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Conversion of biological substrates to fuel components
in the presence of industrial catalysts*
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Conditions were found under which the industrial aluminum—platinum catalyst AP-64 and
the pilot zeolite system Pd—Zn/Al,0;/MFI (MFI is a high-silica ZSM-5 type zeolite) catalyze
single-stage highly selective conversion of rapeseed oil and ethanol to either alkane or alkane-
aromatic fraction of hydrocarbons suitable as engine fuel components. The hydrocarbon chain
grows with participation of ethylene, which is formed in the argon medium directly from the
ethanol molecule. Under these conditions, hydrogenation of this alkene on intermetallic clus-
ters arising during the long-term reductive preactivation is suppressed. The alcohol supplies not
only ethylene but also hydrogen. In the presence of Pd—Zn/Al,0;/MFI, ethanol is converted
to alkanes and aromatic hydrocarbons according to independent pathways. Joint processing of
alcohols and rapeseed oil in the presence of the Pd—Zn/Al,03/MFI catalyst system is an
efficient and promising route to C;—C,; hydrocarbons in the absence of an external source of
hydrogen.
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The search for economic routes for the production of
petrochemicals and engine fuel components from primary
biomass processing products is a topical challenge. In re-
cent years, researchers” attention has been drawn to the
chemistry of alcohols obtained by fermentation by plant
carbohydrates and lipids produced by diverse agricultural
crops, fungi and micro algae.!

Previously, it was found? that long-term reduction of
the industrial aluminum—platinum catalyst changes con-
siderably its properties. Indeed, ethanol is usually de-
hydrated on the catalyst AP-64 to give ethylene and di-
ethyl ether (DEE). However, in the presence of the same
catalyst preactivated by hydrogen for a long period, etha-
nol is converted, under argon atmosphere, to the C4,—C;,
alkane fraction, while higher alcohols C, and Cs are mainly
converted to Cg and C,, alkanes.34

A number of publications>—8 describes the transfor-
mation of ethanol and vegetable oils to aromatic hydro-
carbons in the presence of zeolite catalysts based on ZSM-5.
The principal drawback of these catalysts is fast deactiva-
tion caused by the formation of products of condensation.

This work reports the results of catalytic conversion of
ethanol, a model mixture of carbohydrate fermentation

* Dedicated to Academician of the Russian Academy of Sciences
1. P. Beletskaya on the occasion of her anniversary.

products, rapeseed oil, and their mixture to hydrocarbon
fuel components. The industrial aluminum—platinum cat-
alyst AP-64 and two pilot catalyst samples Pd—Zn/Al,0,/
MFI (MFI is high-silica zeolite) based on a ZSM-5 type
zeolite were used.

Experimental

Two study employed two types of industrial catalysts: the
aluminum—platinum catalyst AP-64 (~0.6 wt % Pt on y-Al, O3,
specific surface area ~200 m2 g~!, pore volume 0.65 cm?; TU
2177-021-04610600-2000) and the catalyst based on MFI,
a structural analog of ZSM-5, with the ratio SiO,/Al,05 = 37,
and y-Al,0; modified with either 0.6 wt % Pd and 1 wt % Zn, or
with 0.6 wt. % Pd and 1.2 wt.% Zn (manufactured by the OJSC
Angarsk Plant of Catalysts and Organic Synthesis).?

The rapeseed oil of the brand name P (GOST 8988-2002)
manufactured by "Russian Seeds" company served as a raw ma-
terial. The fatty-acid composition of the oil transesterified with
methanol is presented below.

Component Content in the oil (Wt.%)
Methyl stearate 4.9

Methyl oleate 93.313

Methyl gondoinate 1.795

Methyl erucate 0.102

2 100.00

Published in Russian in Izvestiya Akademii Nauk. Seriya Khimicheskaya, No. 3, pp. 0819—0828, March, 2013.
1066-5285/13/6203-820 © 2013 Springer Science+Business Media, Inc.



Fuel from biomass on industrial catalysts

The procedure for determination of the fatty-acid composi-
tion of rapeseed oil was reported previously.!?

Ethanol (analytically pure grade, GOST 5964-93), propan-
1-ol (chemically pure grade, TU 6-09-4344-87), butan-1-ol (pure
grade, GOST 6006-78), and isoamyl alcohol (pure grade, GOST
5830-79) were used as received.

The conversion of bio-substrates in the presence of PdA—Zn/
Al,O3/MFI was studied on a PID Eng and Tech flow type fixed
bed microcatalytic setup.!!

