributed to ethanol

and cylopentanol hydrocarbon skeleton cross-condensation

products (Scheme 5):

The liquid fraction contains methylethylcyclohexane

suggesting possible ring expansion of alkylcylopentane

hydrocarbons that were found among the products besides

alkyl substituted cyclopentanes. Table 7

10 Conclusion

The catalytic systems under study do not vary in activities

significantly. However, the ways of ethanol transforma-

tions seem to be different. Alkanes with even carbon atoms

Table 6 Products of ethanol and cyclopentanol cross-condensation (50 atm.; 350 �C; alcohol feed rate 0.6 h-1)

Product names Yield on cyclopentanol passed, % mol

IMH0.1 + Pt/Al2O3 (after CO2 treatment) RMPIC

CH2-CH3 CH=CH2 CH2-CH3 4.8 8.4

CH2-CH2-CH2-CH3 CH2-CH2-CH3 1.1 0.1

CH2-CH3

CH3

0.6 1.6

OH
+ EtOH

R

R

where R (see Table 6) = C2H5; C2H3; C3H7; C4H9

Scheme 5 Cross-condensation of cylopentanol with ethanol (50 atm

Ar, 350 �C, alcohol feed rate 0.6 h-1; cylopentanol:ethanol = 1:1)

Table 7 Catalytic systems used

in experiments
Sample no. Catalyst content, g Composition of prepared

catalytic system

(I) 60 [TiFe0.95Zr0.03Mo0.02]H0.1

(II) 7 Pt/Al2O3

(III) 60:7 [TiFe0.95Zr0.03Mo0.02]H0.1/Pt/Al2O3

(IV) 60:7:7 [TiFe0.95Zr0.03Mo0.02]H0.02/Pt/Al2O3/MgO

(V) 60:7:7 [TiFe0.95Zr0.03Mo0.02]H0.1/Pt/Al2O3/Al2O3

(VI) 60:7 [TiFe0.95Zr0.03Mo0.02]Hy/Pt/Al2O3, where y \ 0.1

VII 60 RMPIC
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35  .lo
m 

% ,noitcarf +5
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[IM]H0,18 [IM]H 0,1 [IM]H0,02

C5÷C10 C2H6

Fig. 5 Correlation between hydrogen content in the intermetallic system,

ethane and alkane fraction C5+ yields (Catalysts: [TiFe0.95Zr0.03 Mo0.02]

H0.18/Pt/Al2O3, III; [TiFe0.95Zr0.03Mo0.02]H0.1/Pt/Al2O3, V; [TiFe0.95Zr0.03

Mo0.02]H0.02/Pt/Al2O3, IV). X-axis—Intermetallic hydride composition;

Y-axis—C2H6 and C5+ fraction, mol%
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number are formed preferentially (up to 60–90%)

depending on the reaction conditions with the intermetallic

hydrides combined with the Pt/c-Al2O3 catalyst (see

Fig. 1). Contrary to that, alkanes with odd carbon atoms

number formed preferentially in the presence of RMPIC

(see Fig. 4).

Intermetallic compounds 2–4 contain strongly bound

hydrogen (SBH). In experiments where those compounds

were tested as the catalyst components this hydrogen

should be taken in consideration while discussing the

experimental data.

Figure 5 shows the relation between the yields of ethane

and C5+ alkanes in the presence of catalytic compositions

containing intermetallic hydride with different SBH

content.

As clearly seen in Fig. 5, the smaller is the SBH content

in intermetallic compound, the higher is the yield of alkane

fraction and the lower is the yield of ethane. This result

demonstrates the competitive nature of ethanol reduction

into ethane and reductive dehydration reaction leading to

the formation of high-molecular alkanes:

C2H5OH + 2[H]

C2H6 + H2O

CnH2n+2 + nH2O

The increased SBH content in the intermetallic hydride

contributes to reaction (Eq. 6) domination and inhibition of

condensation processes giving rise to high-molecular

alkanes. In this context, the intermetallic compound can be

considered as an agent transferring the hydrogen evolved in

the course of the starting alcohol partial conversion to form

hydrogen which is consumed in the alkane formation

reaction (see Eqs. 1–4; 7–9).

Ethanol into iso-alkanes transformation was remarkably

enhanced by the magnesia additives. In contrary to that, the

reaction was not markedly affected by the addition of

alumina. These data are in a contradiction with a mecha-

nistic scheme assuming ethanol transformation via the

known acid catalyzed reaction of alcohol or acetaldehyde

like aldol condensation [4, 5]. However, the reaction under

study resembles in some respects the Guerbet reaction

providing iso-butanol from two ethanol molecules and in

terms of aldol rationalized [7, 9–11]. Moreover, one could

see that alkanes dominated in the reductive dehydration

products in contrary to the Guerbet reaction wherein the

alcohols with higher molecular mass prevailed.

The next step of reductive dehydration reactions evo-

lution is cross-condensation of different alcohols skeleton,

which was shown to proceed using cyclopentanol and

ethanol as initial reagents.
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