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Deoxygenation of methyl palmitate over SiO2supported nickel phosphide catalysts: eﬀects of
pressure and kinetic investigation†
Fei Han,ab Qingxin Guan*ab and Wei Li*ab
In this paper, a series of Ni2P/SiO2 catalysts was synthesized using the thermal decomposition of
hypophosphite precursors. The resulting catalysts were characterized using XRD, TEM, CO pulse
adsorption, atomic adsorption spectroscopy and NH3-TPD, and the catalytic properties were
investigated for deoxygenation of methyl palmitate at diﬀerent pressures in a ﬁxed-bed reactor. The
results indicate that the catalysts at 1.0 MPa and 3.0 MPa have similar activity, and lower pressure is in
favour of direct deoxygenation of methyl palmitate. Pseudo ﬁrst order kinetics were employed to
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describe the reaction to understand the eﬀect of pressure and temperature and active energy at
diﬀerent reaction pressures was calculated. According to the active energy, the scission of the C–O
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bond is more diﬃcult than the C–C, and the HDO route was favored at higher reaction pressure and
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temperature.

1. Introduction
Recently, renewable energy has drawn increasing attention due
to its reproducible and low carbon emission. Vegetable and
animal oils are attracting intensive attention, because they are
abundant and inexpensive feed stocks which have great
potential to be converted into liquid energy.1 Deoxygenation of
vegetable and animal oil is a promising method to obtain
renewable uid energy, because alkanes produced by the
hydrotreating method have similar physical and chemical
properties to petroleum oil.2,3 Many vegetable oils have been
employed in deoxygenation. For example soybean oil,4 palm
oil,5 castor oil6 and ax oil etc.
Served as a main product of transesterication of
triglyceride-containing feed stocks and model compound of
vegetable oil the FAME (fatty acid methyl esters) have been
widely studied.7,8 Eﬀect of reaction medium to conversion of
methyl palmitate have been investigated. Aromatic compounds
do not retard methyl palmitate transformation instead inhibit
the conversion of intermediate oxygenates.9 Appropriate acid
sites of support are necessary for conversion of methyl palmitate because of the synergistic eﬀect between active sites and
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acid sites.10 Some kinetic investigations of deoxygenation of
methyl esters have been performed in liquid phase and pseudorst-order reaction is employed to t the reaction model.9
Reaction pressure and temperature aﬀect the selectivity of
hydrodeoxygen of methyl palmitate. Selectivity of HDO process
is inhibited at higher reaction temperature.11
The deoxygenation catalysts mainly include conventional
metal suldes (e.g. CoMo/Al2O3 and NiMo/Al2O3) and noble
metals. Monometallic Ni and Co suldes give higher proportional DCO products, however Mo based suldes catalysts
obtain almost exclusively HDO products. It is considered that
adsorption of molecular is aﬀected by metal suldes and then
reaction pathways are transformed.12
Noble metal catalysts can obtain high conversion and yield
more HDO product compared to decarbonylation and decarboxylation product.13 The isomerization of hydrocarbon also
happen when the noble metal is supported by zeolites.
Although metal sulde catalysts have widely been studied,
some disadvantages exist in them. The sulphiding agent is
continuously added to feedstock to maintain activity of catalysts, which lead to undesired S-containing products. For noble
metal catalyst, the price restricts the practical application. As
a result, new types of catalysts need to be developed. Recently,
metal phosphides have attracted increasingly attentions due to
their higher catalytic performance compared with traditional
transition metal and metal sulphides in hydrotreating process,
especially, Ni2P performs the highest activity.14,15 TPR method
and decomposition of hypophosphite precursor are two main
methods used to prepare Ni2P catalyst.16 Numerous experiments have studied the deoxygenation of methyl esters on Ni2P
catalyst prepared by TPR method. The TOF value is increasing
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with the crystallites and the selectivity of HDO and DCO paths
are aﬀected by Ni2P crystallites.17 The P/Ni ratio has a profound
eﬀect on performance of deoxygenation. Ni3P phase reduce the
activity while Ni12P5 phase has no negative inuence on catalyst
performance.18 Thermal decomposition of hypophosphite is
a simple method to prepare metal phosphide.19 The synthesis
temperature is low, for this reason, smaller Ni2P particle can be
obtained. The deoxygenation performance of Ni2P prepared by
hypophosphite decomposition method is worthy to investigate
for the diﬀerent surface composition caused by unlikely
preparing condition. Moreover, kinetic mechanisms of deoxygenation of methyl palmitate in the gas phase and the inuence
of H2 pressure and temperature to conversion and selectivity
have been illustrated seldom.
In present work, catalytic properties and kinetic studies of
Ni2P/SiO2 for deoxygenation of methyl palmitate were investigated in a xed-bed reactor. For understanding kinetic mechanisms and the eﬀect of reaction pressure, deoxygenation of
methyl palmitate at diﬀerent reaction pressures (from 0.1 MPa
to 3 MPa) was studied on Ni2P/SiO2 catalyst prepared by
decomposition of hypophosphite method. Finally, we got the
reaction path, kinetic equation, reaction rate constant, and
active energy for deoxygenation of methyl palmitate in a xedbed reactor.

