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a  b  s  t  r  a  c  t

Cracking–Deoxygenation  process  is one  of  the important  reaction  pathways  for  the  production  of bio-
fuel  with  desirable  n-C17 hydrocarbon  chain  via  removal  of  oxygen  compounds.  Calcium-based  catalyst
has  attracted  much  attention  in  deoxygenation  process  due  its relatively  high  capacity  in  removing  oxy-
genated  compounds  in  the  form  of  CO2 and  CO under  decarboxylation  and  decarbonylation  reaction,
respectively.  In  the  present  study,  deoxygenation  of triolein  was  investigated  using  Ca(OH)2 nanocata-
lyst  derived  from  low  cost  natural  waste  shells.  The  Ca(OH)2 nanocatalyst  was  prepared  via  integration
techniques  between  surfactant  treatment  (anionic  and  non-ionic)  and  wet  sonochemical  effect. Results
showed  that  sonochemically  assisted  surfactant  treatment  has  successfully  enhanced  the physicochem-
ical  properties  of Ca(OH)2 nanocatalyst  in terms  of  nano-particle  sizes  (∼50 nm),  high surface  area
(∼130  m2 g−1),  large  porosity  (∼18.6  nm)  and  strong  basic  strength.  The  presence  of  superior  properties
lamshell
ydrocarbon

from  surfactant  treated  Ca(OH)2 nanocatalysts  rendered  high  deoxygenation  degree,  which  are  capable
of producing  high  alkane  and  alkene  selectivity  in  chain  length  of n-C17 (high  value  of C17/(n-C17 + n-C18)
ratio  =  0.88).  Furthermore,  both  Ca(OH)2–EG  and  Ca(OH)2–CTAB  nanocatalysts  showed  high  reactivity
with  47.37%  and  44.50%,  respectively  in total  liquid  hydrocarbon  content  of  triolein  conversion  with  high
H/C  and  low  O/C  ratio.

© 2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Recently, concern of climate change had triggered the develop-
ent of economical friendly and sustainable biofuel for the future

f energy and fuel production [1]. Biodiesel had attracted much
ttention by many researchers [2]. However, this first generation
iofuel energy has several disadvantages. In December 2014, the
orld’s first Boeing flight (ecoDemonstrator 787) using “green
iesel” took off, however, it showed that pure biodiesel (B100)
as not suitable to be used as aviation fuel as it contained high

xygen content (less stable), which could cause serious damage
o the engine plug, filter, and corrosion to the metal parts in long

erm operation [3,4,5]. Other incompatibility included poor stora-
ility, immiscibility with gasoline [6], high cloud point and other
ngine compatibility issues. Hence, reduction of of oxygenated

∗ Corresponding author. Fax: +60 3 7957 6956.
E-mail addresses: leehweivoon@um.edu.my (H.V. Lee), taufiq@upm.edu.my

N.A. Rahman).

ttp://dx.doi.org/10.1016/j.jaap.2015.12.017
165-2370/© 2015 Elsevier B.V. All rights reserved.
compound is a key factor in improving fuel stability. Numer-
ous technologies for hydrocarbon biofuel production have been
developed such as hydrodeoxygenation [7–9]. and deoxygenation
process [10–12]. Hydrodeoxygenation (HDO) is a hydrogenolysis
reaction to remove oxygen from oxygneated compounds (ester
and carbonyl groups) with the presence of H2 gas and resulting
in by-product (H2O) formation. In contrast to the HDO process,
deoxygenation (DO) reaction involved the removal of oxygen
via cracking-decarboxylation pathway by release of CO and CO2
gaseous without H2 consumption [13]. Even though hydrodeoxy-
genation process is the most efficient method for high quality liquid
hydrocarbon production. However, the inflated production cost
due to hydrogen consumption is an sustainability issue. There-
fore, many researchers focused on deoxygenation technique which
requires no hydrogen gas.

