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Ni/SiO,, Fe/SiO, and bimetallic FeNi/SiO, catalysts with different Fe/Ni weight ratios were prepared by
incipient-wetness impregnation method for the deoxygenation of methyl laurate to hydrocarbons. It was
found that a suitable amount of Fe enhanced the activity of Ni/SiO, for the deoxygenation of methyl
laurate, and FeNi(0.25)/SiO, with a Fe/Ni weight ratio of 0.25 showed the best activity. Moreover, the
addition of Fe to Ni/SiO; significantly promoted the hydrodeoxygenation pathway to produce more C12
hydrocarbon and suppressed the activity for C—C hydrogenolysis. The effect of Fe on the performance
of Ni/SiO; is ascribed the formation of the NiFe alloy particles, particularly with the Fe-enriched surface
at low Fe content, and the existence of oxygen vacancies in Fe oxides. A mechanism is proposed to
explain the promoting effect of Fe, which involves the synergism between iron sites with strong
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1 Introduction

The rapid consumption of limited reserves of fossil fuels and
the subsequent negative impacts on the environment compel
researchers worldwide to find alternative energy resources. In
recent years, bio-fuel has been seen as a potential solution to
these problems due to its renewability and intrinsic carbon
neutrality." Because of the high energy density and easy pro-
cessing, vegetable oils are currently being widely used for
production of biodiesel through transesterification.> However,
stemming from its high oxygen content, biodiesel suffers from
some detrimental problems in practice, such as poor stability,
low heating value and high freezing point.** Therefore, catalytic
hydrodeoxygenation of vegetable oils has attracted great atten-
tion because it can remove oxygen atoms and hydrogenate the
unsaturated bonds producing diesel-like hydrocarbons (also
called green diesel).**

Hydrodeoxygenation catalysts are mainly based on noble
metals (Pd, Ru, etc.) and metal sulfides (such as MoS,, NiMoS,
and CoMoS).”** Although noble metals show good perfor-
mance, their high price significantly increases the operation
costs. When employing the metal sulfides, the byproduct water
immensely suppresses their activity."** Moreover, it is
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conditions and catalyst stability were also investigated.

necessary to add sulfur to the feedstock to keep sulfide catalysts
in a highly active state, which negatively affects the downstream
processes.**** It is therefore desirable to find alternative cata-
lysts for the hydrodeoxygenation of vegetable oils. Ni-based
catalysts prove to be highly active in deoxygenation of fatty acid
esters.* However, they catalyze deoxygenation mainly through
decarbonylation leading to a lower carbon yield, contrary to the
concept of atom economy.'®'” Moreover, they possess a high
activity for C-C hydrogenolysis at moderate temperature, which
not only further decreases the carbon yield but also consumes a
large amount of hydrogen. Therefore, it is of interest to utilize
the advantages of nickel catalysts and while avoiding their
drawbacks.

Bimetallic catalysts have been widely applied in the petro-
leum industry. Incorporating a second metallic element could
markedly alter the activity and selectivity of the first one due to
electronic and geometric effects.”®?® Thus, it is possible to
modify the reactivity of nickel through the addition of another
element. One of the potential candidates is iron. Iron catalysts
have been used in the hydrogenation of carboxylic acid to
aldehyde, hydrodeoxygenation of microalgal oil to green diesel,
hydrodeoxygenation of guaiacol and selective reductive cleavage
of inert aryl C-O bonds.**** Recently, it has been reported that
FeNi catalysts show special performance in the conversion of
furfural to methylfuran and the hydrodeoxygenation of furfuryl
alcohol, benzene alcohol and ethyl oenanthate.”>*® In addition,
iron species have redox properties as cerium and zirconium
species, and cerium and zirconium species have been effectively
used as supports or additives to Ni-based catalysts.>”*° The
synergistic effect between Ni and cerium and zirconium species
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accounts for the good performance, which might also occur
between Ni and Fe. Since Fe has a higher oxygen affinity than
Ni,*" iron oxide species might be available during the reaction
and their oxygen vacancies can facilitate the reaction by binding
and subsequently activating the oxygenates.**** Although FeNi
catalysts have been reported for the deoxygenation of bio-
o0il,***>?¢ explicit studies remain scarce about the effect of Fe on
the performance of nickel-based catalyst for the deoxygenation
of fatty esters.

In the present work, we prepared silica supported Ni, Fe and
FeNi catalysts with different Fe/Ni weight ratios and then
investigated the effect of iron on the catalyst performance in the
deoxygenation of methyl laurate as a model compound to
hydrocarbons. The effects of reaction conditions as well as
catalyst stability were also investigated. The result contributes
to understanding the origin of the promotional effects of Fe and
the design of efficient catalysts for the production of green
diesel with high carbon yield.

