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Journal of Advanced Chemical Engineering (ACE) is a broad-based journal that aims to publish the most
exciting and research advancements in Chemical Engineering. Secondly, to provide a rapid reviewing and
publishing to disseminate articles for research, teaching and reference purposes, free of subscription.

Journal of Advanced Chemical Engineering - Open Access o�ers barrier-free access to the literature related
to chemical engineering for research. It increases convenience, reach, and retrieval power. Free online
literature is available in full-text searching, indexing, mining, summarizing, translating, querying, linking,
recommending, alerting, "mash-ups" and other forms of processing and analysis. Journal of Advanced
Chemical Engineering - Open Access eliminates the need for permissions to reproduce and distribute
content.

The journal covers all basic areas in chemical engineering including, Chemical reactor, Biofuels,
Electrochemistry, Mass transfer, Ceramics, Nanoparticles, Fuel cell, Heat transfer, Biochemical engineering,
Corrosion engineering, Metallurgy, Polymers, Unit operations, Oil re�nery and Plastics engineering. It
encourages research papers with potential industrial signi�cance with a special focus on chemical
engineering.

All published articles will be assigned DOI provided by CrossRef. Journal of Advanced Chemical
Engineering provides the latest advances in the �eld and papers published in Journal of Advanced
Chemical Engineering will reach the readers directly by emails, free of cost.

Journal of Advanced Chemical Engineering accepts online letters to the editors, brief comments that
contributes to the previously published articles or other relevant �ndings in Chemical Engineering �eld.
Journal of Advanced Chemical Engineering strongly supports the Open Access initiative. Abstracts and full
texts (HTML, PDF and XML format) of all articles published by Journal of Advanced Chemical Engineering
are freely accessible to everyone immediately after publication.

All works published by Longdom Publishing are under the terms of the Creative Commons Attribution
License. This permits anyone to copy, distribute, transmit and adapt the work provided the original work
and source is appropriately cited. Journal of Advanced Chemical Engineering supports the Bethesda
Statement on Open Access Publishing.

De�nition of Open Access Publication

An Open Access Publication is one that meets the following two conditions:

The author(s) and copyright holder(s) grant(s) to all users a free, irrevocable, worldwide, perpetual
right of access to, and a license to copy, use, distribute, transmit and display the work publicly and to
make and distribute derivative works, in any digital medium for any responsible purpose, subject to
proper attribution of authorship, as well as the right to make small numbers of printed copies for
their personal use.
A complete version of the work and all supplemental materials, including a copy of the permission
as stated above, in a suitable standard electronic format is deposited immediately upon initial
publication in at least one online repository that is supported by an academic institution, scholarly
society, government agency, or other well-established organization that seeks to enable Open
Access, unrestricted distribution, interoperability, and long-term archiving (for the biomedical
sciences, PubMed Central is such a repository).

As a member of Publisher International linking Association, PILA, Journal of Advanced Chemical
Engineering (of Longdom Publishing) follows the Creative Commons Attribution License and Scholars
Open Access publishing policies.

Note:

Community standards, rather than copyright law, will continue to provide the mechanism for enforcement
of proper attribution and responsible use of the published work, as they do now.
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Editor-in-Chief

Dr. Smith has Over 25 years’ experience in the Chemical and Petrochemical Industry. Currently Dr.
Smith serves as Director of the Energy Research and Development Center at Missouri University of
Science and Technology (formally, Missouri-Rolla). Dr. Smith has published over 40 papers, has given
more than 70 conference papers, and holds eight patents. Dr. Smith has contributed two chapters to
the John Zink Combustion Handbook and one chapter to the Industrial Burner Handbook.

His current research interests focus on developing Hybrid Energy Systems which combine legacy energy
(coal, gas, nuclear) with renewable energy (solar, wind, geothermal). He also conducts research on
developing commercial scale processes to recover unconventional hydrocarbons including oil sands/oil
shale. Dr. Smith was part of the design team to develop the Dow Chemical Coal Gasi�cation technology
(now ConocoPhillips E-GAS) and has founded and led two startup companies to provide engineering
services to the petrochemical and fossil power industries.

Joseph D. Smith  
Editor-in-Chief  
Director, Energy Research and Development Center  
Missouri University of Science and Technology, USA

Biography

Research Interest

Dr Tang received his PhD in Physical Chemistry in 2001 from Dalian Institute of Chemical Physics.
Between 2002-2005, he had been Japan Society for the Promotion of Science (JSPS) Fellow & NIMS
researcher working on solar energy conversion in NIMS, Japan. After that, he moved to the Department
of Chemistry, Imperial College as a senior research associate. In 2009, Dr Tang joined the Department
of Chemical Engineering, UCL as a Lecturer in Energy. He has been recognized by an Outstanding
President’s Award of Chinese Academy of Sciences (2001), JSPS Fellowship (2003) and Young Scientist
Award by the International Association of Catalysis Societies (2008).He is the Guest Editor-in-Chief of a
special issue of International Journal of Photoenergy, 2012 and sits on the editorial board of several
international journals. He is an Honorary Lecturer in Chemistry at Imperial College London and visiting
professor in Chinese Academy of Sciences and so on. Up to now, he has published more than 60 papers
with a total citation of ~2400.