Selective catalytic deoxygenation of triglyceride via base-
catalyze cracking-decarboxylation mechanism has been an active

area of recent research in order to reduce the production cost.
According to literature study, heterogeneous basic catalysts can be
employed for the production of liquid hydrocarbon fuel by means

dx.doi.org/10.1016/j.jaap.2015.12.017
http://www.sciencedirect.com/science/journal/01652370
http://www.elsevier.com/locate/jaap
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jaap.2015.12.017&domain=pdf
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f deoxygenation of low quality biomass feedstock oil (oxygenated
il). Gomez et al. showed that the catalytic deoxygenation of methyl
ctanoate has successfully conducted with high activity (85%) and
electivity to the desired hydrocarbon products (80%) in the pres-
nce of high basic strength of K-zeolite and Cs-zeolite catalysts
14]. Besides, it was found that MgO–supported catalyst promoted
he decarboxyl-cracking of palm oil and other triglyceride to make

iddle-distillate range hydrocarbons (mixture of olefins and paraf-
n) at 430 ◦C. The basicity of supported MgO  is capable to reduce
he acid value and iodine value, which is suitable to be used for
he diesel engine [15]. Ding’s research group (2009) has success-
ully converted organic acid (napthenic acid), which are naturally
ccurring compounds in petroleum into hydrocarbon chain prod-
cts by using CaO catalyst. With the presence of CaO, multiple
athways (catalytic decarboxylation, neutralization, and thermal
racking) were responsible for the napthenic acid (NA) conver-
ion [16]. Furthermore, Lin et al. claimed that CaO catalyst could
bsorb more CO2 either in gas phase or liquid phase, which simul-
aneously remove the oxygen molecule via decarboxylation and
ecarbonylation mechanism [17]. Therefore, CaO is a potential cat-
lyst for catalytic deoxygenation reaction. Equation below showed
aO catalysed deoxygenation of acid compound [9]:

-COOH → RH + CO2 (1)

-COOH + R′-COOH → R-COR′ + CO2 + H2O (2)

Several studies had reported that calcium hydroxide (Ca(OH)2)
s capable of rendering better reactivity and product selectiv-
ty compared to CaO catalyst [18,19]. It is due to the presence
f enhanced superior properties such as basicity and textural
roperties (surface area, pore volume, pore diameter) of Ca(OH)2
specially in nanoparticles sizes [20,21]. Ca(OH)2 can be derived
rom waste natural shell, which is the common sources of cal-
ium carbonate [22]. The waste shell can be easily converted into
a(OH)2 phases by using water hydroxylation treatment. Natural
aste shell derived Ca(OH)2 can be considered as a low cost green

olid base catalyst which was enhanced for deoxygenation reaction.
evertheless, there is no literature report pertaining nano-sizes of
a(OH)2 derived from waste shell for hydrocarbon biofuel produc-
ion.

Thus, in the present study, we have investigated the feasibility
f nano-Ca(OH)2 derived from waste clamshell (Meretrix mere-
rix sp.) for deoxygenation of triglyceride via decarboxylation and
ecarbonylation mechanism. Waste clamshell-derived Ca(OH)2
anoparticles was prepared by using sonochemical assisted wet
urfactant treatment, where different type of surfactant (ionic and
on-ionic surfactant) was tested. The physiochemical properties
f prepared catalysts were characterized by using XRF, XRD, BET,
PD-CO2, SEM and TEM analysis. Furthermore, the effect of deoxy-
enation efficiency from Ca(OH)2 nanoparticles catalyzed reaction
as investigated. The final deoxygenized liquid product was ana-

yzed by using FTIR and GC–MS for chemical composition study.
esides, CHNOS analysis was used to determine the oxygen com-
osition in final deoxygenized liquid product.

. Experimental

.1. Material

Washed natural waste clamshell (Meretrix meretrix sp.) was used
s described in [20]. Triolein was obtained from sigma aldrich. Ethy-

ene glycol (99.8%, Merck) and N-Cetyl-N,N,N-trimethylammonium
romide (98%, R&M chemical) was used as surfactant. Commeri-
al Ca(OH)2 nano-powder (>99.8%, Sigma Aldrich), and commerical
aO powder (99.9%, R&M chemical) was used for comparison study.
nd Applied Pyrolysis 117 (2016) 46–55 47

Gas Chromatography (GC) grade n-Hexane for GC–MS analysis with
purity > 98% was  purchased from Merck.