The activity of the AP-64 catalyst in the transformation of
bio-substrates was studied on an original flow-circulation type
laboratory setup with a fixed catalyst bed, which ensured contin-
uous recycling of the reaction gases back to the reaction area.12

Immediately prior to experiments, both catalytic systems
were reduced in a hydrogen flow (30 L h~!) at 450 °C and a
pressure of 50 atm.

The reaction of rapeseed oil was studied in a hydrogen flow
in a molar excess with respect to the substrate (10 : 1), a temper-
ature of 360—420 °C, a pressure of 50 atm, and a substrate space
velocity of 0.6—2.4 h~!.

The ethanol transformation was carried out in argon at
a pressure of 5 atm, a temperature of 330 °C, and a substrate
space velocity of 0.6—2.4 h~1.

The gaseous reaction products were analyzed by gas chro-
matography in the on-line mode: the C;—C;5 hydrocarbon gases
were analyzed on a Kristall-4000M chromatograph (flame
ionization detector, a HP-PLOT/Al,05 column) and CO, CO,,
and H, were determined on a Kristall-4000 chromatograph (heat
conductivity detector, an SKT column). Low CO concentra-
tions (<0.4 vol.%) were determined by a Riken Keiki gas analyz-
er with an IR cell (RI-550A).

Liquid organic reaction products in the aqueous and organic
phase were identified by GC-MS using MSD 6973 (Agelent) and
Automass-150 (Delsi Nermag) instruments and HP-5MS and
CPSil-5 columns. Organic compounds were quantified by GLC
on a Varian 3600 instrument, a Chromtech SE-30 column using
trifluoromethylbenzene as the internal standard for the organic
layer. The residual content of organic products in the aqueous
phase was found by the GC/MS from the integral signal ratio by
absolute calibration method.

Results and Discussion

In a flow type reactor in the presence of the alu-
minum—platinum catalyst in the temperature range
of 250—400 °C, ethanol tends to be mainly dehydrated
to give ethylene and diethyl ether (DEE). The yield
of ethane is negligibly low under these conditions.13:14
However, hydrogen pretreatment of AP-64 even at
moderate temperature markedly changes the catalyst
selectivity. Indeed, in the presence of the H,-pretreat-
ed catalyst at 100 °C, ethanol is mainly converted over
a period of 2 h to gaseous products: C;—C, alkanes, CO,
and CO, in an overall yield of 75 wt.% (Fig. 1). In the
presence of a catalyst pre-reduced for 12—14 h, the route
of ethanol conversion under inert gas at 450—500 °C
changes even more noticeably. After this long-term re-
ducing treatment, the yield of methane decreases and the
yield of C;—C/, alkanes increases (see Fig. 1).
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Fig. 1. Effect of the Pt/Al,O; reduction temperature on the com-
position of ethanol conversion products; Y is yield; C;, C,, and
C;; are aliphatic hydrocarbons.

Dehydration of ethanol to give alkanes with longer
carbon skeleton was found for the first time in the pres-
ence of a mixture of intermetallic compound with an alu-
minum—platinum or over fused iron catalyst;2-15 this
reaction was called reductive dehydration of ethanol
(RDE).

m 02H5OH e CnH2n+2 + H20 (1)

(n>3)

The RDE reaction occurs in rather narrow tempera-
ture and ethanol space velocity ranges, the optimal condi-
tions being a temperature of 300—350 °C and an ethanol
feed velocity of 0.5—0.9 h~! (Fig. 2). A temperature de-
crease below 300 °C and increase in the feed space velo-
city above 0.9 h~! result in almost complete loss of selec-
tivity of formation of C;—C,, alkanes.!6

The yields of the major products of ethanol conversion
in the presence of AP-64 (330°C, 5 atm, Ar, substrate
space velocity 0.6 h—1) are presented below.
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Fig. 2. Composition of the C;—C,, alkane fraction obtained
during ethanol conversion in the presence of AP-64 at 330 °C,
5 atm of Ar, substrate space velocity of 0.6 h—!.



822 Russ.Chem.Bull., Int.Fd., Vol. 62, No. 3, March, 2013

Tsodikov et al.

