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Abstract—Nanostructured catalysts were successfully prepared
by acidification of diatomite and regeneration of FCC spent catalysts.
The obtained samples were characterized by IR, XRD, SEM, EDX,
MAS-NMR (*’Al and *’Si), NH;-TPD and tested in catalytic
pyrolysis of biomass (rice straw). The results showed that the similar
bio-oil yield of 41.4% can be obtained by pyrolysis with catalysts at
450°C as compared to that of the pyrolysis without catalyst at 550°C.
The bio-oil yield reached a maximum of 42.55% at the pyrolysis
temperature of 500°C with catalytic content of 20%. Moreover, by
catalytic pyrolysis, bio-oil quality was better as reflected in higher
ratio of H/C, lower ratio of O/C. This clearly indicated high
application potential of these new nanostructured catalysts in the
production of bio-oil with low oxygenated compounds.

Keywords—Acidified diatomite, biomass, catalytic pyrolysis,
bio-oil, nanostructured catalysts, regenerated FCC catalyst.

[. INTRODUCTION

UE to the limited availability of fossil feedstock, the

manufacture of high value fuel products from low value
feedstock like heavy oil residues, oil sands or biomass has
received the great interest of researcher and oil producer. Rice
straw is a biomass, which is abundant lignocellulose products
from rice production in farming, but only a minor portion of
these agricultural residues is reserved as animal feed, house
hold fuel, or raw materials for paper industry. Huge quantities
of the remaining rice straw are not used as industrial feed
stock but being mainly burnt in the fields, causing significant
environmental problems. For an agricultural country as
Vietnam, rice straw is about 66% of total agricultural wastes.
Annually, the total rice production in Vietnam is about 36-38
million tons which equals to about 65-69 million tons of rice
straw [1]-[3]. Therefore, it can be recognized as a potential
source for renewable energy based on benefits of both energy
recovery and environmental protection. Lignocellulose is the
main component of rice straw, which is a compact structure of
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cellulose (28-36%) and hemicellulose (23-28%) in close
association with lignin (12-16%) [4].

Generally, biomass conversion processes can be divided in
two main categories: biological (fermentation and anaerobic
digestion) and thermochemical processes (combustion,
gasification and  pyrolysis). Among the  various
thermochemical conversion processes, pyrolysis is considered
to be an emerging technology for converting biomass into fuel
gases, liquids and solids, all of which can be used as an
alternative fuel oil or chemical feedstock [5]-[8]. An addition,
pyrolysis is attractive because solid biomass and wastes,
which are difficult and costly to manage, can be readily
converted to liquid products, bio-oils, that has many
advantages in transport, storage, handling, retrofitting,
combustion and flexibility in production and marketing [5],
[7]. Biomass pyrolysis is a combustion in the absence of
oxygen, or with a limited oxygen supply, to produce an oil-
like liquid (named bio-oil or bio-liquid), a gas mixture
containing mainly carbon oxides, some methane and higher
gaseous hydrocarbon in minor quantities, and a solid residue
rich in carbon. Among them, bio-oil is the most interesting
product, which is a complex mixture of organic compounds
and can be used as feedstock to produce bio-fuel by
hydrodeoxygenation (HDO). Moreover, as-proceed bio-oil can
be utilized as a source for valuable chemicals, such as phenols,
after applying separation methods. It is also considered as a
potential biofuel since it can be easily transported, be burned
directly in thermal power station or in gas turbines, be utilized
as a feedstock in a conventional petroleum refinery and be
upgraded to obtain more valuable light hydrocarbon fuels [9],
[10]. However, the high amount of water and oxygenates
which reduce the calorific value of the bio-oil and change
significantly its combustion characteristics. The presence of
organic compounds with undesirable properties (organic acid,
carbon), and of polycyclic aromatic hydrocarbons limits its
potential for direct use in engines or turbines.