2.2. Catalyst synthesis

Waste clamshell powder (∼300 �) was  thermally activated at
800 ◦C for 2 h under atmosphere conditions and denoted as CaO.
Clamshell-derived CaO was then underwent sonochemical assisted
wet surfactant treatment, where the combusted clamshell was
added into ethylene glycol (EG) solution (1 M) and N-Cetyl-N,N,N-
trimethylammonium bromide (CTAB) solution (1 M), respectively
under 60 Hz to achieve uniform size of nanoparticles followed by
aging for 5 h in room temperature. The medium was filtered with
PTFE membrane filters and washed with mixture of distilled water
and ethanol (1:1 ratio) for several times (1000 ml  of solution) before
it was  dried in the oven overnight at 100 ◦C. Lastly, the precursors
were calcined at 400 ◦C for 2 h for final catalyst activation. The cal-
cined samples that treated with EG, CTAB and water are denoted
as Ca(OH)2–EG, Ca(OH)2–CTAB and Ca(OH)2–H2O, respectively.

2.3. Catalyst characterization

Elemental analysis of the samples was analyzed by using X-ray
fluorescence (XRF) spectrometry (Philips PWI404) equipped with
a scandium anode tube. The crystalline phases of calcined samples
were analyzed by X-ray diffractometer (Shimadzu diffractometer
model XRD-6000). The surface area and pore volume of the sam-
ples were determined by Brunauer–Emmet–Teller (BET) model by
using Thermo–Finnigan Sorpmatic 1990 series. The samples were
degassed overnight at 150 ◦C in vacuum. The chemical properties
of catalysts was  evaluated using temperature programme desorp-
tion CO2 (Thermo Finnigan TPD/R/O 1100) equipped with a thermal
conductivity detector (TCD). Approximately, 0.05 g of catalyst was
treated under N2 gas flow for 30 min  at 250 ◦C. Then, the cata-
lyst was  exposed to CO2 gas for 60 min  at ambient temperature
to allow adsorption of CO2 on the surfaces. The excess of CO2 were
subsequently flushed out by flowing N2 gas prior to the analysis.
Desorption of the CO2 from the basic sites of the catalyst were iden-
tified by TCD under helium gas (30 ml/min) ranging from 50 ◦C to
900 ◦C. Morphological and particle size of the catalyst was inves-
tigated by scanning electron microscopy (SEM) (SEM JOEL 6400)
and transmission electron microscopy (TEM) (Hitachi H-7100 TEM)
with accelerating voltage of 10 mV.

2.4. Catalytic cracking-deoxygenation of triolein

The deoxygenation reaction of triolein were carried out at tem-
perature of 350 ◦C under partial vacuum condition (10 mbar) for
30 min  [23]. Approximately 10 g of triolein and clamshell derived
catalyst (5 wt.%) was  added into 250 ml  of batch reactor equipped
with distillation and vacuum system (Fig. 1). Cold water flow in
distillation system was  used to promote condensation of deoxy-
genized species into liquid form. The fractions of deoxygenated
product was further analysed by using FTIR, GC–MS and CHNOS
analyser. All the reaction was repeated for three times in order to
achieve precise and accurate readings.

