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stract

g:)ap pyrolysis is an interesting route for green jet fuel production because it is a simple process without required hydrogen supply
and operated under atmospheric pressure. However, coke as an undesired product is often formed in high yield. In this inves-
tigation, pyrolysis of coconut oil soap was performed via catggtic routes in a batch reactor to avoid excessive coke formation.
Two zeolite types, faujasite (H-Y) and mordenite (H-M), were evaluated as catalysts for pyrolysis. Catalyst loadings were studied
for H-Y 20%, 40%, and 60%. Product analysis was performed by gas chromatography-mass spectrometry (GC-MS) to identify
bio-oil components. Physical properties analysis was performed to determine the density and viscosity of the bio-oil prod@@t. The
bio-o0il produced from thermal process is composed of olefins Ce—C 5 (43.4%), ketones @88.6%), and paraffins C+—C5 (14.8%).
Thermal pyrolysis showed low yield bio-hydrocarbon (olefins and paraffins) Cz—Ci4 (11%) and high solid residual formation
(23.4%). Catalytic pyrolysis using zeolites of reduced solid residual formation to 10.6% with high bio-oil yield; however, the
undesired carboxylic acid products were produced. Catalyst loading effect shows that the higher catalyst loadings reduced solid
residual formation with the carboxylic acid products increased. The highest bio-hydrocarbon yield (13.2%) was achieved over H-
Y loading 20%. Soap pyrolysis over catalyst H-M showed high bio-oil yield (28.6%) and high bio-hydrocarbon yield (17.6%) as
compared to the H-Y @galyst. The main products of pyrolysis bio-oil over H-M are olefins Cs—C 5 (48.9%), ketones (24.5%),
and paraftins C;—Cg (15.9%). The range of bio-hydrocarbon produced was mainly similar to jet fuel. Catalytic pyrolysis route
using zeolites improved the quality of bio-oil and reduced coke formation.

Keywords Pyrolysis - Zeolite - Coconut oil soap - Bio-hydrocarbon - Green jet fuel - Coke

1 Introduction For example, aviation ndustry fuel consumption reached 1.4

million barrels per day in USA in the beginning year of 2020

Fossil fuel depletion is unavoidable due to its nature as a non-
renewable material while it consumes continuously since the
industrialization era. The emission of greenhouse gasses from
the combustion of fossil fuels is the main contributor to global
warming. Transportation sectors depend heavily on fossil fuel.
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[1]. Electric car is currently become trend to substitute the
conventional fossil fueled car; however, the electric aircraft
still needs time to be ready to be commercialized. Electric
aircraft commercialization is restricted with current status of
battery with specific energy of only 200 Wh'kg which means
1.7% of the jet fuel energy content [2]. Low specific energy of
battery becomes the main obstacle to use electric aircraft in
near futures. Hence, green fuel from renewable sources would
be potential alternative to substitute fossil fuel before the elec-
tric aircraft technology commercially applicable.

Various feedstocks could be employed for bio-
hydrocarbon production such as plant/animal oil, lignocellu-
losic biomass, sugar-rich material, and solid fraction of mu-
nicipal solid waste [3]. Plant or animal oil is among potential
feedstocks for green fuel production. Several process technol-
ogies routes have been developed to produce green jet fuel
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from plant/animal oil such as transesterification, direct pyrol-
ysis, hydrodeoxygenation (HDO), and soap pyrolysis [4, 5].
Commercial technology using HDO requires hydrogen which
is expensive and needs high-pressure operation. Simple pro-
cess technology such as soap pyrolysis was established during
the Second World War in China to produce gasoline and die-
sel o1l from tung oil soap [6]. Process block diagram of soap
pyrolysis is presented in Fig. 1. Saponification of vegetable oil
with a basic solution followed by pyrolysis produced bio-oil
which then is distilled into gasoline, jet fuel, and diesel oil.
The soap pyrolysis route is rather simple process, i.e., operated
under atmospheric pressure operation and no hydrogen re-
quirement, instead of other complicated routes to produce
bio-hydrocarbon fuel.