In order to improve the quality of the bio-oil produced as
well as to optimize the conversion processes of biomass to
fuels and chemicals, various catalysts have been introduced in
pyrolysis. Zeolitic catalysts such as Y and ZSM-5 zeolites,
FCC are used in biomass conversion and upgrading processes
[L1],[12].

Fluidized catalytic cracking (FCC) is one of the most
important processes to produce gasoline and diesels. FCC
catalysts consist of active components like zeolite Y, rare-
earth modified zeolite-Y, USY and silica and/or
aluminosilicates as supports. However, they suffer from large
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crystal size (1-5um) and narrow pore dimension (0.74 nm for
zeolite Y) limiting the access of active sites by large
molecules such as polyaromatics, lignocellulose. Improvement
of catalytic performance and considering sustainability aspects
needs the development of new generation of FCC catalysts.
These catalysts should possess multi-modal pore structures of
interconnected macro — meso - and micropores. They should
allow easy access of heavy feedstock compartments to catalyst
active sites. In this way, large polyaromatics can be pre-
cracked in the mesopores. Further cracking at acidic sites in
the micropores converts the pre-cracked compounds into
valuable fuel components and other valuable chemicals [13]-
[17]. Furthermore, the catalyst supports are usually inactive,
so it needs the activation by acidification to improve the
catalytic performance by synergetic effects between the active
components and supports [ 18]-[26].

Diatomaceous earth, or diatomite, is a material of
sedimentary origin consisting mainly of an accumulation of
skeletons formed as a protective covering by diatoms. The
structure of diatomite is quite complex and contains
macropores, cavities and channels, and therefore the material
has a high absorption capacity and low density. Other intrinsic
properties are low thermal conductivity, relatively high
melting-point, chemical inertness and small grain size [27].
Generally, diatomite has poor chemical activity; the
incorporation of aluminum into porous silica framework of
diatomite can form acid sites, which will greatly increase their
catalytic applications [28]. Acid activation of clay minerals is
one of the most effective methods that are used to produce
active materials for adsorption and catalysis purposes. One of
the most effective methods to acidify diatomite or pure silica
frameworks is to apply the “Atomic Implantation” method to
incorporate aluminum into frameworks by evaporating
aluminum halides (AICl;) at high temperature (500-550°C)
[29].

A combination between the acidified porous materials and
regenerated FCC catalysts would be a new alternative to
produce highly active catalytic materials. These materials
were expected to enhance the cracking activity of the big
lignocellulosic molecules and to produce a liquid product with
less oxygenated compounds and possibly richer in high-value
products.

In this paper, we report the recent results on the
acidification of diatomite (Phu Yen - Vietnam) by aluminum
atomic implantation and the preparation of new nanostructured
catalyst based on the acidified diatomite and the regenerated
FCC for pyrolysis of rice straw.

II. EXPERIMENTAL

A. Rice Straw Composition

Rice straw samples used in this study were taken from a
farm in Northern Vietnam. These samples were dried in the
sunshine to remove most of moistures, washed by water for
separating physical impurities such as sand and fire fractions,
and then further dried at 100°C for 24h. Finally, the samples

were cut into small fractions with particle diameter of 0.3-0.5
mm.

A complete compositional analysis was performed on the
rice straw samples that were used as feedstock for bio-oil
production. This analysis included chemical composition as
well as elemental and proximate analysis. Chemical
composition was determined using TAPPI standard method.
Elemental (ultimate) analysis was performed on a Flash EA
1112 element analyzer. Proximate analysis was carried out for
moisture, combustible content and ash. Heating values of rice
straw and bio-oil was determined using ASTM D 240-00 on
Parr Calorimeter 6200. The moisture was obtained from the
difference between the original mass and the mass after drying
for 2h at 100+£5°C. The combustible content was measured
from the difference between the mass dried for 2h at 100+5°C
and the final mass burned for 3h at 800+5°C. The final mass
was the ash. Composition of rice straw was listed in Table I.
In Table I, the combustible matter of rice straw was 80.16 wt
%, supporting the use of rice straw as an energy source. The
content of C and O were 53.94 and 39.2%, respectively. It was
obvious that sulfur and nitrogen was rare. The obtained results
supported that rice straw have a potential advantage in the
application of biomass for energy and is alternative and
chemical resources produced from pyrolysis.

