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Abstract

In the present work, catalytic co-pyrolysis of rice husk with low density polyethylene (LDPE) was investigated to enhance the amount of
gasoline range hydrocarbons in the bio-oil. Zeolite Socony Mobil#5(ZSM-5) was used as catalyst. The specific surface area, pore volume
and the average pore size of ZSM-5 were evaluated to be 418.041 m?/g, 0.227 cc/g and 1.628 nm respectively. Optimum temperature
for obtaining highest bio-oil yield for non-catalytic co-pyrolysis was 600 °C, resulting in yield of 51.26 %. For catalytic co-pyrolysis,
the optimum temperature was 500 °C with a bio-oil yield of 38.87 %. H/C ratio of gasoline range hydrocarbon oil obtained by catalytic

co-pyrolysis was 1.21, while the oxygen content was 2.51 %.The results of GC HRMS revealed that, the gasoline range hydrocarbon oil

obtained by catalytic co-pyrolysis contained 17.65 % Cycloalkanes, 6.131 % alcohols, 31.75 % esters and 32.68 % alkenes.
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1 Introduction

Pyrolysis is regarded as promising technology for the pro-
duction of bio-oils from biomass feedstock [1-6]. However,
the bio-oils are viscous, highly oxygenated, acidic, chem-
ically unstable, have higher water content and low H/C
ratios [7]. Several techniques have been attempted to
reduce the oxygen content of bio-oils. Among them,
hydrodeoxygenation has been widely explored. However,
this process suffers from several disadvantages such as
requirement of high severity operating conditions (reac-
tion temperature and hydrogen pressure), high operating
cost related to noble catalysts used, catalyst deactivation
etc. [8]. Alternatively, catalytic fast pyrolysis is one more
attractive technique wherein the biomass is subjected to
pyrolysis in the presence of acidic catalyst such as zeolites.
This method offers advantages such as moderate pressure
and temperatures requirement and does not require hydro-
gen. Further, it can produce several valuable petrochemi-
cals (aromatics and olefins). However, carbon yield of aro-
matics is low (10-30 %) and large amounts of bio-char and
coke are still produced which can be attributed to low H/C
ratio of biomass, which ranges from 0 to 0.3 [9].

Co-pyrolysis is the most promising technique which can
overcome the aforementioned limitations of other upgra-
dation techniques of bio-oil. In Co-pyrolysis, biomass is
co-fed with some hydrogen rich feedstocks such as waste
plastics. Waste plastics are mainly formed by polymer-
ization of olefins with high H/C ratio of 2, which indi-
cates that they are suitable feedstocks for co-pyroly-
sis [10]. Furthermore, it was found that, the quality of
bio-oil co-pyrolysis was higher than that from pyroly-
sis of biomass alone [11]. It was noticed that an increase
in hydrogen content and decrease in oxygen content was
observed in co-pyrolysis oil, resulting in an increased
calorific value. Generally, the oxygenated organics that
reduced the quality of bio-oil are aldehydes, ketones, phe-
nols, esters etc. Co-pyrolysis is a simple and safe pro-
duction process for high quality fuels since it does not
bring in high-pressure hydrogenation. Hence the hydro-
gen transfer may also be involved in the co-pyrolysis
under ambient pressure conditions. Also, huge amounts
of waste plastics are globally generated. For instance,
European Union (EU) exports out 3.4 million tons of
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waste plastic [12]. They have created several environmen-
tal problems and hence adequate disposal methods have to
be designed. One alternative is to utilize them in co-py-
rolysis along with biomass. Several researchers have
reported that, a synergetic effect was observed between
biomass and plastics during co-pyrolysis. Very recently,
Uzoejinwa et al. [13] reviewed the various types of bio-
mass and plastics used for co-pyrolysis and their efficien-
cies. However, to our best knowledge, there are no reports
which describe the co-pyrolysis of rice husk with LDPE.
In this regard, in the present work, we describe the co-py-
rolysis of rice husk with LDPE. During production of rice,
rice husk is generated as byproduct of milling factory and
hence abundantly available to serve as a source of co-py-
rolysis for current energy sector.