Product Yield (wt.%)
Water 22.10
H, 0.08
Cco 491
CO, 12.39
CH, 6.15
C,Hyg 21.03
Oxygenates 2.88
C;—C,, alkanes 30.46

Gaseous products contain large amounts of carbon ox-
ides and C; and C, alkanes. Liquid products contain, along
with alkanes, minor amounts (totally <1%) of cyclo-
alkanes, olefins, and aromatic hydrocarbons. Oxygenates
mainly comprise diethyl ether and also acetaldehyde, ethyl
acetate, and traces of butanol and hexanol. Hydrogen
needed for the formation of alkanes according to Eq. (1) is
generated, most likely, directly in the following catalytic
reactions:

C,oHgOH ——» CH, +CO + Hy, )
CoHgOH + HyO0 —» 2CO +4 Hy, 3)
C,HgOH —» CH4CHO + Hy, (4)
2 CoHsOH ——» CHZCHOOC,Hs + 2 Hy, 5)
CO +Hy0 —» CO, + Hy. (6)

The intermolecular hydride transfer between the pri-
mary products of ethanol conversion may also occur.

In the presence of the aluminum—platinum catalyst,
the gaseous reaction products were found to contain
0.08 wt.% of hydrogen despite the intense hydrogen trans-
fer in the reaction system.

Hydrocarbons with even numbers of carbon atoms pre-
dominate (<70 wt.%) in the alkane fraction (see Fig. 2).
The effect of potential intermediates on the alkane yield
indicates that the hydrocarbon chain grows at the expence
of diethyl ether and ethylene.16 All the available data can
be interpreted within the framework of Scheme 1, which
includes oligomerization of the intermediate ethylene fol-
lowed by hydrogenation of the resulting olefins on plati-
num sites!2:16 (see Fig. 2).

Scheme 1
AS AS
> (n —x) [CoHyls — C_H,,

n [C,HsOH], — T F’tlz [H]

AS

—— (C,H5)O CrHonio

AS are the acid sites of the support, s is the molecule sorbed on the
catalyst surface.

The formation of a minor amount of alkanes with odd
numbers of carbon atoms can be due to secondary crack-
ing of hydrocarbon reaction products.

A XAFS study of the structure of the catalyst AP-64
after long-term reduction demonstrated that Pt,Al clus-
ters are formed on the catalyst surface. The X-ray absorp-
tion spectra coincide to a high accuracy with the spectra
of Pt,Al synthesized from the elements.16:17

The temperature-programmed desorption of ammo-
nia revealed the presence of strong Bronsted acid sites.16

The industrial aluminum—platinum catalyst subjected
to long-term preactivation shows high activity in ethanol
dehydration followed by carbon chain growth and mild
hydrogenation of C=C bonds of oligomerization prod-
ucts. Among important advantages of this catalyst is sub-
stantial retardation of C—C bond cleavage processes on
this catalyst as compared with processes that occur on the
same catalyst pre-reduced for a short time. In the latter
case, ethanol is mainly converted to ethane.

In the presence of the industrial aluminum—platinum
catalyst subjected to long-term reductive pretreatment,
the reaction pathway changes not only for ethanol but also
for fatty acid triglycerides (FATG). FATG are converted
to an alkane fraction (Fig. 3), the IR spectra of which do
not show absorption bands for CO (1200 cm~!) or CO,
(1750 cm™!) groups. Thus, in the presence of the alumi-
num—platinum catalyst, rapeseed oil is completely con-
verted to alkanes and water.

The C,4 and C;; alkanes (total yield ~80 wt.%) are
formed upon the reduction and decarboxylation of the
acyl groups of the oil. Apart from these major products,
other alkanes are formed, their composition being repre-
sented by a continuous broad spectrum (see Fig. 3). These
alkanes are likely to arise upon hydrocracking of the pri-
mary products. The carbon chains of the major compo-
nents of the alkane fraction are either equal to or one
carbon shorter than the alkyl chain length of the fatty acid
of the initial oil. Apparently, the major pathways of oil
conversion are hydrogenation and decarboxylation of the
FATG acid groups:

C,H,,CO00— +Hy, — C,,, {H,4p + H0, (7)

C,H2,COO— + Hy —— C,Haip + CO,. 8)

Since the gaseous reaction products contain only trac-
es of carbon oxides, they have evidently been hydrogenated
during catalysis to methane, which is formed ina 1.5 wt.%
yield.

The reaction products were also found to include
C,3—C,g alkanes containing more carbon atoms than the
fatty acids in the initial oil. The total yield of Cy3—Cyg
alkanes was ~5 wt.%, which suggests that a glycerol frag-
ment has been incorporated into the intermediates formed
from acyl groups.
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Fig. 3. Yield of the alkane products of rapeseed oil conversion; # is the number of carbon atoms in the alkane.