His Research Interest are Nanostructured crystals and �lms synthesis, in particular by microwave
promoted �ow chemistry; Solar H2 synthesis; CO2 capture and conversion to a renewable fuel (Arti�cial
Photosynthesis); Inorganic/polymer hybrid solar cell; Photocatalytic contaminant
decomposition;Biomaterials; Microwave catalysis.

Junwang Tang  
Editor-in-Chief  
Associate Professor, Department of Chemical Engineering, Read Interview session
with Junwang Tang  
University College London, UK

Biography

Research Interest

Professor Fawzi Banat obtained his BSc and MSc in Chemical Engineering at the University of Jordan in
1988 and 1991, respectively. In 1995, he obtained his PhD in Chemical Engineering working in the area
of membrane distillation applied to desalination and removal volatile organic compounds from water.
He then moved on to teaching and research at di�erent universities. In 2003 he was promoted to
Professor at the Jordan University and Science and Technology (JUST) Currently he works as a

Fawzi Banat  
Editor-in-Chief  
Professor, Department of Chemical engineering, The Petroleum Institute  
UAE

Biography
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Professor at the Jordan University and Science and Technology (JUST). Currently, he works as a
professor of chemical engineering at The Petroleum Institute. He is the author or co-author of more
than 100 publications in refereed journals, among them 3 book chapters. In addition, he has served as
the Dean of research at JUST University in Jordan and as the Dean of graduate studies and acting Dean
of Natural Resources Engineering at the German-Jordanian University. Prof. Banat’s research
contributions have been recognized by a number of prestigious awards for young investigators, namely,
Shoman’sAward for Young Arab Researchers, Hijjawi’s Awards for Applied research, and the award of

exceptional researcher from the Ministry of Higher Education and Scienti�c Research in Jordan. In
recognition of his international research reputation, Prof. Banat was listed among the leading scientists
in the Organization of Islamic Countries (OIC).

Prof. Banat’s research interests focus on fundamentals of multicomponent mass transfer, membrane
separations applied to desalination and wastewater treatment, renewable energy and gas treatment.
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Introduction
Exhaustion of petroleum oil or crude oil is predicted in the near 

future [1]. The shortage of crude oil will have global impact on the 
economy, culture and health of every nation as in this situation; fuel oil 
prices will go up. The high fuel oil price will induce other commodities 
or goods to be sold at relatively high prices. Diesel fuel is a kind of fuel oil 
that is obtained by refining crude oil in petroleum refineries. It has been 
predicted that the world demand for diesel fuel will grow faster than 
any other refined oil products in 2035 [2]. Therefore, renewable sources 
with related technologies should be identified as alternatives. Extensive 
studies on biofuels production from various renewable feedstocks have 
been carried out for many years. Among others, catalytic deoxygenation 
of fatty acids as renewable resources can be a potential technology to 
synthesize diesel-like hydrocarbons. During fatty acid deoxygenation, 
n-alkanes and alkenes will be produced through decarboxylation and 
decarbonylation [3] reactions, respectively;

Decarboxylation: CnH(2n+2)COO → CnH2n+2+CO2               (1)

Decarbonylation: CnH(2n+2)COO → CnH2n+CO+H2O                   (2)

The n-alkanes and alkenes are hydrocarbons that are similar to 
those found in crude oil derived diesel fuel [4].

Recently, extensive works have been reported on deoxygenation 
of various fatty acids to produce diesel-like hydrocarbons. They were 
carried out either in the presence of solvent or solventless condition 
using various catalysts such as Pd supported on mesoporous carbon 
[5-11] or on mesoporous silica [12-14]. Although the catalyst derived 
from Pd exhibited significant activity in the deoxygenation reactions, 
they are usually expensive. Ni-based catalysts are more practical on an 
industrial scale due to their availability and economic feasibility [15-18].

The use of Al2O3 or MgO-Al2O3 supported Ni catalysts for oleic 
acid deoxygenation in a batch reactor under solvent free and inert 
atmosphere conditions have been investigated [19]. Ni supported on 
mesostructured cellular foam (MCF) silica has been reported to be a 
more effective catalyst compared to Ni supported on Al2O3 or SBA-15 
catalysts for pyrolytic decomposition of cellulose to produce H2 [20]. 

Abstract

Nickel incorporated mesostructured cellular foam (NiMCF) was studied as a catalyst for palmitic acid 
deoxygenation to primarily synthesize n-pentadecane and 1-pentadecene. The kinetic behaviour was tested in a 
temperature range from 280 to 300°C. The reaction was found to follow a first order kinetic model with respect to 
the palmitic acid with an activation energy of 111.57 KJ/Mol. In the reusability study, it was found that the average 
reduction in palmitic acid conversions was about 40.5%, which indicated the occurrence of catalyst deactivation 
during the deoxygenation. Fresh and spent catalysts were characterized by means of scanning electron microscope. 
Energy-dispersive X-ray spectroscopy and X-ray powder diffraction correlate their characteristics with catalytic 
activity and to identify the main catalyst deactivation mechanism. The catalyst deactivation was mainly due to phase 
transformation of metallic nickel (Ni0) to nickel ion (Ni2+) and the deposition of organic molecules on the catalyst during 
the deoxygenation. Regeneration of spent catalyst successfully reduced the drops in the palmitic acid conversions 
between the reaction cycles from 40.5% to 11.3%.
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This could be due to the larger pores in MCF silica support to minimize 
the diffusional effects of reactants as well as the products [21,22].