Table 1 presents a literature survey in soap pyrolysis to
produce bio-hydrocarbon. Temperature operating of pyrolysis
affects the yield of pyrolysate products, particularly residual
solid yield i.e. salt and coke. According to Du et al., char and
coke are different depending on the mechanisms and in which
part the carbon is formed. Char is formed as macromolecules
on the wall of pyrolysis reactor and the external surface of
catalysts, while coke is formed in the micropore of catalysts
[12, 13]. Pyrolysis soap at low temperature 150-300 °C pro-
duced a high amount of residue 37-78%, while at high tem-
perature 400 °C, residue is only 5.5% [8]. Solid residues yield
was also reported high in thermal pyrolysis of palm stearine
soap at a temperature of 370 °C with residual solid yield in the
range of 44-57% [ 10]. It was also reported that feedstock soap
types affected the yield of products [7]. Pyrolysis of calcium
salts of tung oil was produced more residual coke (48.6%) and
low yield bio-oil product (41.5%) than pyrolysis of calcium
salts of stearic acid with residual coke only 17.3% and high
yield oil product 76%. Tung oil consists of about 80%
eleostearic acid (C15H3;0;) which has three conjugated dou-
ble bonds while stearic acid (C;gH340;) is a saturated fatty
acid type. The three conjugated double bonds favored cycli-
zation process to produce aromatic which led to further reac-
tion into coke. Feedstock selection was crucial to obtain a high
yield of bio-hydrocarbon in the bio-o0il products. Lappi and
Allen reported that pyrolysis of castor oil soap which is rich in
ricinoleic acid (CgH3405) with hydroxy fatty acid, resulted in
high ketone and aldehyde of bio-oil pyrolysate, while pyroly-
sis of palm oil soap rich in palmitic acid produced high

Fig. 1 Flow diagram of metal
soap pyrolysis into green fuel

Vegetable oil ——

Agqueous alkali/
alkaline earth
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paraffin and olefin component with low oxygenates com-
pound [14].

Catalysts for soap pyrolysis are important to increase the
reaction rate and improve product selectivity. Metals of soap
have an important role as catalysts as reported in the literature
[9, 10]. Mg-Fe catalyst was found to be effective in suppress-
ing alkene production which has a negative effect on stability
of green diesel produced [9]. Metal oxide such as ZnO acted
as an active catalyst in the isomerization to produced iso-
paraffin from palm stearine [10]. The cement which mainly
consists of CaO and Al,O; was reported as a catalyst for
sodium palm oil soap pyrolysis which was reported to reduce
the oxygenated compound in the pyrolysate [8].

Zeolites are microporous crystalline materials which are
well-known catalysts in refinery and petrochemical industries.
Zeolite Y is among the most important catalysts in oil cracking
to produce alkane, alkene, and cycloalkane. Zeolites are also
found in nature in massive amounts; ggnce, the price is cheap
as compared with synthetic zeolites. Commercial application
of natural zeolites for industrial catalyst was in the
selectoforming process developed by Mobil Oil for removal
low octane normal alkanes by selective hydrocracking on

jonite containing about one-tenth percent platinum [15].
gymlysis of lignin was studied by Lee et al. using natural
zeolites in the pyrolysis reactor and fed into the bed of H-
ZSM-5 ir?e sequential reactor. The series reactor configura-
tion has decreased the coke deposition in the expensive
HZSM-5 and improved the product oil quality [16].

Catalytic pyrolysis soap to produce bio-hydrocarbon using
zeolites is rarely reported. We investigated pyrolysis of coco-
nut oil soap using zeolites to synthesize green jet fuel using
zeolites as catalyst. Effects of catalyst zeolite loading and ze-
olite type to product yield and properties were further studied.
The main originalities of this studies are utilization zeolites,
i.e., FAU and MOR, catalysts to reduce coke yield and im-
prove bio-o1l quality.