2.5. Analysis of deoxygenized products

FTIR analysis was  performed using Perkin-Elmer Spectrum (PS)
100 FT–IR spectrometer with resolution of 4 cm−1 operating in

the range of 300–4000 cm−1. This analysis helps to determine the
chemical functional group of the liquid product. The distribution
of deoxygenized products were further qualitatively and quanti-
tatively determined using GC–MS (SHIMADZU QP2010) equipped
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Fig. 1. Schematic diagram of deoxygenation reacto

ith non-polar BPX-5 column (12 m × 0.53 mm I.D �m film thick-
ess) in split mode. The fraction peaks obtained from mass spectra
ere identified using the National Institute of Standards and

esting (NIST) library. Furthermore, catalytic activity of different
atalysts towards deoxygenation (Total product yield and prod-
ct selectivity) was determined by comparing the peak area % of
btained spectra. It is known that the GC–MS analysis does not
rovide exact quantitative analytic result of compounds. However,

t is possible to compare the product yield and product selectiv-
ty by comparing the peak areas as the chromatographic peak area
f compounds is proportional to its quantity and the relative con-
ent of the product (Eq. (1) and Eq. (2) [24–26]. In order to confirm
he reproducibility of the results, the experiments were conducted
or three times, with the average of the peak area and peak area

 was calculated. Besides, degree of oxygen to carbon molar ratio
nd degree of hydrogen to carbon molar ratio are shown in eq. 3
nd Eq. (4) [27], respectively.

roduct Yield (%) = Area of C6−C24

Total area of the product
×  100% (1)

roduct Selectivity (%) = Area of the desired product
Total area of the product

× 100% (2)

Degree of oxygen to carbon molar ratio:

xygentocarbon
(

O
C

)
= Oxygen content

Carbon content
(3)

Degree of hydrogen to carbon molar ratio:

ydrogentocarbon
(

H
C

)
= Hydrogen content

Carbon content
(4)

. Results and discussion
.1. X-ray fluorescence (XRF)

The elemental compositions of the clamshell, combusted
lamshell and surfactant treated products are shown in Fig. 2.
racking-decarboxylation/decarbonylation process.

CaO derived from waste clamshell showed high calcium content
(98.81%), which indicated that the clamshell is a potential calcium
resource for CaO catalyst preparation. The Ca content for surfactant
treated samples Ca(OH)2–EG, Ca(OH)2–CTAB, and Ca(OH)2–H2O
are maintained after calcined at 400 ◦C. This implies that the
sonochemical method coupled with surfactant did not digest the
calcium species from clamshell. It is also clear that there is no inter-
facial reaction occurred between the calcium species and surfactant
during ultrasonication process, which could drastically change the
composition of treated samples.

3.2. X-ray diffraction (XRD)

Fig. 3 shows the typical calcium carbonate (CaCO3) phases
at 2� = 26.2◦, 29.5◦, 33.1◦, 45.8◦ and 48.3◦ (JCPDS card no. 00-
001-1033) from waste clamshell. The carbonate phases were
successfully converted to oxide phases at temperature of 900 ◦C as
reported in previous study [20]. Minor peak of CaCO3 at 29.4◦ were
observed in all Ca(OH)2 samples indicated the adsorption of CO2 gas
from the atmosphere to the active sites of catalyst. The ultrasonic-
wet surfactant treated samples (Ca(OH)2–EG, Ca(OH)2–CTAB) and
non-surfactant treated Ca(OH)2–H2O exhibited Ca(OH)2 phases at
2� = 18.14◦, 28.7◦, 34.2◦, and 50.8◦ (Portlandite, JCPDS card no. 00-
002-0968). This showed that Ca(OH)2 catalysts was successfully
synthesized from clamshell materials. From the XRD patterns, it
was observed that the cyrstallinity of nano-Ca(OH)2 treated with
ethylene glycrol (EG) was lower compared to CTAB and water
treated catalyst. This demonstrated that wet  sonochemical with
non-ionic surfactant of ethylene glycol has the tendency to reduce
the growth of crystallite size compared to cationic surfactant
(CTAB). The EG surfactant was  efficiently coated on the surface
of Ca(OH)2 particles and thus prevented aggregation during cal-
cination [28,29]. Furthermore, the presence of ultrasonic effect has

further enhanced the dispersibility between sample’s particles and
surfactant.

Crystallite size profile of clamshell derived CaO and Ca(OH)2
with different wet  surfactant treatment are shown in Table 1. The
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Fig. 2. Elemental composition of fresh clamshell, CaO, Ca(OH)2–STD-Nano, Ca(OH)2–EG, Ca(OH)2–CTAB and Ca(OH)2–H2O.