TABLE 1
CHARACTERISTICS OF THE RICE STRAW
Proximate analysis Component analysis Ultimate analysis

(wt %) (wt %) (wt %)*
Moisture 7.08 Cellulose 60.62  Carbon 53.94
Combustible 80.16 Hemicellulose 25.64 Hydrogen 5.84
Ash 12.76  Lignin 15.74  Nitrogen 1.02

Oxygen®  39.20
Sulfur 0.02

* Dry-ash-free basic
® By difference

B. Preparation and Characterization of Catalysts

The Diatomite support (Phu Yen-Vietnam) was calcined at
500°C, treated with HCl 1M under reflux. Acidification of
diatomite was carried out as follows: Purified diatomite and
aluminum chloride in excess, separated by a quartz filter, were
placed into a tubular reactor. The reactor was heated to the
final temperature of up to 500°C. The AICl; was evaporated
through the diatomite with nitrogen carrier gas (Ny).
Regeneration of waste catalyst from RFCC unit of Dung Quat
refinery were carried out by coke burning at 650°C for 6 hours
and washing with oxalic acid of 1M concentration for 3h. New
catalysts were a mixture of 80% (wt.) regenerated FCC and
20% (wt.) acidified diatomite.

Low-angle X-ray diffraction patterns were obtained on a
Bruker D8 Advance instrument using CuK, radiation with
generator operated at 40 KV and 40 mA, the patterns were
recorded at room temperature (298 K), scanning angle 20 was
0.5-15°, the scanning step was 0.03°, and step time was 0.3s.
The IR spectra of rice straw were recorded from disk-
membrane samples (1%) in KBr pellets by Impact—-410 IR
spectra photometer. Nitrogen adsorption/desorption isotherms
at 77K were established using an Omnisorp-100 apparatus.
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The specific surface area, SBET, was determined from the
BET equation. The mesopore size distribution was determined
from the desorption branch of the N, adsorption/desorption
isotherms using the Barrett-Joyner-Halenda (BJH) formula.
Scanning electron microscopy (SEM) images were obtained
on a JSM-5300 LV. Temperature programmed desorption
(TPD-NH3) measurements were carried out on an Autochem II
2920 apparatus in a flow reactor. Samples were activated at
700°C for 1h in a flow of helium. Subsequently, ammonia was
introduced by a helium stream containing 10 % (vol.)
ammonia at 100°C. The physically adsorbed NH; was
removed by purging with a He flow at 100°C until the baseline
was flat. Then the reactor temperature was ramped at a rate of
10°C/min.

C. Pyrolysis Experiments

Pyrolysis experiments were performed in a 316 stainless
steel fixed-bed tubular reactor (3.67cm internal diameter and
60 cm long). It is externally heated by an electrical furnace
and the temperature measured by thermocouple inside the bed.
For all experiments, the mass (~5g, in each experiment) of
sample placed on the top of the catalyst bed and amount of
catalyst (10, 20, 30 wt. %) or glass beads for the non-catalytic
tests were placed inside the reactor. The sweep gas from a
nitrogen cylinder was dried and purified by a molecular sieve
tube. The experimental conditions in the pyrolysis system
were as the following: pyrolysis temperature of 450°C-550°C,
sweep gas flow rate of 160ml/min. Solid product (char) was
removed and weighed after the experiment. The liquid phase
was collected in a cold trap maintained at about 0°C using
salty ice as cooling agent. The liquid phase consisted of
aqueous and oil phase which were separated by
dichloromethane and weighed. The yield of the resulting
products was thus calculated based on the mass of the sample
feed. The gas yield was obtained by making difference
between the sum of products and liquid-char.