2 Experimental section
The research was designed to study the effect of zeolite types,

i.e., H-Y and H-MOR. The eftect of zeolite loading was also
investigated for sample H-Y with loading 0.2, 0.4, and 0.6 g.
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Table 1 Literature survey of pyrolysis oil soap investigations
Catalysts added Metal Soap Ratio Reactor Pressure Temperature Time % wt. % oil  Refl
cation types oil  catalyst  type/material yield*
sources  to Soap atm (°C) (min) Water Gas Oil residue
No Ca Tungoil 0 Batch with gas 1 37-537 3o T4 697 384 450 425 7]
bumer/cast
iron
No Ca Stearic 0 Batch with gas 1 37-537 360 313 431 735 1670 778 7]
soap bumer/cast
iron
Cement (Ca0 & Na Palmitic  30:70 Batch with
Al;05; dominant) soap electric
heater/stainless 1 T 75 72 22.6 28 378 3L7  [8¥]
steel roon-
m—
300
Cement (Ca0 & Na Palmitic  30:70 Batch with
Al;05; dominant) soap electric
heater/stainless 1 T 75 7.0 21.0 63 55 704 [8]
steel roon-
m—
400
No Mg-Fe Palm 0 Batch/glass 1 350 360 6.7 7.5 475 384 509 9]
stearin reactor
No Ca-Mg-Zn Palm 0 Batch/glass 1 370 300 1.6 228 311 444 3l6  [10]
stearin reactor
White cement Not tallow 1:4 Stainless steel 1 300 60 6.4 5.8 429 4508 457 [11]
(Ca0, 8510, report-
Al 05, ed
dominant)

Gewwr.ail
St g s+ Tewr il Sowt residue

“Gooil yield =

Catalyst preparation was conducted by 10n-exchange method
followed by drying and calcination. The catalysts were tested
for soap pyrolysis. The detailed procedures are presented
below.

2.1 Feedstock
Coconut oil soap derived from saponification of coconut oil

with NaOH was purchased from a local commercial shop, CV.
Bentang Terang, Indonesia.

2.2 Catalyst preparation

Zeolite Na-Y was purchased from Advanced Chemical
Supplier (ACS). According to the technical data sheet, the

Table 2 Characteristic of zeolite sample

Zeolite sample BET (mz.-"g) Si/ Framework
Al

Bayah natural zeolites 19 44 MOR

Zeolite Y synthetic 650 2.6 FAU

ratio Si to Al of zeolite Na-Y is 2.6 and Brunauer-Emmett-
Teller (BET) surface area is 650 m:.-"g (Table 2). Natural zeo-
lites were obtained from Bayah, Indonesia. From our previous
work, the zeolite 1s mordenite dominated phase with BET
surface area 19 m/g and Si/Al = 4.4[17]. The zeolites were
ion-exchanged with 2 M NH4NO; solution (Sigma-Aldrich)
to obtain protonated form of zeolites. The ion-exchange pro-
cedure was performed by reflux condenser for 2 h at 85 °C.
The weight ratio of zeolites to ammonium was 1 to 4. The
procedur@@vas conducted two times to ensure ammonium re-
placing a;

exchanged zeolites were dried ovemight in an oven at 110
°C. The dried zeolites were calcined in a fumace at 550 °C
for 8 h to obtain protonated zeolites. The samples were labeled
H-Y and H-M for protonated zeolite Y and protonated natural
mordenite, respectively.

alkali and alkaline earth metals. ion-

2.3 Catalyst evaluation

The protonated zeolites were tested by using a pyrolysis reac-
tor under atmospheric pressure. The experimental setup pre-
sented in Fig. 2 consists of a heater, a reactor, and a condenser.
The weight ratio of H-Y to soap varied 0, 0.2, 0.4, and 0.6.

@ Springer
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Fig. 2 Schematic reactor for soap
pyrolysis |

CODLING WATER OUT

Zeolite mordenite (H-M) was also tested at a ratio H-M to
soap 0.4.

The soap and catalyst with a certam ratio were loaded nto
the pyrolysis reactor. The heater was turned on and tempera-
ture operation in the pyrolysis reactor is maintained to follow
curve started from ambient temperature to 312 °C as presented
in Fig. 3. Pyrolysis was performed under autonomous pres-
sure. After 20 min, the heater was turned off while the con-
denser maintained on until the pyrolysis reactor temperature
dropped to ambient tempegature. Products of coconut oil soap
pyrolysis were water, bio-o1l, gas, and solid residue (salt, cat-
alyst, char, and coke). All of the products were weighed, ex-
cept the gas which was determined by mass balance calcula-
tion. In this study, char and coke were lumped as coke.