2 Material and methods

Rice husk (RH) was obtained from Sri Venkateshwara
Rice Industries, Tumakuru, India and dried at 110 °C
in a hot air oven for 24 h. It was then ground to fine pow-
der using domestic mixer and sieved to get an average size
of 0.3 mm-0.6 mm size sample. LDPE was obtained from
local market. N-Hexane, Methanol and ZSM-5 Zeolite cat-
alyst (Si/Al ratio of 6) were procured from Sigma Aldrich.

2.1 Fabrication of pyrolytic reactor

A 5L capacity SS 304 lab scale pyrolytic reactor was
used in present study. The schematic diagram of reactor
is depicted in Fig. 1. The specifications of the reactor and
furnace are given in Table 1. The nitrogen gas supply to
the reactor was through a non-return valve. The gas out-
let from reactor was connected to copper tube condenser
(15 m long and %: inch diameter) through brazing and
threaded joints. The copper coil was completely immersed
in ice cooled chilled water (temperature: 4 °C-5 °C). To the
end of copper condenser, a gas collection bag was attached
to collect non-condensable gases.

2.2 Experimental procedure

In all experiments, 100 g of feed was transferred to the
reactor and heated to desired set temperature. The compo-
sitions of feedstock for co-pyrolysis were chosen as pure
RH, pure LDPE and mixture of RH and LDPE in 1:1 ratio
on weight basis. The average heating rate in the experi-
ments was 17.5 °C/min. After attaining the set tempera-
ture, pyrolysis was continued for known time and the bio-
oil condensed in copper tube was removed by passing
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Fig. 1 Pyrolysis reactor (1-Heater, 2-Nitrogen inlet, 3-Flange,
4-Gas outlet, 5-Pressure relief valve, 6-Pressure gauge,
7-Thermal insulation, 8-Pyrolysis reactor)

Table 1 Specifications of pyrolysis reactor

S.No Component Description
1. Reactor SS 304, 163 mm ID x 300 mm height
2 Maximum furnace 300 °C

temperature

Power rating of

3. heater Kanthal A-1, 4.5 kW

4. Electric supply 230 V Single phase 50 Hz AC
S. Thermocouple Chromel Alumel (K-type)
6. Temperature control PID

7. Power control Through steady state relay

compressed air. The mass of the waxy fuel obtained was
measured. The mass of bio-char residue in reactor was
also measured. The yield of bio-oil, bio-char and non-con-
densable was calculated as,

Y,o = (Mass of biooil obatined)/(Mass of feed)x100
Y, =(Mass of biochar obatined)/(Mass of feed)x100
Y\ =(Mass of gas obatined)/(Mass of feed)=100

(1

where Y, , Y, .and Y, refer to yields of bio-oil, bio-char
and noncondensable gas respectively. Mass of non-con-

densable gases was obtained by mass balance as,
Mass of non-condensable gas

2
=100— Mass of biooil — Mass of biochar. @



The bio-oil obtained was subjected to simple distilla-
tion and a fraction with a boiling point range of room tem-
perature to 204 °C was collected. This was called as "gas-
oline range hydrocarbon oil".

2.3 Analytical methods

2.3.1 Composition of bio-oils by GC HRMS

GC 7890 (Make: Agilent) with FID detector, along with
Mass spectrometer: Jeol (Make: AccuTOF GCV) was
used for GC HRMS analysis. The mass spectrome-
ter had a range of 10-2000 amu and resolution of 6000.
A DB-5MS capillary column (30 m x 0.25 mm x 0.25 mm)
was employed to separate components of the products.
High-purity helium (99.999 %) was used as the carried gas
with a constant flow rate of 1.0 mL/min. The temperature
of the injector was held at 280 °C. The injection volume
was | pL (hexane was used as solvent). A split of the car-
rier gas (1:10) was used. The GC oven was programmed
with the following temperature regime: hold at 80 °C
for 1 min, ramp to 200 °C at 8 °C/min, ramp to 275 °C
at 8 °C/min and held at 275 °C for 2 min and finally
increased to 280 °C at rate of 5 °C/min.

2.3.2 Elemental analysis (C, H, O)

FLASH EA 1112 series, Italy (Make: Thermo finnigan)
was used for C-H-O-N analysis. 2-3 mg of sample in tin
capsules was subjected to combustion at 900 °C and the
resulting gases were separated by GC column and detected
by TCD detector. Before analysis, the instrument was cali-
brated using L-Cystine as standard.