D-Na

t
c
o

Fig. 3. XRD analysis for clamshell, CaO, Ca(OH)2–ST
reated catalysts rendered significant reduction of crystallite sizes
ompared to clamshell derived CaO, which reduces in the order
f Ca(OH)2–EG < Ca(OH)2–CTAB < Ca(OH)2–H2O. This implied that
no, Ca(OH)2–EG, Ca(OH)2–CTAB and Ca(OH)2–H2O.
sonochemical method coupled with surfactant and wet-sonication
treatment has efficiently controlled the crystallite size of Ca(OH)2.
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Table  1
Crystallite sizes and textural properties profile of CaO, Ca(OH)2–STD–Nano, Ca(OH)2–H2O, Ca(OH)2–EG, Ca(OH)2–CTAB.

Catalyst aCrystallite size (nm) bSurface area (m2/g) bPore size diameter range (nm)

CaO 68.2 11 0.2
Ca(OH)2–STD–Nano 17.3 84 0.3
Ca(OH)2–H2O 47.8 80 18.4
Ca(OH)2–EG 39.6 130 18.3
Ca(OH)2–CTAB 57.2 124 18.6

aMeasured by using Scherer equation from XRD data (repeated twice).
bDetermined by BET analysis (repeated twice).

Table 2
Temperature programme-carbon dioxide (TPD–CO2) profile of catalysts.

Catalyst CO2 desorption
temperature (oC)

Amount of CO2

desorbed (�mol/g)

CaO 634 554.87
Ca(OH)2–STD–Nano 718 3335.82
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Ca(OH)2–H2O 660 1133.41
Ca(OH)2–EG 728 4658.77
Ca(OH)2–CTAB 776 7556.38

.3. Brunauer–Emmet–Teller surface area measurement (BET)

Table 1 shows the BET surface area of CaO (10.90 m2 g−1) has
rastically increased up to 130 m2 g−1, 124 m2 g−1 and 80 m2 g−1

or Ca(OH)2–EG, Ca(OH)2–CTAB and Ca(OH)2–H2O, respectively,
fter being treated with surfactant-sonochemical process. The inte-
ration of surfactants (EG or CTAB) coupled with wet-sonochemical
ethod was capable of increasing the surface area of Ca(OH)2 by

5–62%. Furthermore, the presence of ultrasonic effectively dis-
ersed the large aggregates of Ca(OH)2, while adding of surfactant
as avoided the formation of big aggregates during drying and cal-
ination process. The collapse of the cavitational bubbles generated
uring sonication has led to the pitting and erosion on the newly
ormed of Ca(OH)2 catalyst surface [30] and thus high porosity was
ormed on the catalyst.

.4. Temperature programme desorption-carbon dioxide
TPD–CO2)

The basicity profile of catalysts was investigated by using
PD–CO2 analysis (Fig. 4 and Table 2). The basic strength distri-
ution from catalyst’s active sites is expressed in terms of CO2
esorption temperature. The TPD–CO2 desorption patterns (Fig. 4)
howed different desorption peaks at different temperature, where
O2 desorption at 100–500 ◦C assigned as interaction of CO2 with
ites of weak and medium basic strengths [31]. Whereas, the CO2
esorbed at temperature of ∼600 ◦C can be attributed an involve-
ent of the stronger basic sites [32,33]. Based on the results,

he sonochemically assisted surfactant treated catalysts exhibit
tronger of basic strength and higher amount of basicity than
he waste shell derived CaO and standard nano-Ca(OH)2. The
rend of the basicity was as follow Ca(OH)2–CTAB > Ca(OH)2–EG >
a(OH)2–STD-Nano > Ca(OH)2–H2O > CaO. The increased basicity of
reated catalysts was due to the presence of Lewis and Bronsted
asic sites after going through the hydration-dehydration pathway.
urthermore, the presence of high surface area of basic active sites
as indicated the increment of active basic sites of treated catalysts.