2.4 Product analysis

We analyzed bio-oil products of both physical and chemical
properties. Physical analysis was performed using pycnome-
ter, viscometer Cannon-Fenske for density and viscosity anal-
ysis, respectively. Specific gravity and API gravity were de-
termined based on density and viscosity data. A gas
chromatography-mass spectrometry instrument (GC-MS,
GC-MS QP2010 Ultra, Shimadzu Corp., Japan) was used to

350

Temperature [°C]
[ e S o S ¥
o 8838888

0 2 4 6 8 10 12 14 16 18 20
Time [min]

Fig. 3 Pyrolysis temperature curve
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determine product component and composition. Product yield
was calculated based on weight of each product (bio-oil, coke)
divided by the total initial mass of soap.

3 Results and discussion

3.1 Effect of catalyst zeolite H-Y loading on product
yield

Figure 4a presents the effect of catalyst zeolite H-Y loading on
product yield. Soap pyrolysis without catalyst zeolite shows
the highest solid residual yield 23.4%. On the other hand,
pyrolysis with H-Y loading 60% shows the lowest solid resid-
ual yield of 12.4%. Solid residual most likely consisted of
Na,COs, coke, and unconverted soap. Catalytic pyrolysis over
H-Y zeolite reduced the coke formation. There were several
indications that coke reduced over H-Y, i.e., (a) the decreasing
of solid residual mass and change of solid color from black in
the thermal pyrolysis to brighten over H-Y 0.6 and (b) the bio-
oil and water yield from pyrolysis using zeolite also increase
significantly which suggested that shifting product selectivity
from coke to bio-oil.

Calcium soap reported pyrolysis temperature at higher tem-
perature 370 °C while Mg-Fe soap was pyrolyzed at 350 °C
[9]. Pyrolysis temperature in this work was lower (room
temperature—312 °C) than reported in the literature which
was 350400 °C. Probably, sodium soap is more active as
catalyst for decarbonylation and decarbocylation; hence, the
bio-o0il product was formed although the pyrolysis operated at
low temperature. The metal carbonate was produced through
decarboxylation and decarbonylation [18, 19]. The mecha-
nism of Na;CO; formation from coconut oil soap which is
mainly sodium lauric acid possibly follows Eq. 1 below. The
equation was modified from literature reported elsewhere

[19].
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Fig. 4 Effect of catalyst zeolite (a) (b)
H-Y loading on a product yield 100 T a3 B | 100 s - a2 ||
and b oil composition = 4 =
80 + E 20 e 30 84 204
— 268 29.4 312 8
; 60 | 3 Gas E 60 I Other
= ) = ketone
T 40 | @3 g - o g 0 I I w Carboxylicacid
= N a4 Water E
o m Olefins
20 & W Coke = 20 )
H ! ! 3 m Paraffins
[ ! 0
a 0.2 0.4 0.6 a 0.2 0.4 0.6
H-Y Loading [w,/w] H-Y Loading [w,/w]
Table 3 Comparison of oil source and bio-oil chemical products from soap pyrolysis route
Soap types oil Metals/catalyst Paraffins Olefins Oxygenates (%) Instrument analysis Ref.
sources (%) (%)
Coconut oil (Cocos  Na/H-MOR 16 49 35 GC-MS This
nucifera) W-
o-
k
Macauba oil Ca 37 42 21 GC-MS [20]
(Acrocomia
sclerocarpa)
Palm stearin (Elaeis Ca-Mg-Zn 65 35 Detected qualitatively with ferrox papertest, GC-FID for paraftin and olefin, [10]
guineensis) quantitative analysis was not performed ferrox paper test for qualitative
analysis
Palm stearin (Elaeis Mg-Fe 94 6 Not reported GC-FID with standard alkane for [9]
guineensis) calibration
Palm oil (Elaeis Na 14 40 6 GC-MS [14]
cuineensis)
Castor oil (Ricinus  Na 6 8 45 GC-MS [14]
COMMUNIS)
Palm oil (Elaeis ~ Na/CaO-ALO, 41 13 17 GC-MS (8]

cuineensis)

Na(0OC)~Cy1Ha3—Cy Ha

+ HCOONa—

2HCOONa—(COO),Na; + H,

(COO0),Nar—Na>CO; + CO

(1)