Consider the data on the variation of the aluminum—
platinum catalyst activity during operation. The alumi-
num—platinum catalyst without reductive pretreatment
reaches the stable performance equal to that of the pre-
treated catalyst after 28 h (Fig. 4).

During the first 28 h, the aluminum—platinum cata-
lyst not only exhibits high hydrogenating activity but also
cracks the C—C bonds and isomerizes the alkanes formed.
However, methanation is not very intensive, the maxi-
mum yield of light C;—C; alkanes being 21 wt.%. At
420 °C, the yields of both light and branched alkanes de-
crease after 28 h; the system reaches stable operation in
which the yield of the target C;,—C,s fraction is main-

Y (wt. %)
80
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50
40
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10

tained at 85—90 wt.% in relation to the weight of carbon
passed and the content of iso structures is 2—3 wt.%. The
yield of gaseous hydrocarbons does not exceed 5—6 wt.%;
the predominant components among these are methane
and ethane the content of which per carbon atom roughly
corresponds to the theoretical amount of carbon obtained
by decarboxylation of the fatty acids fed in the reactor.
This selectivity is retained for the subsequent 22 h. The
formation of heavy C,;; alkanes occurs throughout the
whole experiment and becomes noticeably more pro-
nounced after the catalyst has operated for the first 28 h
(see Fig. 4). The amount of C; hydrocarbons is 70% lower
than the number of stoichiometric C atoms in the glycerol

C (wt.%)
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35
30
25
20
15

10

t/h

Fig. 4. Variation dynamics of the yields of rapeseed oil conversion products in long-time run on AP-64 without preactivation (420 °C,
space velocity of 0.6 h=!, 50 atm of H,): alkanes C,—C3 (1), C4—C4 (2), C;7 (3), Cy5+ (4), iso structures (5).
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moiety of FATG. This fact also indicates the possibility of
intramolecular condensation of hydrocarbon parts of
FATG with participation of the glycerol moiety.

These results indicate that the industrial aluminum—
platinum catalyst efficiently produces a new-generation
biodiesel in one step and markedly reduces the loss of
valuable carbon stock of both glycerol and acid moieties,
which is inherent in operation of other catalysts.1:18:19 The
discovered new properties of the aluminum—platinum
catalyst may considerably enhance the efficiency of bio-
substrate conversion to valuable fuel components.

The pilot samples of the Pd—Zn/Al,05;/MFI catalyst
proved themselves promising for obtaining hydrocarbons in
high yields from ethanol and rapeseed oil. They are based
on a structural analog of ZSM-5 developed for the conversion
of dimethyl ether or dimethyl ether—methanol mixture to
gasoline. The hydrocarbon yield on this catalyst is very high,
although the selectivity of this system differs appreciably
from that for the aluminum—platinum catalyst,20 aro-
matic compounds being predominant reaction products.

In the presence of the two samples of the Pd—Zn/
Al,O3/MFT catalyst, ethanol is converted almost com-
pletely. The major product is C;—C;, alkane-aromatic
hydrocarbon fraction, which is formed in 70—83 wt.%
yield in relation to the carbon passed (Table 1).

Thus, palladium and zinc modification of a ZSM-5
type zeolite substantially decreases the yield of olefins com-
pared with the yield of the products of ethanol conversion
cstalyzed by either non-modified H-ZSM-5 or that with
supported metals.21—24

A comparison of the results with the results for
Pd—Zn/Al,0O; (see Ref. 25) shows a considerable increase
in the total yield of the target hydrocarbon fraction,
C;—C,,, from 50 to 83%. Furthermore, the zeolite cata-
lyst shows selectivity toward the formation of alkanes and
aromatic hydrocarbons, whereas the alumina-supported
Pd—Zn catalyst predominantly produces the alkane-ole-
fin fraction.25

An increase in the zinc content in the catalyst by
0.2 wt.% results in much higher yield of ethane and aro-
matics (see Table 1). The increase in the ethane content is
correlated with the decrease in the yield of the C;—C;
aliphatic hydrocarbons from 46 to 28% and increase in the
yield of aromatics (see Table 1). The reaction proceeds in
an inert medium; therefore, hydrogen needed for the for-
mation of alkanes is for the most part supplied, in all
probability, by aromatization of the intermediates formed
from ethanol.22:26 The increase in the yield of the aromat-
ic fraction is accompanied by enhanced formation of hy-
drogen and, as a consequence, by increased contribution
of ethylene to ethane hydrogenation.