2.3.3 BET Surface area of ZSM-5 catalyst

Evaluation of specific surface area, pore volume and aver-
age pore size of ZSM-5 was done by Brunauer—-Emmett—
Teller analysis (Quantachrome NOVA-1000, USA) using
nitrogen adsorption — desorption isotherms at 77.4 K.

3 Results and discussions

3.1 BET Surface area of ZSM-5 catalyst

The pore size distribution of ZSM-5 and adsorption-de-
sorption isotherms of ZSM-5 are shown in Fig. 2 and Fig. 3
respectively. The specific surface area, pore volume and
the average pore size were evaluated to be 418.041 m?%/g,
0.227 cc/g and 1.628 nm respectively. It was observed that,
adsorption isotherm was of type II while desorption iso-
therm was of type VI.
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Fig. 2 Pore size distribution of catalyst ZSM-5 as measured
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Fig. 3 Adsorption-desorption isotherms of ZSM-5 at 77.4 K,
(Desorption-type VI and adsorption-type II)

3.2 Effect of temperature on co-pyrolysis yields
As one of the most important operating parameters
in pyrolysis, temperature controls the cracking reaction
of the feedstock and affects the pyrolysis product yields.
The effect of temperature on the yields of bio-oil, noncon-
densable gases (NC) and bio-char for various feedstocks
are depicted in Table 2. As can be observed, with increas-
ing temperature, the yield of non-condensable gases con-
tinuously increased while the bio-char yield continuously
decreased. With increase in temperature, bio-oil yield
increases due to devolatization reactions [14].

However, at higher temperature, the vapour converts
into smaller organic molecules or other non-condensable
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Table 2 Effect of temperature on pyrolysis yields (% w/w)

Temperature (°C)

Feed stock

400 450 500 550 600
Rice husk
Bio-oil 15.23 1946 2456  22.51 20.17
Bio-char 5121  42.65 36 3324 3158
Gas 33.56  37.89 3944 4425 4825
LDPE
Bio-oil 8545 8749 8771 85.26  81.52
Bio-char 5.2 1.11 0.40 0.26 0.84
Gas 9.35 11.41 11.89 1448 17.64
Rice husk and
LDPE (1:1)
Bio-oil 36.47 4092 4355 4774 51.26
Bio-char 38.68 3249 2563 2126  17.58
Gas 2485 2659 30.82  31.00 3116

gaseous products due to secondary cracking reactions.
The char yield decreases with increasing temperature
because of decomposition being promoted at higher tem-
perature. The optimum temperature to obtain highest bio-
oil yield was 500 °C for both 100 % LDPE and 100 % Rice
husk samples, while for mixed feed of RH and LDPE (1:1),
the optimum temperature was 600 °C.

3.3 Effect of feedstock composition on yields of
products of co-pyrolysis

As can be observed from Table 1, highest bio-oil yield
for pure rice husk 24.56 % (w/w) at 500 °C. With addi-
tion of LDPE in a ratio of 1:1, the bio-oil yield increased
to 43.55 % at same operating temperature. To compare
the synergetic effect between rice husk and LDPE during
co-pyrolysis, theoretical bio-yield (Y,) was calculated as,

Y, = Wt% of RHx Yy, + Wt% of LDPExY,. (3

where, Y, and ¥,
pure rice husk and LDPE respectively. According to Eq. (3),
theoretical yield was for co-feed at 500 °C was 35.52 %

which was lower than experimental yield of 43.55 %.

represent experimental bio-oil yields of

Similarly, a positive synergetic effect existed among at all
temperatures between RH and LDPE. The experimental
yield of bio-oil was higher than theoretical yield by 5.8 %,
7.96 %, 11.65 %, 22.60 % and 12.67 % at the tempera-
tures 400 °C, 450 °C, 500 °C, 550 °C and 600 °C respec-
tively. Further, it was found that, bio-char yield for pure
RH decreased with addition of LDPE. This may be due to
promotion of cracking of methoxy groups of phenols in RH
bio-oil by hydrogen radicals provided by LDPE.