In our earlier work, various Ni functionalized mesostructured 
cellular foam (NiMCF) catalysts were used for solventless deoxygenation 
of palmitic acid at 300°C for 6 h in a semi batch reactor to produce 
n-pentadecane and 1-pentadecene as diesel-like hydrocarbons [23]. 
The catalysts were synthesized using different structures of MCF silicas 
prepared under various conditions. It was found that NiMCF catalyst 
using MCF silica prepared with 9.2 ml of tetra-ethyl-ortho-silicate 
(TEOS) and subsequently aged for 3 days showed the highest activity 
for the process. However, no attempt has been made so far to study the 
reaction kinetic and reusability of the NiMCF catalyst.

In the present study, kinetic of solventless deoxygenation of 
palmitic acid has been studied in a temperature range from 280 to 
300°C. Reusability of NiMCF catalyst has also been evaluated in 
the deoxygenation process. The main mechanism for the catalyst 
deactivation has been successfully elucidated based on SEM, XRD and 
TGA results.

Experimental
Preparation of NiMCF catalyst

NiMCF catalyst was synthesized using MCF silica prepared with 9.2 
mL of tetraethyl orthosilicate (TEOS) and aged for 3 days [23]. Nickel 
incorporation of into the support was achieved through deposition-
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Yield% C S 100%= × ×                   (5)

where, [CPA,0]=Concentration of palmitic acid before reaction

[CPA,t]=Concentration of palmitic acid after reaction

[CP,t]=Concentration of a product (n-pentadecane or 
1-pentadecene) after reaction

Reusability study of NiMCF catalyst

For reusability study of the catalyst, fresh NiMCF catalyst with 
amount 15 wt.% (with respect to palmitic acid) was used for the 
solventless deoxygenation of palmitic acid at 300°C for 2, 3, 4, 5 and 
6 h. After the experiment, the spent NiMCF catalyst was filtered 
out from the catalytic reaction mixture, washed thoroughly with 
dichloromethane, and then dried at 100°C overnight. Then, the washed 
spent catalyst was directly reused for the following deoxygenation runs 
using the same procedure.

Meanwhile, in the regeneration of catalyst, the washed spent 
catalyst was re-reduced under H2 flow at 550°C for 2.5 h to regenerate it. 
After that, the spent catalyst was reused for the next deoxygenation run 
using the same procedure. The regenerated catalyst was characterized 
by means of TGA, SEM and XRD analyses. For comparison, spent 
NiMCF catalyst without regeneration was also characterized using the 
same analytical method.

Characterization of NiMCF catalyst

The SEM images were captured using a Leo Supra 50 VP field 
emission SEM. Before observations were made at room temperature, 
the samples were coated with high purity gold for electron reflection at 
a thickness of 20 nm by using a Polaron SC 515 Sputter Coater. Then, 
samples were mounted on aluminium stubs with double-sided adhesive 
tape for the observations carried out at a magnification of 50 kX.

X-ray diffraction (XRD) analysis was performed using a Siemens 
2000X system to obtain XRD patterns of fresh, spend and regenerated 
catalysts in order to identify the different phases in the catalysts. The 
X-ray diffraction pattern was recorded using Cu-Kα radiation at 2θ 
angles ranging from 10-100°C. The TGA was carried out to observe 
the change in weight of the catalyst sample as it was heated in a certain 
temperature range. The thermal gravimetric analyzer unit coupled 
with a TG controller (TAC 7/DX) was supplied by Perkin-Elmer, USA. 
About 5 mg of catalyst sample was heated from 31-840°C at a heating 
rate of 10°C/min and an airflow rate of 25 ml/min.

Results and Discussion
Mechanisme of palmitic acid deoxygenation over NiMCF 
catalyst

In this study, the catalyst used was in powder form as obtained from 
the preparation method. Attempt to measure the particle sizes was not 
done bearing in mind that the catalyst particles were visibly reduced 
to even smaller sizes during the reaction under continuous mixing for 
up to 6 h. The stirring speed was set at about 250 rpm. Under such 
conditions, no significant external mass transfer effect was expected as 
generally reported in literatures [10-13].

Solventless palmitic acid deoxygenation over NiMCF catalyst 
in a semi batch reactor at 300°C produced mainly n-pentadecane 
and 1-pentadecene (Figure 1). In this reaction, n-pentadecane 
and 1-pentadecene were the predominant products so that the 
concentrations of both products were high at the end of the 
reaction. In the first 3 h of reaction, palmitic acid was converted 

precipitation process and subsequently reduced in hydrogen stream at 
550°C for 2.5 h and cooled down under nitrogen flow.