II1. RESULTS AND DISCUSSION
A. Characterization Catalysts

* FCC Samples

Fig. 1 showed FTIR spectra of spent and regenerated FCC.
As seen in Fig. 1, the band at ~2950cm™ is assigned to C-H
bonding which disappeared after regeneration (coke burning
and acid treatment). This revealed that coke was removed.

The crystallinty of spent and regenerated FCC catalyst has
been examined by XRD (Fig. 2). The XRD patterns of both
these samples were the same and showed the regeneration of
spent FCC catalyst by combination of coke burning and acid
treatment still maintained the structure.

In the NH;—TPD profiles of the regenerated FCC samples
(Fig. 3), two peaks: a low temperature peak (150°C-250°C)
and a high temperature peak (400°C-550°C) corresponding to
weak and strong acid sites were observed. While in NH; TPD
profile of spent FCC, a large amount of weak acid sites
desorbing ammonia at 200°C (maximum) was noted. A small
amount of strong acid sites (maximum temperature of 530°C)

was observed. Nitrogen adsorption—desorption isotherms and
the pore size distribution of regenerated FCC were presented
in the Fig. 4. In Fig. 4 as can be seen, the isotherms of
regenerated FCC are classified as type IV with the hysteresis
loops, which were typical for mesoporous materials. The total
specific surface area and the pore diameter of regenerated
FCC are 168.82 m*g and 9.2 nm, respectively.
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Fig. 1 IR spectra of spent (a) and regenerated (b) FCC
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Fig. 3 NH;-TPD profiles of spent and regenerated FCC
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" The total specific surface area calculated by BET method is
7 j 41.5 m’/g. As can be seen in Fig. 6, the pore diameter of the

S| 3 acidified diatomite was 9.2 nm.
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Element compositions of raw diatomite and acidified
diatomite determined by EDX analysis data were given in
Table II. It was noted that aluminum content increased from
6.34 wt. % to 8.21 wt. %, indicating the insertion of aluminum
into diatomite framework.

TABLEII
ELEMENT COMPOSITION OF RAW DIATOMITE AND ACIDIFIED DIATOMITE
Elemental analysis (wt %) Raw diatomite Acidified diatomite
(0} 54.07 53.41
Mg 0.33 0.26
Al 6.34 8.21
Si 33.53 32.50
Ti 0.84 0.74
Fe 4.89 4.88
Sum 100 100

SEM images of diatomite and acidified diatomite were
illustrated in Fig. 5. As can be seen, acidified diatomite had
the macro-meso structure with the typically cylindrical shape
(Fig. 5 (A)). The SEM images showed this sample consisted
of cylindrical tubes with diameter of 8-10 um, length of 10 -20
um and on their surface existed regular arrays of pores with a
diameter of 0,5-0,8 um. It showed that, the acidification of
diatomite still maintained the structure of diatomite (Fig. 5

(B)).

Fig. 5 SEM images of acidified diatomite (A) and diatomite samples
®

Nitrogen adsorption—desorption isotherms and the pore size
distribution of acidified diatomite and diatomite, were
presented in the Fig. 6. As observed, the isotherms of acidified
diatomite and diatomite are classified as type IV with the
hysteresis loops, which were typical for mesoporous materials.

Fig. 6 Nitrogen adsorption - desorption isotherms and the pore size
distributions of acidified diatomite

77Al and *°Si magic angle spinning NMR has been proven
to be a very informative technique for structural studies of
silicates and aluminosilicates, for a deeper understanding of
their structural properties [30]. 2’A1 MAS-NMR can provide
information for different oxygen coordination around the Al
atom. ¥Si MAS-NMR is capable of distinguishing SiO,
tetrahedral of connectivity ranging from 0 to 4, represented by
the symbol Qm, where m is the number of bridging oxygen.
»Si MAS-NMR is able of distinguishing different cross-linked
Si tetrahedral and is a very sensitive technique for
determination of the substitution of Al for Si tetrahedral by the
characteristic ’Si line shifts.