Apparently, ethylene is the key intermediate responsi-
ble for the carbon chain buildup.22:26 Hence, hydrogen
formation and consumption in the system can be described
by Egs (9)—(12) and (13), respectively.

Table 1. Comparative data on ethanol conversion in the pres-
ence of Pd(0.6%)—Zn(1%)/MFI and Pd(0.6%)—Zn(1.2%)/MFI
catalysts (initial Ar pressure 5 atm, 330 °C, ethanol space veloc-
ity 0.6 h—1)

Parameter Pd(0.6%)— Pd(0.6%)—
Zn(1%)/MFI Zn(1.2%)/MFI
Ethanol conversion (%) >99 >99
Yield (wt.%)
Hydrocarbons 61.2 60.9
Water 38.8 39.1
Composition of hydrocarbon
products (wt.%)
C 0.64 0.27
C, 11.98 26.72
Cy 3.94 2.03
Aliphatic C;—C; 45.87 28.06
hydrocarbons
Aromatic C¢—C, 37.57 42.92
hydrocarbons
Composition of the aliphatic
C;—C; fraction
Cs 34.07 45.47
Cy 33.07 29.91
Cs 21.72 9.60
Cq 7.82 10.12
C, 3.32 4.90
Composition of the aromatic
Cg—C,, fraction
Benzene 1.16 0.97
Toluene 16.73 28.61
Ethylbenzene 7.46 7.52
Xylenes 24.36 35.83
Trimethylbenzene 9.83 5.08
Ethylmethylbenzene 24.34 10.98
Diethylbenzene 10.15 4.83
Dimethylethylbenzene 2.31 2.89
Methylnaphthalene 3.66 3.30
Dimethylnaphthalene 0.00 0.97
Hydrogen formation:

(n+3)CoHy —> OCZﬂHMH +3 Hp, ®

(n+10) CoH;, —»

- ‘O +6 Hy, (10)
CanHant1
C,HsOH ——» CH, +CO +H, an
CO+Hy0 —» CO, +Hy. 12)
Hydrogen consumption:
nCoHy+ Hy — CoHypio. (13)
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Table 2. Balance of hydrogen redistribution during the conversion of 0.7 moles of ethanol in the
presence of a zeolite catalyst containing Pd(0.6%)—Zn(1%)

Hydrogen formation*

Hydrogen consumption**

Hydrogen donor (D) Hydrogen evolution, Hydrogen m/mmol
m/mmol acceptor (A)
A H,
D H,

Benzene 0.96 2.87 Methane 6.75 6.75
Toluene 13.73 41.18 Ethane 66.51 66.51
Ethylbenzene 4.54 13.61 Propane 66.59 66.59
Xylenes 17.82 53.46 Butane 34.53 34.53
Trimethylbenzene 5.28 15.85 Pentane 25.07 25.07
Ethylmethylbenzene 13.08 39.24 Hexane 8.13 8.13
Diethylbenzene 6.88 20.64 Heptane 3.87 3.87
Dimethylethylbenzene 1.97 5.90 Hydrogen 0.71 0.71
Methylnaphthalene 2.05 12.30 — — —
Carbon monoxide 3.12 3.12 — — —

* Totally 208.18 mmoles of H, are evolved.
** Totally 212.6 mmol H, are consumed.

The hydrogen amount liberated upon the formation of
aromatic hydrocarbons present in the reaction products
calculated in terms of the proposed model is consistent
with the amount of hydrogen spent for the formation of
the alkane fraction (Tables 2 and 3). In the presence of
the Pd(0.6%)—Zn(1.2%) catalyst, the amount of hydro-
gen formed is 25 mol.% greater than for the Pd(0.6%)—
Zn(1%) sample.