3.4 Effect of temperature on catalytic co-pyrolysis
Since the optimum temperature can differ for catalytic
and non-catalytic co-pyrolysis, trials were conducted
to optimize the temperature for catalytic co-pyrolysis.
2 % ZSM-5 catalyst was used for these trials. As shown
in Fig. 4, the optimum temperature for catalytic co-py-
rolysis to obtain highest bio-yield was 500 °C, which was
lower than the corresponding value for non-catalytic runs
(600 °C). This result can be explained based on differ-
ences in the reaction mechanisms of catalytic and radi-
cals disproportionation [11]. Herein, secondary radicals
formation involves depolymerization, hydrogen transfer
reactions, monomers formation, intermolecular hydrogen
transfer (generation of paraffins and dienes) and isomeri-
zation through vinyl groups. While in catalytic co-pyroly-
sis, there will be interaction between pyrolytic intermedi-
ates at the active sites of catalyst. The primary reactions is
between cellulose derived oxygenates and LDPE derived
olefins at the active sites of acidic catalyst such as ZSM-5.
Specifically, furans derived rice husk can react with light
olefins such as ethylene and propylene from LDPE to form
aromatic compounds. These aromatic compounds further
undergo reactions such as hydrogenation, hydrocracking
and hydroisomerization to form mono-cyclic alkanes [15].
Thus, since there are significant differences in the path-
ways of reactions occurring in catalytic and non-catalytic
co-pyrolysis, the optimum temperature to obtain highest
bio-oil can be different.

3.5 Effect ZSM-5 concentration on yields of
co-pyrolysis

To understand the concentration of catalyst on yields of
co-pyrolysis, experiments were conducted with varying
concentrations of ZSM-5 in the range of 2 % to 8 % (w/w)
at 500 °C. The results are presented in Fig. 5.
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Fig. 4 Effect of temperature on yield of bio-oil during catalytic co-
pyrolysis (Catalyst concentration —2 %, RH:LDPE ratio = 1:1)
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Fig. 5 Effect of concentration of ZSM-5 on yield of bio-oil
(Temperature =500 °C, RH:LDPE ratio = 1:1)

The yield of bio-oil

with increasing catalyst. This was evident because,

continuously  decreased

in the presence of catalyst, reactions such as de-oxygen-
ation will occur resulting in reduction of the mass of oil.
The ZSM-5 has 3-D pore system containing straight ring
channels connected by sinusoidal channels. In the present
work, the range of pore size was 1.3031 nm to 38.2075 nm.
Hence, the oxygen containing pyrolytic intermediates,
such as acids, ketones, and alcohols could be deoxygenated
and cracked to C,-C, olefins and alkanes in the pores of
ZSM-5 [16]. Further, it has been known that, by changing
Si/Al ratio, it is possible to change the number of acid sites
in ZSM-5. If the Si/Al ratio is low, higher amount of gases
are formed due to high activity of C-C bond scission [17].
In the present work, the ZSM-5 had Si/Al ratio of 6, which
indicates the high acidity of catalyst. Hence, with increas-
ing catalyst dosage, higher amount of gases were formed,
resulting in lower yield of bio-oil. Table 3 shows the yield
of gasoline range hydrocarbons at various catalyst concen-
trations. It is evident that, ZSM-5 concentration of 4 %
was optimum for obtaining highest yield of gasoline range
hydrocarbons. Above this concentration, the yield of gas-
eous products was higher due to excessive cracking reac-
tions, resulting in reduction of gasoline fraction.

Table 3 Effect of ZSM-5 concentration on yield of

gasoline range fraction
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3.6 Effect of ZSM-5 on H/C ratio of bio-oils