Fig. 7 (A) presented the *’Al- MAS-NMR spectra of raw
and acidified diatomite. For raw diatomite sample, in the *’Al-
NMR spectrum appeared two main resonance peaks at 0 ppm
and 58 ppm. For acidified diatomite sample, in the >’ AI-NMR
spectrum appeared two main resonance peaks at 10 ppm and
58 ppm. 2’Al resonance peak at 0 ppm is assigned to the
hydroxylated aluminum octahedral layers [10]. ’Al resonance
peak at 10 ppm is attributed to the octahedral aluminum sites
where the resonance peak at 58 ppm is assigned to the
tetrahedral aluminum sites [31]-[34].

R %
Raw diatomite 108
Raw diatomite —.

Acidified diatomite

-9

[TTTTTITTI T[T ITTT 77T

150 100 50 0 50 -100 -150| FANYIVA/W
20 0 20 40 -60 -80 -100 -120 -140
ppm ppm

Fig. 7 2’ Al MAS NMR (A) and *’Si-MAS NMR (B) spectra of the
raw diatomite and acidified diatomite

As can be seen in Fig. 7 (A), much higher peak intensity at
58 ppm observed on the acidified diatomite as compared to
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that of raw diatomite, indicating the enhance of tetrahedral Al
sites of the diatomite sample after Al substitution for Si into
silicate framework.

Fig. 7 (B) illustrated the *Si MAS-NMR spectra of raw
diatomite and acidified diatomite. In the ’Si-NMR spectrum
of raw diatomite, a sharp resonance peak centered at -106 ppm
was observed. In contrast, in the 2’Si-NMR spectrum of
acidified diatomite, a broadness of the resonance peak at -106
ppm and shoulders at -97, -88 and -80 ppm were noted. This
broadness is due to a range of Si-O-T (T= Si or Al) bond
angles with Si-O sheet networks remain unchanged, the major
change being a flattening of Si-O linked to Al sheet [32]. The
observed down field *Si chemical shifts are may be due to the
aluminum substitution in silicate units. It is well documented
in the literature [31]-[33], the resonance peaks at -80, -88, -97
and -106 ppm are indicative for the formation of substituted
Ql, Q2, Q3 and Q4 structural units by reaction between
aluminum sites and Q4 silicate units. The presence of
resonance peak as shoulder at -80, -88, -97 ppm in the **Si-
NMR spectrum of the acidified diatomite sample gives
evidence for Al insertion into diatomite framework.
Combination of *’Al and *’Si-MAS-NMR results, it is clearly
indicated that after acidification, aluminum is really
incorporated into diatomite framework.

Fig. 8 presented the NH;-TPD profiles of raw and acidified
diatomite. The NH;3-TPD profiles of both raw and acidified
diatomite samples showed the two main peaks: low
temperature peak at 180-200°C and high temperature peak at
450-470°C. However, for raw diatomite sample, low
temperature peak is predominant, whereas for acidified
diatomite sample, high temperature peak is predominant.

_ TCD Sional (a.u.) va. Temoerature

Raw diatomite / N

ICD signal (au)

%

" Acidified diatomite

100 1s0 200 250 300 350 400 450 S00 550 600
Temperature("C)

Fig. 8 NH;-TPD profiles of raw diatomite NH; and acidified
diatomite samples

B. Catalytic Activity

Product yield from pyrolysis was indicated in the (Table
II). In the presence of catalyst, the yield of liquid product
increase from 40.78% to 42.55% with increasing of content of
catalyst from 10% to 20%. The increase in liquid products
could be mainly attributed to the secondary cracking of
pyrolysis vapor products on acid sites of catalyst.
Furthermore, the increasing of content of catalyst to 30% will
reduce the liquid product by 35.72%. The secondary
decomposition of organic compounds may also give non-

condensable gaseous products which would lead to the
increase in gas yield in presence of catalyst. The liquid yield
reached a maximum of 42.55% at the pyrolysis temperature of
450°C in presence of 20% catalyst amount of feedstock.