The Pd—Zn/Al,0;/MFI catalyst efficiently acceler-
ates the transformation of ethanol to valuable fuel com-
ponents. The yield of the alkane-aromatic fraction is much
higher than in the presence of analogous non-zeolite cata-

lysts. When the catalyst contacts with the reaction mixture
for 48 h, no detectable loss of activity or selectivity occurs,
which was the case for analogous catalysts.21—2426 The
catalyst stability to surface carbon deposition attests to its
high activity in hydrogen transfer reaction. Therefore, the
Pd—Zn/Al,0;/MFI catalyst may be expected to be also
efficient in the processing of heavier bio-substrates such as
vegetable oils. During hydrogen preactivation, clusters of
the intermetallic compound Pd; sZn, 5 are formed on the
zeolite surface.2”

In the presence of metal-containing zeolite catalysts
(pentasil), FATG are destroyed to give a broad spectrum

Table 3. Balance of hydrogen redistribution during the conversion of 0.7 moles of ethanol in the
presence of a zeolite catalyst containing Pd(0.6%)—Zn(1.2%)

Hydrogen formation*

Hydrogen consumption**

Hydrogen donor (D) Hydrogen evolution, Hydrogen m/mmol
m/mmol acceptor (A)
A H,
D H,

Benzene 1.08 3.24 Methane 2.88 2.88
Toluene 15.42 46.27 Ethane 152.69 152.69
Ethylbenzene 5.10 15.30 Propane 54.35 51.35
Xylenes 20.02 60.06 Butane 26.36 24.36
Trimethylbenzene 5.93 17.80 Pentane 9.29 9.29
Ethylmethylbenzene 14.69 44.08 Hexane 6.27 5.27
Diethylbenzene 7.73 23.19 Heptane 2.61 2.61
Dimethylethylbenzene 2.21 6.64 Hydrogen 1.07 1.07
Methylnaphthalene 3.51 21.03 — — —
Dimethylnaphthalene 2.30 13.82 — — —

* Totally 251.43 mmoles of H, are evolved.
** Totally 249.52 mmol H, are consumed.
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Table 4. Composition of the products of rapeseed oil conversion under optimal conditions: 420 °C, 2.4 h=! (I) and

230°C, 1.2 h~! (II)

Products Content (Wt.%)

| 11
(o 1.04 0.54
C, 4.83 4.89
Cy 0.32 0.18
C; 10.79 11.71
Cs 0.75 0.37
iso-C, 5.88 9.50
n-Cy 2.19 5.30
Cy= 1.81 1.49
iso-Cs 4.52 9.91
n-Cs 1.46 2.60
Cs- 1.12 0.66
2,3-Dimethylbutane 0.45 1.09
iso-Cg 0.94 2.04
n-Cg 0.72 3.40
Benzene 6.56 7.04

of products, aromatics being the predominant compo-
nents,3—7 although this process tends to give methane in
a high yield and the catalyst systems are rapidly deactivated.

Study of the conversion of rapeseed oil in the presence
of Pd—Zn/Al,05/MFI identified two optimal modes that
provided the highest yields of the target alkane-aromatic
fraction: space velocity of 2.4 h—! at 420 °C or space veloc-
ity of 1.2 h—! at 360 °C. In the former case, the highest
yield of the target aromatic hydrocarbon fraction was
obtained (79 wt.%), while in the latter case, the highest
yield of C3—Cg aliphatic hydrocarbons was achieved
(48 wt.%, Table 4).

The conversion of the oil does not give aliphatic hydro-
carbons with more than six carbon atoms (7). The reac-
tions give mainly C4,—Cg hydrocarbons (62 wt.%), those
with n > 6 being aromatic (see Table 4), which is attribut-
able to the shape-selectivity effect of the catalyst.28 The
lack of temperature effect on the formation of aromatic
hydrocarbons suggests that the cyclization occurs by so-
called "hydrocarbon pool" mechanism described in rela-
tion to the preparation of identical alkane-aromatic frac-
tion from methanol and ethanol.2? According to this mech-
anism, dehydration and C—C bond cleavage of ethanol
give separate fragments of [CH,] radicals, which are con-
densed in the zeolite pores to give aromatic hydrocarbons
with predominant yield of toluene and xylenes. The for-
mation of aromatic hydrocarbons is accompanied by evo-
lution of H,, and ethanol oxygen mainly goes to a water
molecule.??

The contribution of decarbonylation and decarboxyla-
tion of the acid groups of fatty acid triglycerides of rape-
seed oil to the conversion of the glycerol moiety was esti-
mated from the balance of carbon and oxygen introduced
in the reaction and recovered (Tables 5 and 6).