2.

Experimental methods

SiO2 was purchased from Tianjin Chemist Scientic Ltd.,
China. It had a specic surface area of 206 m2 g1, a pore
volume of 0.8 cm3 g1, and a BJH average pore size of 15.96 nm.
Other reagents were analytical pure grade and purchased from
Tianjin Guangfu Fine Chemical Research Institute, China.
2.1. Preparation of catalyst
The 10 wt% Ni2P/SiO2 catalyst was prepared by thermal
decomposition of nickel hypophosphite precursors. The
precursors were maintained by wet incipient wetness impregnation, rst nickel chloride hexahydrate and sodium hypophosphite were diluted in deionized water followed by stirring
for 10 minutes, second this solution was poured into a certain
quality support, SiO2, followed by drying at 80  C for 12 h. The
precursor was decomposed in a tubular furnace. At rst, Ar was
purged in to remove air in tubular furnace, then calcined at 300

C for 1 h in a static Ar atmosphere, aer which a owing Ar
atmosphere was applied and kept temperature 300  C for
another 1 h. At last the catalyst was cooled to ambient
temperature and washed in deionized water for twice followed
by drying at 120  C for 3 h.
2.2. Characterization
Powder X-ray diﬀraction (XRD) was performed on a Bruker D8
focus diﬀractometer, with Cu Ka radiation at 40 kV and 40 mA.
The transmission electron microscope (TEM) images were
acquired using a Philips Tecnai G2 F-20 eld emission gun
TEM. The surface area was calculated using a multipoint
Brunauer–Emmett–Teller (BET) model. The pore size

107534 | RSC Adv., 2015, 5, 107533–107539

Paper

distribution was obtained from the desorption isotherms
using the Barret–Joyner–Halenda (BJH) model, and the total
pore volume was estimated at a relative pressure of 0.99,
assuming full surface saturation with nitrogen. The
temperature-programmed desorption of ammonia (NH3-TPD)
was carried out to evaluate the total acidity of the catalysts.
The NH3-TPD of samples was performed with Micromeritics
Chemisorb 2750 gas-adsorption equipment. The sample was
loaded into a quartz reactor and pretreated in a He atmosphere at 600  C for 3 h. Aer cooling in He the sample
adsorbed of 10% NH3/He for 30 min. Subsequently, the
sample was purged for 30 min in a He atmosphere. Then, the
sample was heated in a He atmosphere at a heating rate of 10