.5. Scanning electron microscopy (SEM)

SEM images for all catalysts are shown in Fig. 5. The surface

orphology and the microstructure of the starting material, CaO

erived from clamshell, Ca(OH)2–STD–Nano, treated surfactant
atalysts (Ca(OH)2–EG, Ca(OH)2–CTAB) and water treated sample
Ca(OH)2–H2O) was found to be varied. CaO (Fig. 5a) rendered
large and irregular shape of particles compared to standard nano-
Ca(OH)2 (Fig. 5b) and treated catalysts (Fig. 5c and d). SEM images
showed that the structure and particle shapes were different based
on the nature of surfactant used. EG treated catalyst showed the
presence of rod crystal particles while CTAB treated catalyst has
round crystal structures. Furthermore, it is significantly observed
that the particle sizes of treated catalysts were significantly smaller
compared to catalyst without treatment.

3.6. Transmission electron microscopy (TEM)

TEM images showed that initial shape of waste shell-derived
CaO appeared in irregular aggregates forms had changed to
cubic-like nanostructures after being treated with surfactants in
the presence of sonication effect (Fig. 6). Results showed that
the treated catalysts (Ca(OH)2–EG and Ca(OH)2–CTAB) rendered
comparable of particle sizes to standard nano–Ca(OH2). It was
anticipated that the treated nano-catalysts with high textural prop-
erties and highly amount of active sites are capable of performing
more efficiently in cracking-decarboxylation reaction.

3.7. Catalytic activity study

3.7.1. Chemical compostion profile of deoxygenized product
FTIR analysis was performed in order to study the chemical func-

tional group exhibited in deoxygenized product (Fig. 7). The FTIR
spectra for triolein showed three main absorption band at 2950,
1741and 1150 cm−1, which attributed to stretching absorption of
the C H bond attached to the cis-carbon atom in the oleic acid moi-
eties, absorption of glyceride carbonyl group (-C O) and C O C
group from ester bond, respectively. Results showed that reacted
products rendered a new peak at ∼2919 cm−1, which indicated
merging of two -CH2 absorption bands of triolein. This resulted
in shifting of -CH2 (symmetrical stretching) in triolein into -CH2
of asymmetrical stretching. Furthermore, slight shift of FTIR peaks
(∼1710 cm−1) of deoxygenized product has indicated -C O of car-
boxylic acid group [34]. Similar case occurred at absorption bands
of -CH2 (∼1455 cm−1) and -CH3 (∼1372 cm−1) from triolein, where
a new peak was appeared at 1448 cm−1 (-CH2 bending in aliphatic)
after deoxygenation reaction. This was  in agreement with the for-
mation of CC bond of alkyl chain in hydrocarbon compounds that
observed at 1265–1281 cm−1, which agreed to the occurrence of
deoxygenation reaction.

3.7.2. Oxygen removal rate
Elemental analysis for oxygen, carbon and hydrogen content of

deoxygenized product was determined via CHNOS analyser. The
results were depicted in terms of H/C and O/C ratio in Kreve-
len diagram (Fig. 8). The H/C and O/C ratio of triolein was 0.1801
and 0.3139, respectively, which consisted highest amount of oxy-
gen content. Interestingly, all the products from deoxygenation

reaction rendered reduction of O/C ratio, which indicated oxygen
compounds were removed via decarbonylation or decarboxylation
process. Although deoxygenized product from blank experiment
(without catalyst) showed reduction of oxygen content, however
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Fig. 4. TPD–CO2 analysis for CaO, Ca(OH)2–STD-

he reaction prone to high cracking effect that caused the forma-
ion of shorter carbon chain compounds with low saturated chain
H/C ratio = 0.159). Similar case with CaO catalysed deoxygena-
ion reaction, where low H/C ratio (0.157) resulted in undesired
ight hydrocarbon products. Alternatively, the treated catalysts
Ca(OH)2–EG and Ca(OH)2–CTAB) and standard nano-Ca(OH)2 ren-
ered decrement in oxygen content, while maintained H/C ratio as
riolein. In the absence of H2 condition, oxygen tends to be removed
n the form of CO2 or CO gases without addition of hydrogen atom,