Products Content (Wt.%)
I 11

Toluene 18.42 16.92
Ethylbenzene 4.81 3.79
0-Xylene, p-xylene 13.06 9.24
m-Xylene 3.15 2.23
Propylbenzene 0.94 0.00
Ethylmethylbenzene 5.93 4.16
1,2,3-Trimethylbenzene 1.40 0.80
Methylphenylethylen 1.01 0.61
1,2-Diethylbenzene 1.61 0.00
o-Phenyl-B-ethylethylene 0.96 0.00
Naphthalene 1.16 0.00
o-Methylnaphthalene 1.40 0.63
CcoO 2.55 0.58
CcO, 0.21 0.33
z 100.00 100.00

During conversion of fatty acid triglycerides, decarb-
oxylation of the acid moiety at 360 °C is of low intensity,
as the yield of carbon mono- and dioxide is less than one-
tenth of the theoretically possible yield. An increase in the
temperature to 420 °C considerably intensifies the forma-
tion of CO, its yield being ~1/3 of the theoretically possi-
ble value (see Table 5).

Oxygen present in the FATG molecule goes for most
part into water, which is indicative of a great contribution
of hydrogenation of C—O bonds (see Table 6).

In the early stages of FATG conversion, decarbonyla-
tion and decarboxylation of the acid moieties may take
place followed by reduction of the resulting carbon oxides
to methane. However, the total yield of methane and
carbon oxide is 20 mol.% at 360 °C and 50 mol.% at 420 °C

Table 5. Carbon content in acid groups and glycerol moiety
(mmol) that were passed through a catalyst bed during the
experiment under different reaction conditions: 420 °C,
2.4h~!(I) and 360 °C, 1.2 h~! (IT)

Parameter | II

Carbon content, mmol-at. C

In glycerol 67.61 35.03
In carboxyl group 67.61 35.03
> 135.22 70.06
Recovered C, mmol
From CH, 12.40 3.09
From C,Hg¢ 61.39 29.92
From C;Hg 140.40 73.22
From CO 17.40 1.91
From CO, 0.91 0.69
> 232.5 108.83
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Table 6. Oxygen content in ester groups (mmol)
that were passed through a catalyst bed during the
experiment under different reaction conditions:
420°C, 2.4 h~!1 (I) and 360 °C, 1.2 h—! (IT)

Parameter | 11
Fed 135.23 70.06
Recovered
Oin H,0 115.38 66.68
OinCO 17.40 1.91
0in CO, 1.81 1.38
z 69.97 134.59

of the theoretically possible value. The amount of the ob-
tained propane is twice as high as the amount that could
have formed from the glycerol introduced in the system.

Evidently, in the presence of Pd—Zn/Al,0;/MFI, re-
duction (hydrogenation) of C—O bonds and the subse-
quent cracking of the resulting carbon fragments occurs
more intensively, while at higher temperature, the contri-
bution of decarbonylation and decarboxylation increases.

Stability testing of the Pd—Zn/Al,0;/MFI catalyst
demonstrated that almost complete conversion of rape-
seed oil and the high selectivity with respect to the target
alkane-aromatic fraction are retained for 50 h (Fig. 5).

It can be concluded that the conversion of rapeseed
oil catalyzed by Pd—Zn/Al,0;/MFI is a complex pro-
cess consisting of reactions that take place on metal and
oxide sites.

The glycerol moiety of FATG is apparently converted
completely to the propane fraction. The products obtained
with this catalyst contain more C; hydrocarbons than
could be expected if they were formed from glycerol. This

Y (wt.%)
50 | 4
ol W
‘__‘/A\/“\L\i/A
30 F
20 |
2
ok .,-I——I—_H—H\H
1
—r—r— ¢ oo o
10 20 30 40 50 t/h

Fig. 5. Yields of the major products of rapeseed oil conversions
during the endurance testing of the Pd—Zn/Al,03/MFI catalyst
at 360 °C and rapeseed oil feed space velocity of 1.2 h~!: alkanes
C, (), C5 (2), C4—C¢ (3), aromatic hydrocarbons (4); t is the
catalyst operation time.

attests to a secondary cracking of alkanes, because at ele-
vated temperature (420 °C), an increase in the yield of
propane is accompanied by a decrease in the content of
aliphatic hydrocarbons.

The FATG conversion products predominantly con-
tain alkylaromatic compounds that could have resulted
from condensation, in zeolite pores, of CH, hydrocarbon
fragments arising upon cracking of the initial aliphatic
chains of fatty acids.

It is known that zinc-containing active components
are highly active in the conversion of alkanes?® and ole-
fins3? to alkylaromatic compounds. Presumably, the con-
densation of the carbon products of cracking according to
the hydrocarbon pool mechanism occurs particularly on
zinc active components.