C min1 up to 750  C. The gas ow rate was 25 mL min1.
Quantication of acid sites were performed on Micromeritics
ChemSorb 2750. Pulse of a certain amount of NH3 in He
carrier (25 cm3 (NTP) min1) was injected at 30  C through
a loop tube. CO chemisorptions of the catalysts were performed using Micromeritics ChemSorb 2750 gas adsorption
equipment. The sample was loaded into a quartz reactor and
pretreated in 10% H2/Ar at 450  C for 3 h. Aer cooling in He,
pulses of 10% CO/He in a He carrier (25 cm3 (NTP) min1)
were injected at 30  C through a loop tube. Atomic adsorption
spectroscopy (AAS) was performed using a TAS-990 instrument
with an air–acetylene ame.
2.3. Catalytic activity test
The deoxygenation catalytic activities were evaluated using 50
wt% methyl palmitate in decalin. The deoxygenation reaction
was carried out in a xed-bed reactor. The catalysts were pelleted, crushed and sieved with 20–40 mesh. For kinetic tests, 1
g of the catalyst was applied and diluted to 5 mL with SiO2.
Internal and external diﬀusions were excluded by experimental method before kinetic tests. The testing conditions for
the deoxygenation reaction were 3 MPa, H2/oil ¼ 1000. For
investigating kinetic parameters of the reaction, diﬀerent
liquid hourly space velocities were applied, and H2/oil was
made a constant.20 Liquid hourly space velocity was calculated
as eqn (1):
Liquid hourly space velocity ¼

rate velocity of hydrogen
volume of catalyst

(1)

Liquid products were collected every hour aer a stabilization period of 3 h. Both feed and products were analyzed with an
Agilent 7890A/5975C GC-MS equipped with a ame ionization
detector and an HP-5 column. The methyl palmitate conversion
and selectivity were calculated following eqn (2) and (3). Where
n and n0 denote the moles of methyl palmitate in the product
and feed, respectively, and ni is the moles of product i


n
Conversion ¼ 1 
(2)
n0
ni
Product selectivity ¼ P
ni

(3)
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Table 1

Texture properties of Ni2P/SiO2

3.1. Catalyst characterization

Catalyst

BET area (m2 g1)

Vp (cm3 g1)

dp (nm)

The catalyst Ni2P/SiO2 was prepared by thermal decomposition
method of hypophosphite precursors which had studied by
Guan, et al.16,19 The actual nickel loading was 9.5 wt%, which
was determined by (AAS). The actual value of nickel loading was
approximately equal to expected value. The catalyst was
prepared by initial wet impregnation method which could
guarantee that all of nickel can be loaded onto support. XRD
pattern of catalyst were presented in Fig. 1a. There was no
apparent peaks shown in the XRD pattern which indicates low
crystallinity and small particle size. Fig. 1b and c showed the
transmission electron images of Ni2P/SiO2 catalyst. According
to Fig. 1c the crystalline size of Ni2P was less than 5 nm, which
indicates a good dispersion on SiO2, as a result, there was no
obvious diﬀraction peaks of Ni2P shown in the XRD pattern.19 A
magnied high resolution TEM image yielded d values of 0.29
nm for the (1 1 0) crystallographic plane of Ni2P, which are in
good agreement with the calculated value. Fig. 1c is SEM pattern
of Ni2P/SiO2, in corresponding to the XRD pattern and TEM
images discussed above, the distribution of Ni2P particle is
uniform, moreover, no obvious sintering and aggregation was
observed. According to Bui et al.21 who compared phosphite
method with phosphate method, phosphite method possesses
the milder preparation conditions, for this reason small particle
size and uniform dispersion of Ni2P could be obtained. In
addition, the thermal decomposition method of hypophosphite
precursors have been employed for preparing metal phosphide
extensively,22,23 Ni2P/SiO2 catalyst could be synthesised by this
method successfully. NH3-TPD pattern of catalyst was shown in
Fig. 1e. According to previous studies,24 peak maxima, Tm, from
20  C to 200  C correspond to weak acid sites, Tm from 200  C to
400  C to intermediate acid sites, and Tm higher than 400  C to
strong acid sites. The Ni2P/SiO2 exhibits two peaks, one sharp
peak is from 30  C to 250  C, moreover, the amount of acid sites

Fresh
Used

192.4
185.3

1.045
0.7339

21.29
15.96

3.