Kinetic of solventless palmitic acid deoxygenation

Kinetic of solventless palmitic acid deoxygenation was performed 
in a semi-batch mode in which gaseous products (CO2, CO, etc.) 
produced during the reaction were continuously removed. The 
deoxygenation reaction was carried out in a 250 mL three-necked 
flask reactor equipped with a magnetic stirring bar, reflux condenser 
and a tube to pass pure nitrogen flow to reaction mixture. During 
the reaction, nitrogen stream was used to sweep the evolved gaseous 
products. The reaction vessel was heated with a stirring hot plate. 6 g 
of palmitic acid and 15 wt% (with respect to palmitic acid) of catalyst 
amount were then added into the reactor. Before an experiment was 
started, nitrogen flow was passed through the reaction mixture for 30 
min to create an inert reaction environment. Then, the reaction mixture 
was heated to different temperatures (280-300°C) and maintained for 
different reaction times (2 to 6 h) under rapid stirring. During the 
reaction, the gaseous products were collected in a gas-sampling bulb. 
At the end of the reaction, the mixture was allowed to cool to about 
100°C, and then poured through a filter paper to separate the liquid 
products from the spent catalyst. Analysis of the liquid products was 
achieved using Agilent Technology 7890A gas chromatograph and 
then validated using a Perkin Elmer GC-MS system (Clarus 600).

Product analysis

Gas products in were identified by means of a Shimadzu 
C11484811134 GC system equipped with a thermal conductivity 
detector (TCD) and a capillary column. A mixture of standard gases 
with known composition was injected into the GC to identify each of the 
gas components based on their retention times. The mixture standard 
gas consisted of 30 vol% CO2, 30 vol% CO, 30 vol% H2 and 10 vol% Ar. 
It should be noted that the palmitic acid conversion and the desired 
product selectivity were based on the liquid-phase concentrations 
of the products. The gas-phase analyses were performed only for the 
confirmation of the presence of CO2 and CO in the gaseous products.

Meanwhile, liquid product was collected and analyzed by means 
of an Agilent Technology 7890A GC system equipped with a flame 
ionization detector and a non-polar capillary column (GsBP-5). The 
detector and injector temperatures were set at 280°C and 250°C, 
respectively. The column temperature was set at 135°C for 1 min and 
was then programmed at 15°C/min to 290°C, and it was maintained 
constant at this temperature for 2 min. 20 μL sample was dissolved in 
200 μL hexane, and then a direct injection into the gas chromatograph 
was carried out. The 1-pentadecane (CH3(CH2)13CH3) was used as 
standard to identify substances in a liquid product and to create 
calibration curves. The calibration curves were used to determine 
the concentration of substances in the liquid product. Calibration 
curve was generated using a series of chemical standards with known 
concentrations. Palmitic acid conversion, product selectivity and 
product yield were calculated according to Fu et al. [24] using Equations 
(3), (4) and (5), respectively.

PA,0 PA,t

PA,0

[C ] [C ]
Conversion %,C 100%

[C ]

−
= ×                   (3)

PA,t

PA,0 PA,t

[C ]
Selectivity %,S 100%

[C ] [C ]

= ×

−

                              (4)
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into n-pentadecane and 1-pentadecene in which concentration of 
n-pentadecane was slightly higher than that of 1-pentadecene. This 
indicated that decarboxylation reaction was a more favoured reaction 
than decarbonylation reaction during this period. On the other hand, 
at reaction times longer than 3 h, concentrations of 1-pentadecene 
were usually higher than those of n-pentadecane. This observation 
gave the indication that decarbonylation reaction was the more 
dominant reaction compared to decarboxylation reaction. The lower 
n-pentadecane concentration was ascribed to the higher formation of 
CO gas that could inhibit the palmitic acid decarboxylation. CO gas 
which is a by-product from palmitic acid decarbonylation is poison to 
the catalyst in the decarboxylation reaction [25]. The activity of this 
catalyst was comparable with that reported by Roh et al. [19] using Ni/
MgO-Al2O3 catalyst.

CO2 and CO gases were detected in gaseous product through 
GC equipped with TCD detector. Meanwhile, n-pentadecane and 
1-pentadecene were also detected in liquid products through GC-MS 
analysis. Besides n-pentadecane and 1-pentadecene, other products 
such as cyclopentadecane, ketone, etc. were also present at small 
quantities in the liquid products. This indicated that deoxygenation 
of palmitic acid acids over NiMCF catalyst in this study occurred 
not only through decarboxylation and decarbonilation reactions, 
but other reactions could also occur. Based on the reaction products, 
reaction pathways of solventless palmitic acid deoxygenation reaction 
could be proposed. Palmitic acid is first deoxygenated through 
decarboxylation reaction to produce n-pentadecane and CO2 and 
through decarbonylation reaction to produce 1-pentadecene, CO 
and H2O. Besides that, 1-pentadecene can also be produced through 
dehydrogenation of n-pentadecane. Moreover, a part of palmitic acid is 
converted into n-hexadecane (C16H34) through hydrogenation reaction [5].