hich might yield most of alkene compounds. This is in agreement
ith Lin’s research study where the oxygen content significantly
ecreased in the presence of Ca-based catalyst. Moreover, Ca-based
atalyst are capable of absorbing CO2 efficiently from the feeds and
nhancing the oxygen removal [17]. Kim’s group reported that the
resence of H2 gas in hydrodeoxygenation process would reduce
nsaturated bond of alkene compounds into alkanes products, and
hus increase the hydrogen content (H/C) of final product [35].

.7.3. Chemical composition study of deoxygenized liquid
The degree of selectivity for each catalyst toward n-alkane and n-

lkene obtained from the deoxygenation reaction was determined
y using GC–MS analysis. Table 3 showed the total composi-
ion of n-alkane and n-alkene products, which mainly focus on
he hydrocarbon chain length from C6–C24. Based on the results,
t was indicated that the produced liquid was mostly in alkene
orm rather than alkane. Under hydrogen-deficiency atmosphere,
he reaction tends to remove the oxygen content via cracking
the CC bond scission), decarboxylation (CO2), decarbonylation
CO) and also dehydration (H2O), which shall then lead to rear-
angement of molecular compounds to a more stable alkenes
orm [10]. Results showed that catalyst-free product (blank exper-
ment) rendered considerable amount n-alkanes (12.51%) and
-alkenes (28.45%) of C6-C16 range. This shows that blank reac-
ion system possess high cracking reaction but low tendency

o undergo decarboxylation/decarbonylation reaction due to the
ow formation of C17 both saturated and unsaturated compounds
35]. In contrast, Ca-based catalysts (CaO, standard nano-Ca(OH)2
nd surfactant-treated Ca(OH)2) gave significant formation of
 Ca(OH)2–EG, Ca(OH)2–CTAB and Ca(OH)2–H2O.

saturated C17 and unsaturated C17 hydrocarbon chain. The n-C17
selectivity was followed the order of Ca(OH)2–CTAB ≈ Ca(OH)2-
EG > Ca(OH)2-H2O > CaO > Ca(OH)2-STD-nano > free-catalyst reac-
tion. Surfactant treated Ca(OH)2 nano-catalyst is prone to
decarboyxlation/decarbonylation and rendered the highest selec-
tivity due to the presence of larger amount of surface area with
large porosity, which provided a bigger sites for large molecular
triolein to react. Furthermore, higher basicity of active sites from
surfactant-treated Ca(OH)2 has made the absorption of the released
of CO2 gas during deoxygenation reaction more effective and hence
avoided the formation of by-product (coke). In additional, the supe-
rior properties of surfactant treated catalysts (Ca(OH)2–CTAB and
Ca(OH)2–EG) have higher reactivity with higher yield of deoxy-
genated product (liquid hydrocarbon C6–C24), 47.37% and 44.50%,
respectively as compared to other catalysts.

The relative activities indicator for decarboxyla-
tion/decarbonylation reactions were determined by calculating
the ratio of n-alkanes (Coddnumber) to n-alkanes (Cevennumber)
of the deoxygenized product. As triolein composed mainly of
C18 fatty acid, thus the ratio used for calculation was  n-C17/(n-
C17 + n-C18). Based on the results, the C17/(n-C17 + n-C18) ratio
was increased in the order of Ca(OH)2-EG) (0.88) > Ca(OH)2-STD-
Nano(0.85) > Ca(OH)2–CTAB(0.75) > Ca(OH)2–H2O(0.68) > CaO
(0.52) > free-catalyst reaction (0.42). Surfactant treated Ca(OH)2
nanocatalyst rendered high ratio at 0.75–0.88, suggesting that
triolein were deoxygenated efficiently via decarboxylation and/or
decarbonylation. In contrast, low ratio of C17/(n-C17 + n-C18) indi-
cated that the generated product were mostly in light hydrocarbon
(n-C8 to n-C16). This is in agreement with selectivity study where
blank reaction or CaO catalysed reaction rendered large fraction of
light hydrocarbon in range of n-C8 to n-C16.

