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Abstract

Catalytic cracking of palm shell derived bio-oil over iron oxide catalysts for recovering methanol,
acetic acid, acetone and phenol was investigated. Trace amount of “others” hydrocarbons existing in the
bio-oil were selectively oxidized to CO, and the liquid consisting of large amount of the target compounds
was obtained. The activity of the co-precipitated Zr-FeOx catalyst was improved by 1) adding Al as a third
component and 2) the use of appropriate metal precursors. Zr-Al-FeOx(y; showed the higher activity than
Zr-FeOxy. The activity and BET surface area of the Zr-FeO, were remarkably improved when the metal
sources were changed from chloride salts to nitrate salts. Acetone was produced over this highly active Zr-
FeOxqy easier than the Zr-Al-FeOxy;. The reaction test of several model compounds was performed in

order to clarify the reaction path.

Keywords: catalytic cracking, iron oxide catalyst, bio-oil, renewable, chemical, biomass utilization

-1. Introduction

Oil obtained from the pyrolysis of
biomass so-called “bio-0il” has been considered as
a new renewable chemical source since it consists
of various compounds such as aldehyde, ketone,
carboxylic acid, alcohol and so on. Thermal
cracking, hydrocracking and catalytic cracking
have been extensively developed as a method for
bio-oil utilizations [1-3]. Catalytic cracking of
bio-oil over a cheap iron oxide catalyst is one of
the promising technologies [4-5]. However, the
activity of this catalyst easily deactivates because
of the loss of lattice oxygen during the reaction.

Fumoto et al. [6] revealed that the
addition of ZrO, enhances the activity of this
catalyst. = ZrO, plays an important role in
generating active species of oxygen from H,O.
The oxygen from a H,O molecule would replace
the lattice oxygen consumed during the reaction.
The improved Zr-FeOx has high activity towards

catalytic cracking of petroleum residual oil with
water. Activity and durability of Zr-FeOx were
further improved by the addition of Al into the
crystal structure of Zr-FeOx. Fumoto et al. [7]
also showed that the Zr-Al-FeOx has high activity
with good stability for the production of ketone
from sewage sludge.

Uddin et al. {5] investigated the effects of
iron precursor and precipitating agent on the
physical- and chemical properties of iron oxide
catalyst. They found that the precipitation of
nitrate salt with urea aqueous solution gave an iron
oxide catalyst with a high surface area.

In this research, two different methods for -
improving catalyst, the addition of Al into Zr-FeOj
and the use of appropriate precursor in the catalyst
preparation, have been investigated for the process
of recovering useful chemicals from palm shell.
The reaction of model compounds was tested for
each catalyst in order to gain information about the
reaction path.
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2. Experimental

Palm shell, obtained from a typical palm
oil mill located in Chumpon, Thailand, was ground
and sieved to provide the particle sizes in the range
of 500-850 um. An apparatus used for pyrolysis is
schematically illustrated in Fig. 1. The dried palm
oil shell was pyrolysed in N, atmosphere at 773 K
for 1 h. Condensable products leaving from the
reactor were trapped at 273 K using an ice bath.
This liquid product was used as a feedstock for the
catalytic cracking. Its composition was quantita-
tively and qualitatively analyzed using GC-FID
and GC-MS, respectively.

In this study, the performance of three
different zirconia supporting iron oxide catalysts
was investigated. Zr-FeOxp; was prepared from
ZrCLO and FeCl;, Zr-Al-FeOxpy was prepared
from ZI'Clzo, FeCl3 and Alz(SO4)3, ZI'-FCOX[H]]
was prepared from ZrO(NOs), and Fe(NO;);. All
the precursors were co-precipitated by dropping
ammonium solution until the pH of the solution
reached 7. The amount of ZrO, loaded in all the
catalysts was fixed at 7.7 wi%. The precipitated
solid was dried and ground. The Zr-FeOxpy and
Zr-Al-FeOx(y were treated at 600°C in steam for 1
h. The Zr-FeOxyy; was treated at 500°C in air for
1 h. All the catalysts were pelletized and sieved to
the particle sizes between 300-850 pm. Their
properties were characterized using XRD [D8
Advance, Bruker AXS] and BET [autosorb 1C,
Quantachrom)].

Figure 2 shows a schematic diagram of
the apparatus used for the catalytic cracking test.
The bio-oil was fed into the reactor packed with a
catalyst using a syringe pump. N, was used as a
carrier gas. All experiments were conducted under
isothermal conditions. The composition of feed
and products (liquid and gas) were analyzed using
GC-TCD and GC-FID as described in Fumoto’s

* work [6]. The amount of carbon in each compound
existing in the liquid sample was calculated from
GC-FID chromatogram based on the area under
the peak corresponding to ethanol as an internal
standard. Methanol, acetic acid, acetone, ethyl
acetate and phenol diluted with water at 20 %vol.
were used as model compounds. The reactions
using these model compounds as a reactant were
conducted at 673 K with W/F=3 h.