Results and discussion

Fig. 1 XRD, TEM, SEM and NH3-TPD images of Ni2P/SiO2, (a) XRD
image of Ni2P/SiO2, (b) magniﬁed TEM image of Ni2P/SiO2, (c) TEM
image of Ni2P/SiO2, (d) SEM image of Ni2P/SiO2, (e) NH3-TPD image of
Ni2P/SiO2.
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on Ni2P/SiO2 is 25.56 mmol g1, which indicates that the catalyst has a lot of weak acid sites. This is because the phosphate
generated by disproportional reaction of nickel phosphite. The
other one is a broad peak from 470  C to 750  C, indicating the
strong acid site exists on catalyst, which is generated by pyrophosphate. The texture of Ni2P/SiO2 was shown in Table 1. From
the results, we can see that pore volume, diameter and BET area
of used catalyst decreased compared to fresh catalyst. The
adsorption and desorption isotherm is shown Fig. S1.† The CO
uptake of fresh and used catalysts were similar shown in Table
S1.† These indicates that no apparent carbon deposition was
occurred. This also can be proved by the stability test discussed
below.
3.2. Eﬀect of reaction pressure
Reaction pressure was an important parameter for hydrogenation, isomerization and cracking reactions. For this study 0.1
MPa, 1 MPa and 3 MPa were employed for investigating the
eﬀect of pressure. The decomposition of methyl palmitate
involved two pathways.1 As shown in Fig. 2 hydrogenolysis and
direct deoxygenation are two paths involved in deoxygenation of
methyl palmitate. The eﬀects of reaction pressure on two paths
were diﬀerent. According to Le Chatelier Principle, direct
deoxygenation would be inhibited at higher pressure.25 The
hydrogenolysis path would be enhanced as a result of
increasing pressure of hydrogen.
Fig. 3 shows the eﬀect of pressure on the catalytic performance. At 563 K and 583 K, increasing reaction pressure
enhanced conversion of methyl palmitate, however, at 543 K,
conversion reached maximum at 1 MPa and decreased from 1
MPa to 3 MPa. As discussed above, hydrogenolysis process
would be favoured at higher reaction pressure, which could be
illustrated in Fig. 4b. At 563 K and 583 K, the enhancing eﬀect of
pressure on hydrogenolysis path overwhelmed the inhibiting

Fig. 2

Two pathways of decomposition of methyl palmitate.
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Conversion of methyl palmitate at diﬀerent reaction pressure.

eﬀect on direct deoxygenation path. At 543 K, the inhibiting
eﬀect of pressure surpassed the enhancing eﬀect with reaction
pressure raising. As we all know the reaction process was
controlled by reaction kinetics and thermodynamics both.
According to our work in this paper, we calculated the active
energy of hydrogenolysis process which was higher than direct
deoxygenation process. This indicates that hydrogenolysis
process is sensitive to the reaction temperature. At lower reaction temperature, conversion of methyl palmitate increased not
as drastic as the higher reaction temperature. For this reason, at
1 MPa maximum of conversion was obtained.
As to selectivity, two main pathways occurred in stepwise
deoxygenation of hexadecanal and palm acid are DCO and
HDO. Main products of DCO and HDO are pentadecane and
hexadecane respectively. While pentadecene and hexadecene
were also generated by DCO and HDO path respectively, the
molar ratio of (pentadecane + pentadecene) to (hexadecane +
hexadecane) reected favoured path at diﬀerent reaction
conditions. It is observed in Fig. 4a that selectivity of DCO path
was decreasing and HDO path was increasing with increasing of
pressure. The ratio DCO/HDO was decreasing with reaction
pressure raising, which indicated reaction pressure would favoured HDO path. As shown in Fig. 5, reaction mechanisms
could be mainly classied three types. Type 1: the number of
moles were constant. Type 2: the number of moles decreased.
Type 3: the number of moles increased. According to the Le
Chatelier Principle, with pressure increasing, type 3 would be
restrained and type 1 be promoted. It was observed that HDO
path involved type 1 and type 2 reactions and DCO path contained type 3 reactions. Although type 1 reaction was involved in
DCO path, the eﬀect of this reaction could be negligible as
a result of the reaction rate of olen hydrogenation was rapid.
The similar result was obtained by Guzman et al.5 and Yang
et al.25