Figure 4b presents the composition of bio-oil product. It is
seen clearly that olefins are the main component of bio-oil for

all experiments. The metal of sodium in the soap feedstock
most likely controlled the selectivity to olefins as seen in Eq.
1. Olefins as a major product were also reported by another
group that used sodium metal soap as feedstock [14, 19].
Paraffin was reported as the main hydrocarbon product instead
of olefins when used metal alkaline earth soaps such as calci-

um and magnesium soap as the feedstock [9, 10]. The impu-
rities of products (written as other in Fig. 4b) such as 1-

(a) No catalyst

(b) HY-0.2

(c) HY-0.4

(d) HY-0.6

Fig. 5. Spent catalyst of H-Y zeolite mixed with solid residues after soap pyrolysis. a No catalyst, b HY-0.2, ¢ HY-04,d HY-0.6
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Table 4 Faity acid

content of coconut oil Fatty acid o
C8:0 77
C10:0 6.1
C12:0 469
Cl14:0 179
Cle:0 2.9
CI18:0 29
Cl8:1 6.5
Other 131

undecanol, oleyl alcohol, and azulene in the bio-oil for pyrol-
ysis without zeolites were identified. For pyrolysis using zeo-
lite samples, the impurities observed were pentanol, 2-buten-
1-0l, 1-heptanol, benzene, tetradecanal, and cyclododecanol.
The comparison of plant oil sources and oil chemical products
from soap pyrolysis route is presented in Table 3.

Figure 5 presents a picture of spent catalyst of H-Y zeolite
mixed with solid residues after pyrolysis. The zeolite was
effectively reduced the coke formation as seen through the
colors of solid residue. A higher loading of H-Y the darkness
levels of solid residue reduced significantly. Coke was formed
through condensation mechanism as reported elsewhere [7].
Aromatic hydrocarbons cracked producing higher boiling ar-
omatic hydrocarbons and further converted into asphaltenes
and finally coke. According to the condensation mechanism,

the more aromatic produced, the higher the tendency of coke
formation. Calcium soap of tung oil was reported to produce
more aromatic instead of calcium soap of stearic acid, and as a
result, the coke formation of tung oil soap pyrolysis was
higher than the stearic acid soap. Zeolite with its acid sites
most likely inhibited coke formation through cracking mech-
anism of the long hydrocarbon chain. H-Y was reported as
active catalyst for cracking vacuum gas oil (VGO) with high
conversion into gasoline diesel oil, kerosene, lighter compo-
nent, and coke [21]. The high conversion of VGO over H-Y
was attributed to its high acid site density.

Perigolo et al. investigated coke formed from pyrolysis
oleic acid soap oxidized at a relatively low temperature range
300-500 °C which suggested that the coke contained reactive
defective carbon [18]. Char was formed largely in the low
temperature range 150-300 °C and decrease as temperature
of pyrolysis increased as reported by Hussain et al. [8]. Char/
coke derived from biomass pyrolysis was polyaromatics with
carbonyl and hydroxyl end groups as indicated by the FTIR
and Raman analyses through aldol and Diels-Alder mecha-
nism [12].

3.2 Effect of catalyst zeolite H-Y loading on bio-
hydrocarbon selectivity

Coconut oil main fatty acid composition is 47% of lauric acid
(C2H5405) as presented in Table 4 [22]. The main component
of bio-hydrocarbon product was 1-undecene (C;,Hs,) which

cu 2-C15H300 C18H360
|_ ketone ketone
c1 : 3H26 8-C15H300
cs .|. E’l'j Elj.lijauri: Myristic  ketone C17H340 ES;,TD C31HE20
B -y c1a B8] acid acid ketone } ketone
No catalyst Eﬁ}ﬁ 1 ' [ l - c1s) . i T I 5
SN B W WS U SN S S - | W N .
1 10 20 30
- | a
0 i
w02 ppl | i . |1 . - T
451 . | 4 |
4&4-—-4-? 2 L;e-.--k---,}mmiiﬂ_ﬁ TP VT AP W S S
1 0 20 30
[
] | T [ = :
HY-04 7 | L s 2 . | .
M.; a - JF#—}A& Ig{- i i-“,# P f‘#k ! :
1 1 36 30

.