The shape-selectivity effect of the zeolite support is
manifested in the fact that the major product fraction
C,—Cg does not contain liquid alkanes heavier than C.
The content of branched alkanes reaches 80%.

During the ethanol conversion catalyzed by Pd—Zn/
Al,O3/MFI, the system produces much more hydrogen
than in the case of AP-64. In order to achieve higher
energy efficiency, experiments on combined conversion of
rapeseed oil together with alcohol were performed; this
reaction was expected to occur in an inert medium with-
out consumption of hydrogen.

The catalytic tests were conducted using a mixture of
alcohols rather than pure ethanol, this mixture modeling
the biomass fermentation products and consisting of
ethanol (80%), propanol (5%), butanol (5%), and isoamyl
alcohol (10%). The substrate composition included rape-
seed oil (25%) + alcohol mixture (75%). The component
ratio was chosen so as to ensure a threefold excess of H,
produced from ethanol. The ~100% conversion of the sub-
strates was confirmed by IR and 'H and !3C NMR data.

The yields of the major products of joint conversion of
rapeseed oil (25 vol.%) and alcohol mixture (75 vol.%) in
the presence of Pd—Zn/Al,0;/MFI (420 °C, 5 atm, Ar,
substrate space velocity of 1.2 h~!) are presented below.

Product Yield (wt.%)
Water 30.88
CO + CO, 0.45
CH, 0.73
C,Hg 1.49
C,H, 0.87
C;—Cy alkanes 10.49
C;—Cg olefins 6.46
C¢—C, aromatics 48.63

The combined conversion of ethanol and rapeseed oil
affords much more olefins and aromatic hydrocarbons than
separate conversion of either of the substrates (Table 9
and Fig. 6). The yield of light hydrocarbons remains at
<5wt.%, despite the elevated temperature (420 °C), where-
as in the case of conversion of ethanol alone at 330 °C, the
yield of C;—C, hydrocarbons is 8—18 wt.%. The decrease
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C (wt. %)
25 F

20

15

C; Ci. C Co C5 Cso C¢ Co

Fig. 6. Composition of aliphatic hydrocarbons resulting from
joint conversion of rapeseed oil (25 vol.%) and alcohol mixture
(75 vol.%) catalyzed by Pd—Zn/Al,03/MFTI (420 °C, 5 atm of
Ar, substrate space velocity 1.2 h=1).

in the yield of gases following the addition of the heavier
substrate to ethanol was also observed previously for cross-
condensation of glycerol and ethanol during their joint
processing catalyzed by Re—W-, Re—Ta-, Cu-, and Ga-
containing systems.20:27

Among the aromatic products, toluene, xylenes, and
trimethylbenzene are the major components; small amount
of methylnaphthalene is also present (Fig. 7).

Thus, modified industrial aluminum—platinum cata-
lyst and pilot samples of the Pd—Zn catalyst based on
a ZSM-5 type zeolite are able to selectively convert the bio-
mass processing intermediates to alkanes and alkane-aro-
matic mixtures suitable as engine fuel components. Al-
kanes and arenes are formed from ethylene and diethyl
ether produced from ethanol. The hydrocarbon chain
growth and aromatization take place on cluster interme-
tallic sites in argon under conditions where the ethylene
hydrogenation is suppressed. The clusters are formed dur-
ing the long-term reductive preactivation and participate
in hydrogen transfer. Ethanol is not only a substrate giving
rise to the alkane or aromatic molecule but also a source of

C (Wt.%)
30
20
10
1 2 3 4 5 6 7 & 9 Hydro-
carbon

Fig. 7. Composition of aromatic hydrocarbons resulting from
joint conversion of rapeseed oil (25 vol.%) and alcohol mixture
(75 vol.%) catalyzed by Pd—Zn/Al,05/MFI (420 °C, 5 atm of
Ar, substrate space velocity 1.2 h™1): benzene (I), toluene (2),
o- and p-xylenes (3), m-xylenes (4), ethylbenzene (5), trimethyl-
benzene (6), phenylpropylene (7), tetramethylbenzene (&),
methylnaphthalene (9).

hydrogen. The combined processing of alcohols and rape-
seed oil on the Pd—Zn/Al,0;/MFI catalyst system is an
effective and promising method for the preparation of
C;—C;, hydrocarbons without an external source of
hydrogen.
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