The obtained results showed that the similar liquid product
of ~41% can be reached by pyrolysis with catalysts (10%) at
450°C as compared to that of the pyrolysis without catalyst at
550°C (Table III).

The liquid fraction of the pyrolysis products consists of two
phases: an aqueous phase containing a wide variety of
organic-oxygenated compounds (water and water soluble
organic compounds) with low molecular weight, and a non-
aqueous phase containing insoluble organics (oil) with high
molecular weight. It is well known, rice straw has low heating
value in actual applications. The rice straw pyrolysis can
produce the bio oil with higher heating value (Table IV).

TABLE III
PRODUCT YIELD FROM PYROLYSIS

Content of Pyrolysis Liquid Gas Solid
catalyst (wt %) temperature (°C) (wt %) (wt %) (wt %)
10 450 40.78 27.34 31.88

20 450 42.55 28.70 38.75

30 450 35.72 35.54 28.74

0 550 40.69 25.49 33.82

From the Table IV, it showed the heating value of liquid
products (non-aqueous phase) in catalytic pyrolysis is higher
than ~1.8 times compared to that of rice straw and ~ 1.6 times
compared with when no using catalyst. This strongly suggests
that heating value depends on chemical composition of
products. It is well documented that the products contain more
paraffinic = hydrocarbon and less oxygen-containing
compounds possessing higher heating value.

TABLE IV
HEATING VALUE OF RICE STRAW AND LIQUID PRODUCTS (NON-AQUEOUS
PHASE) AT THE PYROLYSIS TEMPERATURE OF 450°C

Samples Heating value
Rice straw 14.64 MJ/kg
Liquid products (non-aqueous phase) without catalysts 17.46 MJ/kg
Liquid (non-aqueous phase) with catalysts 27.23 MJ/kg

TABLE V
ELEMENT COMPOSITION (WT. %)
Liquid products (non-aqueous Liquid (non-aqueous

Elements  Rice

straw phase) without catalysts phase) with catalysts
C 53.94 67.01 68.31
H 5.84 7.94 8.09
N 1.02 1.66 1.94
(0} 39.20 23.39 21.66
H/C 1.29 1.39 1.42
o/C 0.54 0.26 0.22

The elemental compositions (C, H, N, O) in the products
are presented in Table V. Ratio H/C in products when using
higher catalyst compared with the non-catalytic one, led to the
higher value of the product. These results are in agreement
with the heating value data. In contrast, the ratio O/C is lower
observed in the case of pyrolysis with catalysts. Additionally,
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comparing to the thermal pyrolysis, catalytic pyrolysis
produces more phenols and less oxygenate compounds.
Pyrolysis oil may be used either as a fuel or as a source of
valuable chemicals.

IV. CONCLUSION

New nanostructured catalysts were successfully prepared by
using the acidified diatomite and the modified FCC catalysts,
which were regenerated by the combination of coke burning
and acid treatment of spent FCC catalyst from Dung Quat
refinery. In the presence of these new nanostructured catalysts,
the liquid yield reached a maximum of 42.55 wt.% at the
pyrolysis temperature of 450°C with catalyst content of 20
wt.%. The similarly liquid yield of 41.4 wt.% can be reached
by pyrolysis with catalysts (10 wt.%) at 450°C as compared to
that of the pyrolysis without catalyst at 550°C. Moreover, by
catalytic pyrolysis, bio-oil quality was better as reflected in
higher ratio of H/C and lower ratio of O/C. This clearly
indicated high application potential of these new
nanostructured catalysts in the production of bio-oil with low
oxygenated compounds.
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