Fig. 4 (a) Selectivity of HDO and DCO path at diﬀerent reaction

pressure and temperature, (b) selectivity of hydrogenolysis product at
diﬀerent reaction pressure and temperature, (c) DCO/HDO at diﬀerent
reaction pressure, (d) DCO/HDO at diﬀerent reaction temperature.

3.3. Kinetic investigations
Before kinetic tests, internal and external diﬀusions had been
excluded by the experimental method. For internal diﬀusion,
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Three types reaction of deoxygenation involved in HDO and
DCO route.

Fig. 5
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the eﬀect of diﬀerent particle size of the catalyst was investigated. In this experiment, particle size of the catalyst veried
from 10–20 mesh to 40–80 mesh. Fig. 6a shows that the eﬀect
of average particle size of catalyst to conversion was negligible.
This indicated that in this range of particle size of catalyst
internal diﬀusion could be excluded. Fig. 6b shows the eﬀect of
ow velocity of hydrogen to conversion. In this experiment,
liquid hourly space velocity was made constant. It is indicated
that ow velocity of hydrogen has no eﬀect to conversion of
methyl palmitate. As a result, external diﬀusion could be
excluded in this range of ow velocity of hydrogen. Moreover,
stability of catalysts were evaluated, more than 8 h stability was
obtained which is shown in Fig. 6c. As we all know carbon
deposition occurs at lower temperature and conversion
readily, in this study conversion of methyl palmitate was sustained in 8 hours at 543 K which indicated that carbon
decomposition and catalyst deactivity did not happen. This
also can be proved by comparison BET area between fresh
catalyst and used catalyst.
As shown in Fig. 7, kinetic investigations were performed at
diﬀerent pressures. Experimental data was tted as a pseudo
rst-order reaction equation shown as eqn (4),

Conversion and ﬁtting result at diﬀerent reaction pressure, (a)
conversion and ﬁtting result at 0.1 MPa, (b) conversion and ﬁtting result
at 1 MPa, (c) conversion and ﬁtting result at 3 MPa, (d) reaction rate
constant and ﬁtting result.

Fig. 7

ks ¼ ln

1
1X

(4)

s and X refer to contact time and conversion respectively. Fitting
results were shown in Fig. 7 and the value of R2 in Table 2
conrmed that assumption of rst-order reaction was rational.
As shown in Fig. 7d, active energy of reactions were calculated as
eqn (5) and the result of tting was shown in Table 3.
ln k ¼ A 
The exclusion of internal diﬀusion, external diﬀusion and
catalyst deactivity, (a) conversion at diﬀerent average particle size, (b)
conversion at diﬀerent ﬂow velocity of hydrogen, (c) conversion of
time on stream.

Fig. 6
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Ea
1

R
T

(5)
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Table 2 Fitting result of kinetic at diﬀerent reaction pressure and
temperature

Temperature (K)

Pressure (MPa)

k (min1)

R2

543
563
583
543
563
583
543
563
583

0.1
0.1
0.1
1
1
1
3
3
3

1.18
3.28
9.12
2.26
6.46
20.38
1.81
8.89
27.61

0.987

0.996

0.995

Fig. 8 Reaction mechanism of deoxygenation of methyl palmitate.