2 Experimental
2.1 Catalyst preparation

SiO,-supported FeNi catalysts with different Fe/Ni weight ratios
(0.0625, 0.125, 0.25, 0.5 and 1) were prepared by incipient-
wetness impregnation method, in which the content of nickel
was kept at 8 wt%. Typically, to prepare the catalyst with Fe/Ni
weight ratio of 0.25, 10 g SiO, (Qingdao Haiyang Chemicals Co.,
Ltd., 150-300 um) was impregnated with an aqueous solution
containing 1.608 g (3.980 mmol) Fe(NO3);-9H,0 and 4.404 g
(15.1 mmol) Ni(NO;),-6H,0. Then, the sample was dried at
room temperature for 48 h and subsequently at 393 K for 12 h.
After that, the sample was calcined at 773 K for 4 h to produce
catalyst precursor. The catalyst was generated from the
precursor via reduction at 723 K for 1 h. For comparison, silica
supported nickel and iron (8 wt%) were prepared with the
procedures same to those of FeNi catalysts. The FeNi catalysts
are labeled as FeNi(x)/SiO,, where x indicates the Fe/Ni weight
ratio. The properties of the fresh and spent catalysts are
summarized in Table 1.

2.2 Characterization

N, adsorption isotherms were obtained at 77 K using Quan-
tachrom Quadra Sorb SI. The Brunauer-Emmett-Teller (BET)
was used to determine the specific surface area (Sggr). The pore
volume and average pore size was determined by the Barrett-
Joyner-Halenda (BJH) method using the desorption branch of
the isotherm at a relative pressure of 0.99.

H, temperature-programmed reduction (H,-TPR) was
carried out in a U-tube quartz reactor (4 mm in inner diameter).
The sample (50 mg) was reduced in a 10% H,/N, (60 mL min ")
stream at a ramping rate of 10 K min~' to 1273 K. The H,
consumption was monitored continuously by a thermal
conductivity detector (TCD).

H, chemisorption was conducted on the same apparatus as
H,-TPR. The catalyst precursor (100 mg) was in situ reduced at
723 K for 1 h in H, (60 mL min~"), and then flushed by Ar (60
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mL min ") at 723 K for 1 h. After the temperature cooling to 303
K, H, (50 puL) pulses were injected into the Ar stream until the
effluent area of consecutive pulses was constant.

X-ray diffraction (XRD) patterns were obtained on a D8 Focus
powder diffractometer operated at 40 kV and 40 mA using Cu Ko
radiation (A = 0.15406 nm). Crystallite size was calculated using
the Scherrer equation.

Transmission electron microscope (TEM) images were
obtained on a JEM-2100F transmission electron microscope.
High angle annular dark field transmission electron microscopy
(HAADF-STEM) images were acquired on Tecnai G2 F20 trans-
mission electron microscope with an FEI Titan operated at 200
kv. For TEM characterization, the power catalysts were ultra-
sonically dispersed in ethanol and then deposited on copper
grids covered with a holey carbon film. Over 300 particles were
involved to measure the metal particle size distribution. Average
metal particle size was calculated by > n,d,/> n; (d;: diameter of
particle 7, n;: particles with d;). The standard deviation of the
mean (o,,) was calculated by**

Z diz — naz

Oy —— ——F—
n2

Electron spin resonance (ESR) spectrum of reduced sample
was collected by a Bruker ESP320 spectrometer at room
temperature. Bruker ESP320E software and the special Bruker
program were used for data analysis. The spectrum was
acquired by multiple scans in order to achieve a satisfied signal
to noise ratio. Before the ESR analysis, the sample was reduced
at 723 K for 1 hour and then transferred to a tube in a glove box
and well-sealed. Then X-band (v = 9.78 GHz) was recorded and
the magnetic field was swept from 2000 Gauss to 4000 Gauss.

X-ray photoelectron spectroscopy (XPS) was performed on
PHI5000VersaProbe instrument with Al Ko radiation (1486.6 V)
for surface elemental analysis.

Thermogravimetric analysis (TGA) was performed on Perki-
nelmer Pyris 1 TGA instrument with 10 mg sample at the air
flow rate of 100 mL min " and temperature ramping rate of 10 K
min~* from room temperature to 1170 K.

2.3 Activity test

The reactivity of catalysts for the deoxygenation of methyl lau-
rate as a model compound was tested on a continuous flow
stainless-steel fixed-bed reactor (12 mm in inner diameter). In a
typical run, 0.5 g catalyst was mixed with 4.0 g quartz sands with
the same diameter and loaded on 1.0 g quartz sands (450-900
pum). 2.0 g quartz sands (150-300 um) were placed on the sample
to preheat the reactant. The precursor was reduced in situ by H,
(>99.9%, 100 mL min~') with temperature increasing from
room temperature to 723 K at a rate of 5 K min~" and main-
taining at 723 K for 1 h. Methyl laurate was pumped into the
reactor with weight hourly space velocity (WHSV) and H,/methyl
laurate molar ratio equaling 10 h™" and 25, respectively. The
liquid products were identified using gas chromatograph (GC)
standards and an Agilent GC6890- MS5973N and quantitatively
analyzed on a SP-3420 GC equipped with a FID and a HP-5

This journal is © The Royal Society of Chemistry 2014
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“ Calculated from (111) reflections using the Scherrer equation. ? Calculated from TEM images. © Standard deviation. ¢ The standard deviation of the mean.
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capillary column (30 m x 0.33 mm x 0.5 m). Tetrahydronaph-
thalene was used as internal standard for quantitative analysis
of liquid products. In addition, the reaction was examined to be
carried out with negligible mass- and heat-transfer limitations.