Kinetic of solventless deoxygenation of palmitic acid over 
NiMCFcatalyst

Kinetic study of palmitic acid deoxygenation over the synthesized 
NiMCF catalyst was investigated at three different temperatures 
(280, 290 and 300°C). 6 g of palmitic acid and catalyst loading of 15 
wt% was used in all the experiments. The kinetic model of oleic acid 
under inert atmosphere is suggested to follow first order with respect 
oleic acid [26]. Hence, the first order kinetic model for palmitic acid 
deoxygenation can be expressed as follows;

d[C ]PA
Rate k[C ]dt PA

−
= =                   (6)

where, k is the rate constant, t is reaction time and [CPA] is the 
concentration of palmitic acid. In the kinetic study, the change in 
the palmitic acid concentration with the time was followed from the 
start of the reaction, [CPA]0 at t=0 to [CPA]t at time t. These are the 
limits between which integration is performed. Upon integration and 
rearrangement, the final equation obtained is;

[ ]
[ ]

C PA t
ln kt

C PA 0

= = −                    (7)

The experimental results obtained in this study are shown in 
Figure 2. As can be seen in the figure, the increase in temperature 
reaction resulted in an increase in the disappearance of palmitic 
acid concentration. This indicated that the temperature had positive 
effect in accelerating the reaction rate. Since the kinetic model of the 
palmitic acid deoxygenation is assumed to follow a first order model 
with respect palmitic acid, Equation (7) can be used. Figure 2 shows 
the plot of Equation (7) which ln [CPA]t /[CPA]0 is plotted against the 
reaction times. All the experimental data obtained for the palmitic acid 
deoxygenation experiments are found to be in good agreement with the 
Equation 7 due to the high value of correlation coefficient (R2 are above 
0.95) for all the straight lines. This indicates that the assumption that 
was used in this analysis was valid.

The integrated form of the rate law allows us to find the 
concentration of palmitic acid at any time after the start of the reaction. 
The slopes of the straight lines obtained by plotting ln [CPA]t /[CPA]0 
versus the reaction time give –k, as can be seen in Figure 2. The 
reaction rate constants (k) are summarized in Table 1. As can be seen 
in the table, the increase in temperature resulted in the increase in the 
reaction rate constant. This was because mobility of reactant molecules 
was higher when the temperature was increased. The higher mobility 
of palmitic acid molecules made it easier for the molecules to reach the 
metallic nickel that might be located in the cell or the window pores 
in the NiMCF catalyst. The metallic nickel sites were the active sites 
for catalyzing the palmitic acid deoxygenation to produce diesel-like 
hydrocarbons of n-pentadecane and pentadecene [19]. 

Phenomenon of molecular diffusion is generally relevant in most 
liquid phase reactions involving porous catalysts. Furthermore, a rather 
viscous liquid (palmitic acid) was used as the reactant in this reaction. 
However, it has been reported that catalyst having a minimum average 

Figure 1: Solventless palmitic acid deoxygenation over NiMCF catalyst at 
300°C with catalyst loading of 15 wt %.

Figure 2: Plot of ln[CPA]t/[CPA] versus reaction time at various temperature.

Temperature (K) Specific rate constant, ks (h-1)
553 0.1118
563 0.1713
573 0.2904

Table 1: Specific rate constants for the first order kinetic model.
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pore size of 20 Å is required for liquid phase reactions to effectively 
avoid internal diffusion effect of the reactants and products [22]. In 
this study, structure of the NiMCF catalyst with large cell size (234 
Å) and window pore size (90 Å) in the NiMCF catalyst should favour 
diffusion of the reactant and product molecules [23]. Thus, the effect of 
internal diffusion limitation should be negligible considering the small 
particle sizes of the catalyst. As such, reactant molecules reacted faster 
in the catalyst when mobility of reactant and product molecules was 
higher. Feature of molecular diffusions in three-dimensional structure 
of NiMCF catalyst together with its cell and window pores can be seen 
in Figure 3.

The rate constant, k, is related to the reaction temperature by the 
Arrhenius equation. The equation takes into account the rate constant 
of chemical reactions (ks), reaction temperature (T), the activation 
energy (EA), the pre-exponential factor (A) and the universal gas 
constant R. The Arrhenius equation is a relationship for the dependence 
of a reaction rate on temperature;

ln ks=ln A - EA/RT                  (8)

where; ks=specific rate constant, h-1 

A=pre-exponential factor, h-1 

EA=activation energy, J/mol

R=gas constant=8.314 J/mol.K

The activation energy, EA, and pre-exponential factor, A, can 
be obtained by plotting ln ks versus 1/T. The plot should produce a 
straight line in which a slope and intercept equal to - EA/R and ln A, 
respectively. On the basis of data obtained from Table 1, a plot of ln 
ks vs 1/T yields a straight line with high value of correlation coefficient 
(R2>0.95). This result shows that the reaction rate constant follows the 
Arrhenius law, as can be seen in Figure 4. The value of activation energy 
(EA) and pre-exponential factor (A) are calculated to be 111.565 kJ/
mol and 38 × 108/h, respectively. The value of EA for this reaction is 
relatively lower than that reported in literature for Ni/MgO-Al2O3 (123 
kJ/mol) to indicate higher activity of the catalyst used in this study [19].