Table 3

The calculated activity energy Ea and ﬁtting result

Pressure (MPa)

0.1

1.0

3.0

Ea (kJ mol1)
R2

134.60
0.999

145.05
0.996

179.91
0.988

The eﬀect of reaction pressure on deoxygenation was discussed above. It was concluded that with reaction pressure
increasing hydrogenolysis path was more and more favoured
which can be proved by reaction rate constant shown in Table
2. Active energy is another kinetic parameter that is investigated in this work. On the basis of the Arrhenius equation, the
apparent rate constants of the reaction are plotted on logarithmic scale vs. inverse temperature. It was observed that as
reaction pressure increased, active energy raised from 134.60
kJ mol1 to 179.91 kJ mol1. Combined the eﬀect of reaction
pressure on hydrogenolysis selectivity and kinetic investigations, we could concluded that active energy of hydrogenolysis
pathway was higher than direct deoxygenation pathway. This
could be conrmed by the increasing of hydrogenolysis
product selectivity with temperature raising shown in Fig. 4b.
According to Arrhenius equation, pathways required higher
active energy would be favoured with temperature increasing.
As shown in Fig. 2, direct deoxygenation path involved the
break of C–C bond. On the contrary, hydrogenolysis path
involved the break of the C–O bond. This indicated that the
active energy of C–C bond on Ni2P/SiO2 was lower than C–O
bond.

3.4. Reaction mechanism
The reaction mechanism was shown in Fig. 8. Hexadecanal
and palmitic acid were not detected at atmospheric pressure,
for this reason methyl palmitate could be transformed into
pentadecane by direct deoxygenation.1 As reaction pressure
raising, palmitic acid and hexadecanal were shown in products, this could prove that methyl palmitate also go through
a hydrogenolysis process at higher reaction pressure. In
hydrogenolysis process, methanol or methane was removed.26
Palmitic acid could generate hexadecanal by hydrodeoxygenation.27 Hexadecanal could create hexadecane by
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hydrogenation and hydrodeoxygenation stepwise. In these
steps hydrodeoxygenation and hydrogenation are involved.
Palmitic acid and hexadecanal could also produce pentadecane and pentadecene respectively by DCO process. Pentadecene would be transformed into pentadecane by
hydrogenation. According to Chen et al. decarboxylation did
not take place. As a result, deoxygenation route went through
only a decarbonylation process.28 For HDO route, the intermediate product go through hydrogenation reaction step by
step. In these continuous reactions, although weak acid sites
were testied by NH3-TPD, dehydration of hexadecanol was
considered nonoccurence. The hexadecanol undergoes enolization and subsequent deoxygenation as a result of the
strongly metallic hydrogenation/dehydrogenation properties
of Ni2P.24 Main product and intermediate products shown in
Fig. 8 all could be detected.

4. Conclusions
A series of experiments were carried out to investigate eﬀect
of pressure and temperature on conversion of methyl palmitate and selectivity of HDO and DCO pathways. At atmospheric pressure, directly deoxygenation occurred and
hydrogenolysis process did not happen. With reaction pressure raising, conversion of methyl palmitate increased as
a result of initiation of hydrogenolysis route. Moreover,
higher reaction pressure will enhance HDO route and inhibit
DCO route.
Reaction rate constant and active energy at diﬀerent reaction
pressures was calculated. The increasing of reaction rate
constant with reaction pressure raising indicates that conversion of methyl palmitate will be enhanced at higher reaction
pressure which is correspond to experimental data.
Active energy at diﬀerent reaction pressures was 134.60 kJ
mol1, 145.05 kJ mol1 and 179.91 kJ mol1 respectively. It was
concluded that the active energy of hydrogenolysis route was
higher than direct deoxygenation route. We speculate that the
active energy of breaking the C–O bond is higher than the C–C
bond. This also can be proved by the enhanced eﬀect of
temperature on HDO route, because the break of the C–O bond
is also involved in HDO route.
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