Under hydrogen deficiency condition, the decarboxylation of
unsaturated oleic acid (from triolein) tends to form n-heptadecenes
(mono-unsaturated; C17H34) via scission of CC bond of fatty acid
(oleic acid), which leads to the oxygen removal in the form of CO2

gas as by products. For decarbonylation reaction, di-unsaturated
n-heptadecene (C17H32) was  produced by removing oxygen in the
form of CO gas and water as a by-product (Fig. 9) [36]. Thus, the
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Fig. 5. SEM images of (a) CaO, (b) Ca(OH)2–STD-Nano, (c) CS–Ca(OH)2–EG (d) Ca(OH)2–CTAB and (e) Ca(OH)2–H2O.

Table 3
Composition profile of deoxygenized product (liquid hydrocarbon).

Catalyst Total
deoxygenated
product (Peak
area%)

n-alkane (Peak
area%)

n-alkene (Peak
Area%)

Selectivity of the product obtained (Peak area%)

n-C6-n-C16 n-C =
17

a n-C =
17

b n-C-
17 n-C18 n-C19-n-C24 n-C17/(n-C17 + n-C18)

Blank (without catalyst) 41.13 12.51 28.62 39.96 – – 0.29 0.4 0.31 0.42
CaO  35.86 5.28 30.58 14.26 5.50 0.2 0.70 5.83 3.34 0.52
Ca(OH)2–STD-Nano 34.71 16.33 18.38 28.17 4.22 0.42 0.74 0.92 1.39 0.85
Ca(OH)2–EG 47.37 12.89 34.48 29.01 9.84 0.2 – 1.34 6.34 0.88
Ca(OH)2–CTAB 44.55 13.77 30.78 23.6 11.84 0.42 1.43 4.36 2.9 0.75
Ca(OH)2–H2O 35.70 6.85 28.85 18.01 8.52 0.16 – 3.94 3.94 0.68

Reaction parameter: reaction time: 30 min; Temperature: 350 ◦C; Pressure: 10 mbar.
Total deoxygenated product: liquid hydrocarbon (n-C6-n-C24).
C
C
C

e
e
p
b

=
17

a: mono-unsaturated C17 alkene (C17H34).
=

17
b: di-unsaturated C17 alkene (C17H32).

−
17: alkane C17 (C17H36).
fficiency of decarboxylation or and decarbonylation using differ-
nt type of catalysts can be determined by comparing the GC–MS
eak area% of mono-unsaturated and di-unsaturated C17 hydrocar-
on fractions that obtained from the deoxygenated product. Based
on the GC–MS results (Table 3 and Fig. 10), the higher content of
C17H34 suggested that the decarboxylation reaction was preferred
instead to the decarbonylation reaction during Ca-based catalysed
reaction pathways.
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Fig. 6. TEM images of (a) CaO, (b) Ca(OH)2–STD–Nano, (c) Ca(OH)2–EG (d) Ca(OH)2–CTAB and (e) Ca(OH)2–H2O.

4

p
c
n
f

. Conclusion

The clamshell-derived catalysts (CaO and nano–Ca(OH)2) are
otential deoxygenation catalysts for the biofuel production via

racking-decarboxylation-decarbonylation pathways. The Ca(OH)2
anocatalyst that prepared via sonochemically assisted wet sur-

actant method has successfully increased of catalyst’s textural
properties and surface basicity. The presence of superior proper-
ties from surfactant treated catalysts has been proven to have high
selectivity of alkane and alkene in chain length of n-C17 (high value
of C17/(n-C17 + n-C18) ratio). Both Ca(OH)2–EG and Ca(OH)2–CTAB

are capable of producing higher content of liquid hydrocarbon (n-
C6-n-C24) with the yield of 47.37% and 44.5%, respectively.
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Fig. 9. Proposed mechanism for decarboxylation and decarbonylation of oleic acid.
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