3. Results and discussion
3.1 Composition of bio-oil

Generally, pyrolysis oil obtained from
bio-mass is a mixture of several organic
compounds. Islam et al. [8] analyzed the palm
shell derived-oil using FT-IR and GC-MS and
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reported that the oil mainly consisted of phenolic
compounds, acetic acid with small amount of other
compounds listed in Table 1. As shown in the
chromatogram (Fig. 3), the bio-oil prepared in this
study contained several phenol derivatives such as
2-methyl phenol, 2-methoxy p-cresol, 4-ethyl-2-
methoxy-phenol, 2-6 dimethoxy-phenol. From the
analysis by GC-FID, our bio-oil mainly contained
phenol (37 %), acetic acid (22 %), 2-furaldehyde
(6 %) and methanol (5 %), based on carbon. The
compounds existing in the oil with trace amount
were considered as “others”.

Sample

Heater _—

Figure 2 : Experimental set up for
catalytic cracking
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Figure 3 : GC-MS chromatogram of
bio-oil (MeOH as solvent)
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3.2 Properties of the modified Zr-FeOx

It is general agreement that the hematite
phase of iron oxide catalyst is an active phase for
partial oxidation [4-7, 10-11]. Therefore, the
improved catalyst was expected to have the
hematite structure. The XRD pattern of Zr-FeOxyy
shown in ref.12 was similar to the patterns shown
in Fig. 4. The pattern of all the catalysts showed
peaks corresponding to the hematite structure.
However, the peaks corresponding to ZrO, were
not observed. The absence of ZrO, peaks implied
that all ZrO, crystallites may be small and highly
dispersed in the hematite structure of iron oxide.

Table 2 summarizes BET surface area of
the modified catalysts. The surface area of the Zr-
FeOxpn was higher than that of the Zr-Al-F eOxm.
Based on the information from the work of
Fumoto et al. [9], the surface area of Zr-FeOxy is
less than Zr-Al-FeOxy. Together with the results
presented in Table 2, the surface area of the three
catalysts should be in the order of Zr-FeOxy< Zr-
Al-FeOx<Zr-FeOxpy. It can be concluded that
the use of nitrate salt as a precursor for the catalyst
preparation should be more effective than the
addition of Al in the Zr-FeOxp in terms of the
increase in the surface area of catalyst.

3.3 Reaction over the modified Zr-FeOx

The reaction route for catalytic cracking
of long chain hydrocarbons with H,O over Zr-
FeOx proposed by Fumoto er al. [9] is illustrated
in Fig. 5. Lattice oxygen reacts with the HC
molecules to produce small molecules of useful
chemicals and CO,. This results in the change of
FeOx structure from hematite to magnetite. ZrO,
acts an important role for the compensation of this
lattice oxygen. H,O is decomposed over the ZrO,
and produces active species of oxygen. Then this
active species diffuses into the oxygen vacancy in
the structure of FeOx. As a result, the deactivation
of the catalyst due to the phase transformation can
be retarded.

Figure 6 shows the product distribution
obtained from the reaction over three catalysts
under the same condition. All the catalysts were
active for reducing the amount of “others” in the
oil and mainly produced CO,. Since the ability for
decreasing “others” and producing CO, is related
to the catalytic activity, we can rank the activity of
the catalysts as follows:

Zr-F eOX[1]<ZI'-A1-FCOX[H]<ZI'-F COX[m].

g i ’ChEEE
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Table 1 : Identification of compounds in

bio-oil

Ref. [8] | this work

Methanol

Acetone

Acetic acid

2-Furanaldehyde

4-Ethyl 2-methoxy phenol
4-Methyl 2-methoxy phenol
2-Methoxy phenol
2,6-Dimethoxy phenol
Phenol

3-Hydroxy 2-propanone
Burandial

Allyl acetate-2 ene

Methyl crotonate
Cyclopentanone

3-Methyl- cyclopentanedione
Ortho-hydroxﬁ phenol
4-Propene 2-methoxy phenol

'
L e N .

e T

Table 2 : BET surface area of catalysts

surface area [m’-g”]
t t
AN, fresh used
ZT-AI-FCOX[H] 54.3 39.5
ZI‘-FCOX“”] 87.7 57.0
A hematite O magnetite
A 02540 Adaa & A
E, I'-FCOX[m]
2
Fi i L ZIAL-FeOx i
g .
) ) Zr-FeOx m
20 40 60 80
20 [degree]
Figure 4 : XRD pattern of the catalysts