Table 4 depicts the elemental analysis and H/C ratios of
crude bio-oils obtained from various feed-stocks. It is
evident that, non-catalytic co-pyrolysis was less efficient
in reducing the oxygen content of crude rice husk bio-oil
(from 13.54 to 12.08 %). Further/C ratio of bio-oil from
(rice husk + LDPE) was slightly higher than the value
for pure rice husk. On the other hand, catalytic co-pyrol-
ysis with 4 % ZSM-5 reduced the oxygen content of RH
bio-oil to 2.65 %. Also, the H/C ratio of bio-oil obtained
from catalytic co-pyrolysis was higher than the value
obtained from non-catalyzed co-pyrolysis (1.21 v/s 0.19).
These results can be interpreted by the reaction mecha-
nism of catalytic co-pyrolysis. The RH contains basically
cellulose, hemicellulose and lignin. Cellulose undergoes
reactions such as dehydration, decarbonylation and decar-
boxylation to generate furan compounds in the thermal
degradation. Similarly, hemicellulose is also depolymer-
ized into furan compounds. However, lignin is decom-
posed to phenolic compounds [18]. The degradation of
LDPE occurs through random and chain end scission.
In catalytic co-pyrolysis, the two reactions occur simul-
taneously in co-pyrolysis forming several free radicals
together with long chain. At the same time, radical frag-
ments will be transformed into straight chain hydrocar-
bons via "hydrogen transfer reactions" [19]. The hydrogen
provided by thermal degradation of LDPE was accepted
by biomass—derived oxygenates, thus reducing the bio-
char formation and increasing H/C ratio.

3.7 Effect of catalytic co-pyrolysis on composition of
bio-oils

The chemical compositions of bio-oil obtained from RH, and
gasoline range fractions obtained from LDPE, RH + LDPE
(non-catalytic), RH + LDPE (catalytic, 4 % ZSM-5) are
depicted and compared in Table 5. As can be observed, bio-
oils obtained from RH mostly consisted of phenols, furans,

Table 4 Elemental compositions of bio-oils obtained
through different feedstocks

Yield of gasoline

Concentration of Yield of bio-oil range fraction
catalyst (%, w/w) (%, wW/w) (%, wiw)*

2 38.87 12.69

4 32.49 15.47

6 27.69 14.21

8 21.92 12.38

10 16.66 10.12

*yield is based on weight of bio-oil

Feed for pyrolysis C H (0] H/C
100 % RH 69.55 772 13.54 0.11
100 % LDPE 71773 13.65 14.87 0.17
RI.{ * LDPE (L:1) 82.13 15.60 12.08 0.19
without catalyst

RH + LDPE (I:1) 64.17 77.65 2.65 1.21

with 4 % ZSM-5
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Table 5 Comparison of composition of rice husk bio-oil with gasoline range hydrocarbon oils obtained by co-pyrolysis

Gasoline range Gasoline range
hydrocarbon oil hydrocarbon oil
from 1:1 feed of LDPE  from 1:1 feed of LDPE

and RH (Uncatalyzed) and RH (Catalyzed)

Gasoline range
hydrocarbon oil
from 100 % LDPE

Bio-oil from

Class of compounds Rice husk

Ketones
Ethanone,1-(2-methyl-1cyclopenten-1-yl)- 4.14 - - -
2-Piperidinone,N-[4-bromo-n-butyl]- 18.71 - - -

Silanes

Silane.dimethyl(dimethyl(2-bromo-4fluorophenoxy) 231 . )
silyloxy)(2-bromo-4-fluorophenoxy)- ' -

Furans

3-methyl-2-(2-oxopropyl)Furan 5.9 - - -

Phenol
Phenol,4-ethyl- 5.74 - - -

Esters

Hexatriacontyl penta fluoropropionate 12.25 - - -
Phthalic acid,decyl 7-methyl oct-3yn-5-yl Ester 1.41 - - -
Nitric acid,nonyl Ester 9.65 - - -
Oxalic acid, allyl pentadcyl Ester 19.36 - - -
Nitric acid,nonyl Ester 14.51 - - -
Oxalic acid,allyl hexadecyl Ester 0.75 - -