HY-0.6

1

_M##_.%Jn k 1}§E j; gl L1 1 | { i

30 30

Retention time [min]

Fig. 6. Effect of catalyst loading on product composition
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Fig. 7. Effect of catalyst zeolite H-Y loading on paraffins and olefins composition

was most likely formed from the main sodium salt fatty acid
component of coconut oil (lauric acid) through the homolysis
of the weakest C—C bond next to the carboxylic group [14,
23]. The bio-oil yield increase and the coke formation reduced
over zeolite H-Y; however, the chromatogram area under the
peaks of bio-hydrocarbon slightly decreases as seen in Figs. 6
and 7. Despite the bio-hydrocarbon percentage in the bio-oil,
over zeolite H-Y was lower than without zeolite the bio-
hydrocarbon yield was still high. Here, the bio-hydrocarbon

yield is oil yield multiply by selectivity.
0

Fig. 8. Effect of H-Y loading on
green fuel production

o o
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S R B« ]
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The carboxylic acid products, mainly lauric acid and
myristic acid, increased in bio-oil when using zeolite H-Y
during pyrolysis (Fig. 6 highlighted in red and yellow). The
carboxylic acids products were not significantly detected in
thermal pyrolysis without zeolite H-Y. The higher H-Y load-
ing, the more carboxylic acids produced. Carboxylic acids
formed were 6.8% at H-Y loading 0.2 and increased to
19.7% at H-Y loading 0.6. The lauric acid product is most
likely formed because of hydrogen transfer between the

m Gasoline (C4-C12)
m Diesel (C12-C20)
Jet Fuel (C8-C16)

0.2 0.4 0.6

CATALYST

® Gasoline (C4-C12)
m Diesel (C12-C20)
Jet Fuel (C8-C16)

CATALYST

Green fuel yield = %oil yield * Y%ocomposition
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Fig. 9 a, b Effect of zeolite type (a) (b)
. . W 100 a3
on product yield and oil a2 78
. P 16.2 209 =
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=
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Cok i) m Olefins
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© . ® Paraffins
B m °
0 MNo H-Y  H-MOR
No Catalyst H-Y H-MOR catalyst
Catalyst Type Catalyst Type

sodium soap and the protonated zeolite H-Y (Eq. 2). The more
H* provided by zeolites, the more carboxylic acids are
formed.

Na(0OC)~C Hys + H-Y—C13H240> + Na—Y (2)

Bio-hydrocarbon produced via soap pyrolysis route is
similar with fossil-based hydrocarbon components such
as gasoline(C4—C,5), diesel oil (C15—Csp), and jet fuel
(Cg—Ce) as seen in Fig. 8 Jet fuel range was the dom-
inant fuel produced from the pyrolysis of coconut soap.
Lauric (C12:0) and myristic acid (C14:0) as dominant
fatty acids in coconut oil with 47% and 18%, respec-
tively, determined product of bio-hydrocarbon that re-
sulted from its homologous carbon range. HY-loading
0.2 shows the highest bio-oil yield among others.

3.3 Effect of zeolite type on product yield

Yield of solid residue over H-M is significantly low (ca.
10.6%) as compared with H-Y (ca. 17%) as seen in Fig.
9a. Surface area of zeolite-Y, 650 nﬁ-"g, was higher than
the natural zeolites with 19 m?/g. The theoretical pore
diameter of zeolite Y is 7.4 A with a three-dimensional
pore structure, while mordenite is 6.7 A and one-
dimensional pore structure only. From a textural prop-
erties perspective, zeolite Y has superiority instead of
mordenite. One may expect that the coke residue over
H-Y lower than mordenite. However, the results showed
that solid residue of coconut oil soap pyrolysis over H-
Y was higher than H-M. It is most likely the acid sites
of zeolite control the coke yield. From our previous
work [24], TPD ammonia results of MOR showed two
buds, one in lower temperature range and the other in

cn
13 c18
C10 _ ket
T L;1,3 L‘u” ) - (L) ketone 23
e 1 ClLul Lauric Myristic ketone ci7 - ketone 31
7 ILg ¥ - c14 acid acid . ketone . ketone
StI LT} -
- L T . i ) I ' B
No Cata IyE'E: | L .. L Jk;ﬁ__ﬂ i jl i my ‘l PE e S (L . .
0 30
.
3
30
30