With the kinetic parameters (EA, A and k) that were obtained, 
mathematical model of rate expressions can be constructed as follows,

[ ]1115658 1 1
r 38 10 exp C mol hPA PA

RT

− −
− = × −

 
 
 

              (9)

The values of palmitic acid concentrations can be calculated 
using the first order kinetic model using Equation (7). The values of 
the palmitic acid concentration from the calculation and from the 
experimental results are presented in Table 2.

A parity plot between the experimental and calculated values of 
palmitic acid concentration is showed in Figure 5. As can be seen in 
the figure, the values of the palmitic acid concentration calculated 
at any time after the start of the reaction are in good agreement 
with experimental palmitic acid concentrations with a high value of 
correlation coefficient (R2>0.95). It can be concluded from the results 
that palmitic acid deoxygenation over NiMCF catalyst satisfactorily 
followed first order kinetic model with respect to palmitic acid.

Reusability study of NiMCF catalyst

One of the major obstacles in the use of supported metal catalyst 
in fatty acid deoxygenation for production of diesel-like hydrocarbons 
is catalyst deactivation. Study of reusability of catalyst is important 

Figure 3: (a) Molecular diffusions in 3-D structure of NiMCF catalyst, (b) cell 
and window pores in NiMCF catalyst.

Figure 4: Arrhenius plot for palmitic acid deoxygenation over NiMCF catalyst.

Figure 5: Parity plot between the experimental and calculated values of 
palmitic acid concentration.

for the economic assessment of the catalytic fatty acid deoxygenation 
process. Through the catalyst reusability study, stability and degree of 
catalyst deactivation can be examined. In this part of work, reusability 
of the NiMCF catalyst was studied through experiments in which 
the NiMCF catalyst after one cycle of use (or spent NiMCF catalyst) 
was re-used without regeneration for further solventless palmitic 
acid deoxygenation palmitic cycle. Alternatively, the catalyst was also 
regenerated as described in section 2.4 and used in the same reaction. 
Figure 6 shows results of the palmitic acid conversions obtained from 
various reaction times for the fresh NiMCF and the spent NiMCF 
catalytst.

As can be seen in Figure 6, palmitic acid conversions decreased after 
one cycle of use for all reaction times. This indicated the occurrence 
of significant deactivation of NiMCF catalyst during the palmitic acid 
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deoxygenation process after the first cycle. The catalyst deactivation 
caused reductions on the fatty acid conversion. The spent catalyst 
achieved palmitic acid conversion of 20% at a reaction time of 2 h. 
Meanwhile, fresh catalyst achieved palmitic acid conversion of 42% at 
a reaction time of 2 h. Thus, the reduction in palmitic acid conversion 
at 2 h of reaction is 52.8%. Meanwhile, reduction of palmitic acid 
conversion at 3, 4, 5 and 6 h of reaction time were 42.3%, 43.9%, 38.0% 
and 25.3%, respectively. Hence, average reduction of palmitic acid 
conversion using spent catalyst was 40.5%.

Figure 6 also shows palmitic acid conversions obtained by using 
the fresh NiMCF and regenerated NiMCF catalysts in the solventless 
palmitic acid deoxygenation using the same operating conditions. As 
can be seen, palmitic acid conversions using the regenerated catalyst 
were slightly lower than those using fresh catalyst for all reaction 
times. Reduction of palmitic acid conversion at 2, 3, 4, 5 and 6 h of 
reaction time were 11.9%, 13.5%, 13.6%, 12.7% and 4.8%, respectively. 
The average reduction of palmitic acid conversion using a semi-batch 
reactor was 11.3%.

Despite significant reduction in palmitic acid conversion, the 
values achieved by the regenerated catalyst were higher than those 
achieved by the spent catalyst without regeneration. By regenerating 
the spent catalyst, the extent on the drop in palmitic acid conversion 
reduced from 40.5% to 11.3%. This indicated that the regeneration of 
the spent catalyst using this method could improve the performance of 
the spent catalyst.

Deactivation of palladium supported on MCF catalyst (PdMCF) 
has been reported to be severe after one cycle of use for stearic acid 
deoxygenation in the presence of dudeen as solvent [14]. Almost no 
conversion of stearic acid was achieved by spent PdMCF catalyst in 
the deoxygenation reactions at reaction times from 0 until 6 h. PdMCF 
catalyst was mainly deactivated by significant organic deposition 
on the catalyst during the reaction. Other deactivation mechanism 
i.e., oxidation of metallic palladium and agglomeration of palladium 
particles on the catalyst was insignificant. The catalyst deactivation 
sources were elucidated based on results of various characterization 

tests. Regeneration of the spent PdMCF catalyst was also carried out 
by sequential hot extractions with solvents tetrahydrofuran (THF), 
hexane and dichloromethane (DCM) followed by re-reduction 
process at 300°C. The regenerated catalyst showed a 19-fold increase 
in decarboxylation activity as compared to the spent PdMCF catalyst.