1,2-Benzenedicarboxylic acid,bis(2-methylpropyl)
Ester

0.79 - -
Oxalic acid,allyl hexadecyl Ester 2.43 - -
Oxalic acid,allyl hexadecyl Ester 1.84 - -
Oxalic acid,allyl hexadecyl Ester 1.29 - -
Sulfurous acid,octadecyl 2-pentyl Ester 1.09 - -
Oxalic acid,allyl hexadecyl Ester 1.01 - -
Oxalic acid,allyl octadecyl Ester 0.85 - -
Oxalic acid,allyl hexadecyl Ester 0.77 - -
Oxalic acid,allyl hexadecyl Ester - - 7.79 -
Decyl trifluoroacetate - - 1.56 -
Acetic acid,trifluoro,2,2-dimethylpropyl Ester - - 0.57 -
Nitric acid,nonyl Ester - - 0.48 -
Oxalic acid,allyl nonyl Ester - - 2.03 -
Oxalic aicd,allyl nonyl Ester - - 0.9 -
Oxalic acid, allyl hexadecyl Ester - - 1.89 -
Oxalic acid, allyl hexadecyl Ester - - 0.4 -
Oxalic aicd,allyl pentadecyl Ester - - 2.69 -
Oxalic aicd,allyl pentadecyl Ester - - 1.76 -
Sulfurous acid, hexyl pentadecyl Ester - - - 1.6
Sulfurous acid, hexyl pentadecyl Ester - - - 2.31
Oxalic acid, allyl octadecyl Ester - - - 5.75

9-Octadecenoic acid (Z)-, 2-(acetyloxy)-1-

[(acetyloxy)methyl]ethyl Ester . - - 2.63

Oxalic acid, allyl octadecyl Ester - - - 7.02
Oxalic acid, allyl dodecyl Ester - - - 2.15
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Bio-oil from

Class of compounds Rice husk

Gasoline range
hydrocarbon oil
from 100 % LDPE

Gasoline range
hydrocarbon oil
from 1:1 feed of LDPE
and RH (Uncatalyzed)

Gasoline range
hydrocarbon oil
from 1:1 feed of LDPE
and RH (Catalyzed)

Alkenes

1-Decene -
7-Hexadecene,(Z)- -
5-Octadecene,[E]- -
7-Hexadecene,(Z)- -
3-Tetradecene,(Z)- -
1-Tetradecene -
5-Ethyl-1-nonene -
1-Undecene -
1-4-Heptadiene-3,3,6-trimethyl- -
1-Octene,3,7-dimethyl- -
2-Dodecene,€- -
3-Tetradecene,(Z)- -
7-Tetradecene, (Z)- -
1-Hexadecene -
5-Octadecene, (E)- -
3-Octadecene, (E)- -

1-Tridecene -

15.3 - -
4.82 ; ;
3.65 - -
3.11 - -
8.01 - -
12.04 - -

- 571 -

- 15.75 -

- 114 -

- 7.92 -

- 512 -

- 5.01 -

- - 10.18

. ; 6.88

- - 434

- - 3.54

- - 6.06

Alkanes

1-Iodo-2-methyl undecane -
1-Pentadecane -
Undecane -
3-Dodecane -
Undecane -
Octane,3,4,5,6-tetramethyl- -
Tetradecane,1-chloro- -
Tetratetracontane -
1-Iodo-2-methylundecane -

Tetracontane, 3,5,24-trimethyl -

1.45 - -
6.12 - -
7.84 - -
15.37 - -
- 5.24 -
- 0.91 -
- 0.66 -
- 2.1 -
- - 1.33
- - 8.74

Cycloalkanes

Cyclopropane,l-heptyl-2-methyl- -
Cyclopropane, 1-heptyl-2-methyl -
Cyclopropane, 1-methyl-2-octyl

- - 8.68
- - 8.97

Alcohols

1,14-Tetradecanediol -
2-Butyn-1-ol-4-methoxy- -
[2,4,6-Trimethylcyclohexyl]methanol -
1-Octanol, 2-butyl -

B . 0.79
- - 1.44

acids and esters. No alkene / alkane / cycloalkanes were
observed. Among the ketones, 2-Piperidinone, N-[4-bromo-
n-butyl]-was present in highest concentration (18.71 %).
On the other hand, the hydrocarbon oil obtained from
100 % LDPE consisted of mainly alkenes (46.92 %), alkanes
(30.78 %), cycloalkanes (8.5 %) and small amounts of alco-
hols (2.94 %). The major alkene was 1-Tetradecene (12.04 %),
while the major alkane was 3-Dodecane (15.37 %)).