Retention time [min]

Fig. 10. Effect of zeolite type on product composition

@ Springer




Biomass Conv. Bioref.

i No Catalyst H-Y 0.4

H-MOR 0.4

=

[¥5]
W
MW

K] K] K]

£ 2 £ 2 E

ES ES ES

I H 1 H H ,Hglll] HH

0 H [ e ] |_| |_| HHH.—‘ 0 [T

83328032 583 2aad832 G833 AN833

[ IR R & B B | LS R U B U B 6 B R o | LS DR U B S R & R
Paraffins Paraffins Paraffins
No Catalyst H-Y 0.4 H-MOR 0.4

12 12 12

10 10 10

_08 _08 _08

E 6 E 6 E 6

o H H s H s H H

2 2 2

o HH H HHI‘I o HHH HHHHI‘I o HHH H HHI‘I
Olefins Olefins Olefins

Fig. 11. Effect of zeolite type on paraffins and olefins composition

higher temperature range which indicated low and
strong acid sites, respectively. Comparison of acidity
H-Y with Si/Al 5 and H-MOR 10 with Si/Al suggested
that H-M showed a number of strong acid sites higher

MOR was lower than H-Y, strong acid sites of H-M
were probably much higher than H-Y, hence reducing
coke production.

Carboxylic acid formation was pronounced over H-Y zeo-

than H-Y [25]. In the present work, zeolite H-MOR Si/

Al was 4,
suggested

and H-Y was 2.6. The high ratio of Si/Al

t the numl

f acid sites of H-MOR was

lite with 18.9% instead of H-M zeolite with only 2.9% (Figs.
9b and 10). It is most likely because the ratio of Si/Al of H-Y
is lower than H-M which means H-Y has high acid density.

lower than H-Y. Despite the number of acid sites of H-  The result the H" available in H-Y is much higher than H-M

Fig. 12 Effect of zeolite type on _. 60

green fuel production =X 50
o 40
§ 30 m Gasoline (C4-C12)
§ 20 W Diesel (C12-C20)
z 10 Jet Fuel (C8-C16)
w 0
o No Catalyst -Y H-MOR

CATALYST

q 20%
w
& 15%
& 10% M Gasoline (C4-C12)
= 5% L . m Diesel (C12-C20)
w
Yo% Jet Fuel (C8-C16)
0

No Catalyst H-Y H-MOR

CATALYST
Green fuel yield = %oil yield * Ycomposition
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Table5 The effect of zeolite H-Y

loading on physical properties of H-Y loading (%e-wt) Density (g/mL) Kinematic viscosity (cSt) Specific gravity API gravity
bio-il

0 0.71 187 0.71 6652

02 0.71 205 0.71 66.90

04 0.73 292 0.73 61.03

0.6 0.78 3.03 0.78 5072

for H" transfer reaction in Eq. 2 producing more carboxylic
acids. Ketone formation in bio-oil from pyrolysis over H-M
was the lowest as compared with H-Y and without zeolites
(Fig. 9b). According to Hsu et al., ketone was produced from
splitting oft carbon monoxide from the metals fatty acids [7].
Paraffin and olefins product from soap pyrolysis over H-M
shows higher percentage than H-Y and without zeolite.

3.4 Effect of zeolite type on bio-hydrocarbon
selectivity

Figure 11 presents the effect of zeolite type on paraffins
and olefins composition. Paraffinic products detected for
all samples were from C; to C;gz with main components
C;; and Cs. The percent composition of CgHsy was the
highest over H-M zeolite, while C,,H,4 was the highest
on the thermal pyrolysis without zeolite. It is possible
that the cracking of long-chain carbon occurred over H-
M because of its strong acid sites. Olefinic products
were detected within the range of Cg to Cigz with the
main product C;,. The percent composition of C; H,,
was the highest over H-M with almost 12% and the
lowest over H-Y with 8%. The high acid density shifted
partially product distributions of paraffin and olefins to
carboxylic acids.