In order to identify mechanism of catalyst deactivation, several 
catalyst characterization methods such as XRD, SEM and TGA were 
performed. Evaluation of the deactivation mechanism involved 
comparison of the physical and chemical characteristics for the fresh and 
spent NiMCF catalysts. However, excessive discussion on the catalyst 
characteristics is avoided as in this liquid phase reaction, changes in 
the characteristics of the catalyst could significantly occur during the 
reaction and characteristics that are obtained ex-situ such as surface 
characteristics etc. could give misleading information on the reaction. 
In this study, the catalyst was recovered after the reaction by filtration 
and washed with organic solvents followed by drying. Unfortunately, 
complete removal of organic substances from the surface of the 
catalyst was not achieved. These organics would decompose during 
the degassing step (at 300°C) of surface analysis through nitrogen 
adsorption-desorption to cause errors in the results. Thus, attempts to 
measure the surface area after the reaction were unsuccessful. Figure 7 
compares the characteristic of the fresh, spent and regenerated NiMCF 
catalysts by means of an XRD analysis method. For the spent catalyst 
sample, XRD pattern displays a peak at 2θ=23° that is attributed to the 
presence of amorphous silica. Besides that, the XRD pattern displays 
peaks at 2θ=33 and 60° that are characteristic of nickel ions (Ni2+) that 
could be in the form of nickel phylosilicates [27].

Furthermore, peak at 2θ=44° attributed to metallic nickel particles 
is almost not detected in the spent catalyst sample. This indicated 
that metallic nanoparticle sintering, agglomeration and ripening that 
are common nanoparticles phenomena were not the main cause of 
deactivation in this system. In fact, higher peaks at 2θ=33 and 60° in 
the XRD pattern of the spent catalyst compared to those in the pattern 
of fresh catalyst could be due to evolvement of water vapour that 
oxidized the metallic nickel nanoparticles (Ni0) during the palmitic 
acid deoxygenation so that they changed into nickel ions (Ni2+) that 
could be in the form of nickel phylosilicate or nickels oxide phases.

Water vapour is a by-product in palmitic acid decarbonylation 
and hydrogenation. It could also be produced through water gas-
shift reaction and methanation [28,29] in which molecules of H2 from 
dehydrogenation reactions react with molecules of other gaseous 
products, i.e., CO2 and CO (by-products from decarboxylation and 
decarbonylation), as given in the following reactions;

Water gas-shift reaction: CO2+H2 ↔ CO+H2O                  (10)

Methanation: 2H2+CO → CH4+H2O                (11)

Methanation: 4H2+CO2 → CH4+2H2O                     (12)

It has been reported in literature that the presence of water vapor 
reduced the activity iron catalyst in Fischer-Tropsch reaction due to 

Time (h) [CPA] at 553 K [CPA] at 563 K [CPA] at 573 K
Experimental Calculated Experimental Calculated Experimental Calculated

2 - - - - 1.92 1.86
3 2.47 2.38 2.12 1.99 1.6 1.39
4 2.19 2.13 1.75 1.68 1.12 1.04
5 1.89 1.9 1.35 1.41 0.7 0.78
6 1.64 1.7 1.16 1.19 0.56 0.58

Table 2: Values of experimental palmitic acid concentrations versus calculated ones.

Figure 6: Comparison between solven less palmitic acid deoxygenation over 
fresh NiMCF, spent and regenerated NiMCF catalyst.
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the oxidation of iron catalyst by water vapor [30]. Meanwhile, nickel 
catalyst was found to have low activity for hydrocarbon transformation 
in the presence of water vapour due to oxidation metallic nickel by 
water vapour [31]. Through the oxidation reaction, metallic nickels 
in Ni/Al2O3 catalyst transformed into nickel ions (Ni2+) in the form 
of nickelous oxide phases that rapidly re-crystallize [32]. This nickel 
catalyst deactivation mechanism can be applicable to the deactivation 
of NiMCF catalyst by water vapor in this study.

For the fresh catalyst sample, the presence of metallic nickel particles 
was clearly detected through the observation on the XRD pattern, as 
can be seen in Figure 7. The phase transformation from metallic nickel 
(Ni0) into nickel ion (Ni2+) reduced the activity of the spent catalyst 
in the deoxygenation reaction. This caused the decrease in palmitic 
acid conversion this system. It can be concluded that metallic particles 
(Ni0) in NiMCF catalyst have higher active sites than nickel ion (Ni2+) 
in NiMCF catalyst for the palmitic acid deoxygenation reaction. This 
result was in agreement with reports that oxide type catalysts such as 
MnO3/C, MnO/C, WO3/C, NiOMoO3/Al2O3 and V2O5/C had lower 
activities compared to metal type catalysts such as Ni/C, Co/SiO2, 
Ni/SiO2 and Ni/Al2O3 for deoxygenation of bio-oil [33] and also for 
deoxygenation of fatty acid methyl ester.