before the reaction

i oil
useful HCs bio i

+CO; K/

H

Sodl

~0-Fe-O-Fe— "—~Fe—0—Fe—

Figure 5 : Reaction route over Zr-FeOx
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This order is related to the order of surface area of
the catalysts. In other words, the catalyst having
the highest surface area had the highest activity. It
showed good agreement with the reaction route in
Fig. 5. The amount of the lattice oxygen easily
reacting with hydrocarbons (the one exposed to the
outer surface of crystallite structure) in Zr-F €Oxu)
was much more than that in Zr-Al-FeOxy) and Zr-
FeOxp;. However, the surface area reduction of
Zr-FeOxqy (35%) was greater than that of Zr-Al-
FeOxqyy (27%). This means that although the
surface area of Zr-FeOx(yy is larger, the stability is
lower in comparison with Zr-Al-FeOxy,. The
surface area reduction may be because of pore
blocking due to carbon formation or sintering of
FeOx structure. To clarify the cause of surface
area reduction, the used Zr-FeOxqyy was oxidized
in air at 873 K for 1 h. We found that CO, was
produced during the oxidation. Therefore, the
pore blocking due to carbon formation should be
one of the reasons of the surface area reduction.

In addition, Fig. 6 also shows that the
amount of acetic acid increased when using the Zr-
FeOxy or Zr-Al-FeOxqy as a catalyst. In contrast,
the amount of acetic acid remarkably decreased
when the Zr-FeOxy; was used. Furthermore, it is
observed that only Zr-FeOxy can produced large
amount of acetone under this condition.  Our
previous results [12] showed the possibility of
acetone production over Zr-Al-FeOx, as well.
However, the highest yield was only 3% under the
condition of T = 623 K, W/F = 6 h. This different
performance will be discussed in the next section.

3.4 Reaction of model compound

Figures 7 and 8 show the product yields
obtained from the reaction of the model
compounds over the Zr-Al-FeOxy; and Zr-
FeOxm catalysts. The two catalysts showed
similar activities for the reactions of methanol,
acetone and phenol. Methanol and acetone were
slightly converted to gases mainly consisting of
CO, while phenol was not reacted under this
condition. In contrast, the two catalysts showed
different activities for the reaction of acetic acid.
By using the Zr-Al-FeOxpy, acetic acid is
converted to acetone, CO, and small amount of
ethyl acetate. On the other hand, no ethyl acetate
was detected when the Zr-FeOxpy was used as a
catalyst. The result obtained from the reaction test
of ethyl acetate over the Zr-Al-FeOxy indicates
that acetone was produced from ethyl acetate over
this catalyst. When acetic acid reacted over the
Zr-Al-FeOxqy, almost 70% (carbon basis) of CO,
was produced but small amount of ethyl acetate
were formed.

I | 'ChEEE
2008

—acetone
Zr-FeOxpy | |1 . gas
Zr-Al-Ferm] = henol
Zr-FeOx '
methanol 2-furaldehyde
fee T e

0 20 40 60 80 100
Composition (%C)

Figure 6 : Catalytic cracking over different
catalysts (W/F=2 h, T=673 K)

ethyl acetate

ethyl acetate —
phenol phendl T
acelon®—~y— ethyl acetate
acetic acid 3 ) oy
N_ acetic acid
acetone i acetche T 0
methanol |

0 20 40 60 80 100
Composition (%C)

Figure 7 : Reaction of model compounds
over Zr-Al-FeOxy

phenol phenpl

aceticacid |4 i acetor gas
acetone | .

methanol | methanol: ===

0 20 40 60 80 100
Composition (%C)

Figure 8 : Reaction of model compounds
over Zr-FeOxyy

This result indicates that most of acetic acid was
directly oxidized into CO, while only small
amount of acetic acid was reacted to form ethyl
acetate and consecutively reacted to be acetone.
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The latter route may occur due to the week acidity
of Al,Os existing in this catalyst. By consideration
of the product distributions from the tests for
acetone, ethyl acetate and acetic acid, the former
route seems to dominantly occur. By using the Zr-
FeOxqy, acetic acid was converted to acetone and
CO, without the ethyl acetate formation. This
result indicates that the Zr-FeOxqy promoted the
ketonization as follows;

2CH3COOH—> CH;3COCH; + CO, + H,0

4. Conclusion

The performance of Zr-FeOx catalysts for
the recovery of methanol, acetic acid, acetone and
phenol from palm oil shell derived bio-oil was
investigated. The addition of Al as a third
component in the Zr-FeOx and the change of
catalyst precursors from chloride salts to nitrate
salts can provide the catalyst with larger surface
area. The increase of surface area remarkably
improved the performance of the catalyst. Product
distribution obtained from the reaction of model
compounds indicates that acetone was produced on
Zr-Al-FeOxq and Zr-FeOxqyy via different routes.
By using the Zr-Al-FeOx(y;, acetone was produced
from acetic acid with the formation of ethyl acetate
as an intermediate. On the contrary, in the case of
the Zr-FeOxqy), acetic acid was directly converted
into acetone via the ketonization.
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Anmziunalasunnnsw (Gas Chromatograph)
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