Figure 12 presents the effect of zeolite type on green
fuel production. Pyrolysis of soap over H-M shows its
superiority both m oil yield and bio-hydrocarbon com-
position, and as a result, the green fuel yield was the
highest among others. Jet fuel produced over H-M was
the highest with almost 18%. Natural mordenite with
strong acid sites and low acid site density was suitable
to reduce coke formation and to improve the green fuel
yield. The low-cost of natural mordenite and extensive
availability give the advantage to utilize natural
mordenite as catalyst in soap pyrolysis for green fuel

production. The jet fuel could be potentially produced
not only from coconut oil but also from family of co-
conut such as palm kernel oil of palm tree with high
lauric acid content, while diesel o1l is potentially pro-
duced from pyrolysis of palm stearin/palm oil soap as
reported in literature [9, 10].

3.5 Effect of zeolite loading and type on physical
properties

The bio-oil product of soap pyrolysis over H-Y 0.2 showed
the smallest density, while the highest density number was
obtained in oil produced over H-Y 0.6. The density of bio-
oil increased along with the H-Y loading as seen in Table 5.
This is because of the increase of carboxylic acid formation,
mainly lauric acid with density 0.88 g/mL, along with the H-Y
loading, while the bio-hydrocarbon composition mainly, 1-
undecene with lower density 0.75 g/mL was decreased. The
density of bio-oil produced from pyrolysis over H-M 0.4 and
H-Y 0.4 showed similar values (Table 6). The smallest vis-
cosity of bio-oil was obtained on pyrolysis without zeolites
and the largest bio-oil viscosity was obtained when using ze-
olite H-Y 0.6. The higher the ratio of H-Y to soap, the higher
viscosity of the resulting oil. The viscosity of bio-oil produced
over H-Y 0.4 was higher H-M 0.4. It is most likely because the
bio-oil from pyrolysis over H-M contains more bio-
hydrocarbon C4—C g (paraffins and olefins) and low oxygen-
ated compound C,,—C3, (carboxylic acids and ketone) which
have high viscosity number.

Table 7 presents the properties of commercial jet fuel Jet A-
1 [26]. It can be seen that the physical properties (1.e., density
and viscosity) of the bio-oil synthesized in this work did not
meet the standard specification. The bio-oil contained oxygen-
ate and heavy carbon fractions which required separation and
purification. The bio-o0il needs further processing such as

Table 6 The effect of zeolite type

on physical properties of bio-oil Zeolite type Density (g/mL) Kinematic viscosity (cSt) Specific gravity API gravity
No catalyst 0.71 1.87 0.71 66.52
H-Y 0.73 292 0.73 61.03
H-M 0.73 2.10 0.73 61.17
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Table 7 Physical properties of jet fuel (Jet A-1)

Typical properties

Composition
Total acidity, mg KOH/g 0.003
Aromatics, % vol 19.5
Total sulfur, % mass 0.02
Mercaptan sulfur, % mass 0.0003
Volatility
Distillation
Initial boiling point, °C 156
Fuel recovered
10% wvol at °C 167
20% vol at °C 172
50% wvol at °C 188
90% vol at °C 234
End point, °C 258
Residue, % vol 1.0
Loss, %vol Nil
Density at 15 °C, g/mL 0.804
ash point, °C 42
guidity
Freezing point, °C =50
Viscosity at =20 °C, ¢St 35

fractionation distillation to meet the commercial Jet A-1 re-
quirement as presented in Fig. 1.

4 Conclusions

Bio-hydrocarbon was successfully produced through catalytic
pyrolysis of sodium coconut oil soap over zeolite H-Y and H-
M at low temperature. Zeolites successfully reduced coke for-
mation and increased bio-oil yield which consisted of bio-
hydrocarbon and oxygenate compounds. Bio-hydrocarbon
produced consisted of olefins and paratfins with carbon chain
length C¢—C, g which are potential to substitute conventional
jet fuel. The solid residual yield decreased along with the
increase of zeolite loading; however, the bio-0il component
of carboxylic acid was increased. The combination uses of
other metals soap instead of sodium and zeolites with various
cations or impregnated metals, type, crystal size, and acidity
could be interested to investigate in order to reduce oxygenate
compounds and shifted olefinic products to more paraftins.
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