In the case of co-feed (50 % RH + 50 % LDPE,
Un-catalyzed), no cycloalkanes were observed and the bio-
oil primarily consisted of esters (45.16 %) and alkenes
(45.178 %). Among esters, oxalic acid-allyl hexadecyl ester
was major component, while, I-Undecene was the dominant
alkene (15.75 %). The concentration of alkanes was lower
as compared to 100 % LDPE (8.91 %). The gasoline range
hydrocarbon oil from co-feed (50 % RH + 50 % LDPE, 4 %
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ZSM-5) was found to contain primarily esters and alkenes
(31.75 % and 32.68 % respectively). However, the concent-
rations of cycloalkanes was almost twice than the value
for 100 % LDPE (17.65 %).

The formation of Cyclohexanes can be explained
by referring to reaction mechanisms of catalytic
co-pyrolysis. As explained in Section 3.6, hydrogen
obtained from thermal degradation of LDPE and furans
obtained from RH react through Diels-Alder reaction to
form aromatic compounds. Apart from this, the olefins
from LDPE can individually undergo cyclization,
aromatization, decarbonylation, and oligomerization
inside the pores of ZSM-5 to form aromatic compounds
[20]. Basically, the primary vapors will diffuse into the
internal pores of ZSM-5 when passing through catalyst
layer, and form aromatic hydrocarbons through a common
hydrocarbon pool intermediate. In addition, phenolic
compounds produced from RH undergo dehydration,
cracking and oligomerization to form aromatics. These
aromatics can undergo hydro cyclo-addition process to
form Cycloalkanes. Cycloalkanes are desired components
in gasoline. A higher concentration of them suggested that
the fuel obtained was of better quality than the other oils.
Moreover, a higher concentration of alcohols (6.131 %)
suggested that the oil was rich in high energy compounds.
Further, the hydrocarbon oil obtained from -catalytic
co-pyrolysis showed the absence of oxygen containing
compounds like furans, phenols, ketones (which were the
primary compounds). Thus, catalytic co-pyrolysis could
decrease the oxygen content of bio-oil.

A comparison of concentrations of various chemical
groups in rice husk bio-oil with those obtained by co-py-
rolysis is depicted in Table 6.

4 Conclusions

The present work showed that, catalytic co-pyrolysis
of RH with LDPE using ZSM-5 significantly improved
the quality of bio-oil of rice husk bio-oil. However,
areduction in yield was observed as compared to non-cat-
alytic co-pyrolysis (38.87 % v/s 51.26 %). The optimum
composition of feedstock was evaluated as 1:1 ratio of RH
and LDPE. The optimum temperature for non-catalytic

Table 6 Comparison of compositions of bio-oils

Gasoline range hydrocarbon oil
obtained from:

fassification RH  100% 0’0 RHand Ssoozz,RLklljla:;:d
bio-oil LDPE (égcﬁt;];:i) (Catalyzed,
4 % ZSM-5)
Ketones 22.85
Silanes 8.311
Furans 5.903
Phenols 5.743
Esters 5718 - 45.160 31.758
Alkenes 46.922 45.178 32.685
Alkanes 30.777 8.9059 11.773
Cycloalkanes - 8.539 - 17.65
Alcohols - 2.945 0.7553 6.131

and catalytic pyrolysis was 600 °C and 500 °C respec-
tively, which indicates that, the energy requirements of
pyrolysis are reduced in the presence of ZSM-5. The opti-
mum catalyst dosage was 4 wt%. The oxygen content
reduced 13.54 % for RH bio-oil to 2.51 % when ZSM-5
was used along with LDPE. The H/C ratio increased from
0.17 to 1.21. An analysis of chemical compositions of bio-
oils showed that, the bio-o0il from RH mostly consisted
of furans, acids and esters while the one obtained from
catalytic co-pyrolysis with LDPE consisted of significant
quantities of cycloalkanes, alcohols, alkenes and esters,
which confirmed that there were significant interactions
existed between pyrolysis intermediates of RH and LDPE
resulting in the improvement of quality of bio-oil.
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Nomenclature
LDPE Low Density Polyethylene
RH Rice husk
Y, Theoretical bio-oil yield
Y. Yield of bio-oil from Rice husk (Experimental)
Y oo Yield of bio-oil from LDPE (Experimental)
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