On the basis of the aforementioned characterization results, it 
is hypothesized that the catalyst deactivation in this study could be 
attributed to organic molecules derived from reactant and products 
as well as small deposits of coke on the catalyst. Besides that, phase 
transformation from metallic nickel (Ni0) into to nickel ion (Ni2+) was 
also responsible for the catalyst deactivation. Therefore, regeneration 
of the spent catalyst was then carried out. Furthermore, the regenerated 
catalyst was characterized by means of XRD and SEM. Figure 7 also 
shows the comparison between XRD pattern of spent NiMCF catalyst 
and that of regenerated NiMCF catalyst.

The XRD pattern of the regenerated catalyst displayed the presence 
of peak at 2θ=44° that is characteristics to the metallic nickel particles. 
However, peaks at at 2θ=33 and 60° that are characteristics of the 
nickel phylosilicates are still present with considerable intensities in 
the regenerated catalyst. This indicated that not all nickel phylosilicate 
was reduced into metallic nickel after the re-reduction process. The 
re-reduction process was carried out at 550°C for 2.5 h in this study. 
The unreduced nickel phylosilicate was probably due to very high 
interactions between nickel phylosilicates and MCF silica. As such, in 
order to reduce the more nickel phylosilicate, the re-reduction process 
should be carried out at higher temperatures and/or for a longer period.

In order to identify the possibility of catalyst deactivation due to 
deposition of organic molecules on the spent catalyst, weight loss, 
thermal behaviour and structural destruction of the spent catalyst 
were investigated using TGA analysis method. Figure 8 shows a TGA 
thermo gram of the spent catalyst together with the first derivative 
whether its weight change from the TGA test. A decomposition region 
occurred from temperatures of around 250 to 600°C. The derivative of 
the thermo gram clearly exposes this inflection with maximum peak at 
around 400°C. The decomposition of the spent catalyst in this region 
could be attributed to the removal of organic components that were 
deposited on the catalyst. Removal of organic components deposited in 
spent Pd functionalized MCF catalyst at the same temperature region 
was reported in the literature [14].

Morphologies of the fresh and spent NiMCF catalyst were examined 
by means of SEM. The SEM image results are shown in Figure 9. The 
SEM image of the spent catalyst clearly confirms layered structures in 
the spent catalyst. The layered structures contained nickel ions (N2+) 
that could be in the form of nickel phylosilicate. The SEM image of the 
spent catalyst also confirmed that the spent catalyst had fewer porous 
structures compared to the fresh catalyst. Meanwhile, the SEM image 
of the fresh catalyst reveals high porous structures with Nano worm 
structures of nickel nanoparticles on the MCF silica.

Figure 9 also shows comparison between SEM images of the fresh 
NiMCF catalyst and regenerated NiMCF catalysts. The SEM image of 
the regenerated catalyst confirmed nickel nanoparticles in the form of 
Nano worm structures with sizes of around 19 nm. The structures in the 
regenerated catalyst were almost the same with those in fresh catalyst 
but the nickel nanoparticle sizes in the regenerated catalyst were slightly 
larger than those in fresh catalyst. Besides that, mesoporous structures 
in the regenerated catalyst were slightly lower than those in fresh 
catalyst. Nevertheless, the regenerated catalyst regained nearly all of 
lost porosity and metallic nickel particles after the sufficient removal of 
deposited organic molecules and followed by the re-reduction process.

Conclusion
Kinetic of solventless palmitic acid deoxygenation over nickel 

functionalized mesostructured cellular foam catalyst (NiMCF) to 
selectively synthesize n-pentadecane and 1-pentadecene (diesel-like 
hydrocarbons) was successfully studied in a temperature range from 
280 to 300°C. The deoxygenation reaction satisfactorily followed a first 
order kinetic with an activation energy of 111.57 kJ/mol. From the 
reusability studies of the NiMCF catalyst, it was found that palmitic 
acid conversions significantly decreased after one cycle of use for all 
reaction times which suggested the occurrence of catalyst deactivation. 
The average reduction of palmitic acid conversion was about 40.5%. 
Based on characterizations of the spent catalyst, the main cause for 

Figure 7: XRD patterns of fresh, spent and regenerated NiMCF catalysts.

Figure 8: TGA profile (solid line) with its derivative profile (broken line) for 
spent NiMCF catalyst.
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Figure 9: Comparison between SEM images of (a) fresh NiMCF, (b) 
spent NiMCF and (c) regenerated NiMCF catalyst obtained from catalytic 
deoxygenation in a semi-batch reactor.

the deactivation sources was found to be the phase transformation 
of metallic nickel (Ni0) into to nickel ion (Ni2+) and the deposition 
of organic molecules on the NiMCF catalyst during the palmitic 
deoxygenation. Regeneration of the spent improved the performance 
the spent catalyst in which the extent of drop in the palmitic acid 
conversion could be reduced from 40.5% to 11.3%.
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