Methyl laurate conversion (X) and the selectivity to product ¢

(S;) were defined as follows:
x = 2 100%;
)

S = 100%

ny— n

where 1, and n refer to the moles of methyl laurate in the feed
and the product, respectively; n; denotes the moles of methyl
laurate converted to product i (e.g., n-undecane, n-dodecane,
and oxygenated intermediates).

3 Results and discussion
3.1 Catalyst characterization

3.1.1 Characterizations of precursor. Fig. 1 shows the XRD
patterns of the catalyst precursors. For the Ni/SiO, precursor,
the peaks at 37.2°, 43.3° and 62.9° are ascribed to NiO (JCPDS
71-1179). No apparent peaks attributable to iron oxide were
detected for the Fe/SiO, precursor. In the patterns of the FeNi/
SiO, precursor, the intensity of peaks due to NiO gradually
decreased with increasing Fe content, indicating there was an
interaction between NiO and Fe oxides promoting the disper-
sion of NiO. This is further reflected by the H,-TPR results.

Fig. 2 shows the H,-TPR profiles of catalyst precursors. The
H,-TPR profile for Ni/SiO, precursor exhibited a main reduction
peak at about 660 K with a shoulder peak at about 735 K, which
are ascribed to the reductions of NiO and Ni silicate species,
respectively.>***” The H,-TPR profile of Fe/SiO, precursor was
distinctively different from those of others. The first peak at
530-780 K could be attributed to the reduction of hematite to
magnetite and the second peak above 1200 K could be ascribed
to the reduction of magnetite to zero valent iron.***** In contrast
to the Fe/SiO, precursor, bimetallic FeNi/SiO, precursors did
not display any peaks above 800 K, implying the simultaneous
reduction of iron oxide and nickel oxide.*?>*' In other words, Ni
promoted the reducibility of Fe oxides, consistent with other
investigations.*” This is further confirmed by the increasing H,
consumption with the rising Fe content in the bimetallic
samples because Ni content is kept constant and Fe/SiO, itself
cannot be completely reduced below 780 K. The promotion
effect is due to easy H, dissociation on Ni, followed by spillover
of hydrogen to iron oxide.*” The interaction between Ni and Fe
leads to the formation of a NiFe alloy, which is substantiated by
the following XRD results of the reduced samples. In addition,
the intensities of peaks belonging to nickel silicate species
declined with the increase of Fe content, indicating that Fe
species could suppress the formation of nickel silicate species
possibly because certain amounts of Si-OH bonded with the Fe
species instead of the Ni ones.*

RSC Adv., 2014, 4, 46427-46436 | 46429
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Relative intensity(a.u.)

2 Theta(degree)

Fig.1 XRD patterns of catalyst precursors. (a) Fe/SiO,, (b) Ni/SiO,, and
bimetallic FeNi/SiO, with Fe/Ni weight ratios of (c) 0.0625:1, (d)
0125:1,(6)025:1, () 05:1, and (g 1:1

3.1.2 Characterizations of catalysts. The XRD patterns of
reduced catalysts are presented in Fig. 3. For Ni/SiO,, two
diffraction peaks centered at 26 = 44.5° and 51.8° correspond to
(111) and (200) reflections of the fcc Ni metal phase (JCPDS 01-
070-1849). However, for bimetallic catalysts, the peak corre-
sponding to (111) gradually shifted to low angle with the
increase of Fe content, in accordance with other reports.*®***
This is ascribed to the formation of NiFe alloy with fcc structure
whose peak is located at 26 = 43.5°.*>*¢ The more the Fe atoms
existed in the alloy, the more obvious the shift was.'**” No peaks
due to monometallic Fe were detected for Fe/SiO,, which is
ascribed to the high dispersion of Fe as well as the incomplete

®

H, consumption (a.u.)
O

T T T T T T T T T
400 600 800 1000 1200
T(K)

Fig. 2 H,-TPR profiles of catalyst precursors. (a) Fe/SiO5, (b) Ni/SiO5,
and bimetallic FeNi/SiO, with Fe/Ni weight ratios of (c) 0.0625 : 1, (d)
0125:1,(e)025:1,(f)05:1, and (g 1:1
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Fig. 3 XRD patterns of reduced samples. (a) Fe/SiO,, (b) Ni/SiO,, and
bimetallic FeNi/SiO, with Fe/Ni weight ratios of (c) 0.0625:1, (d)
0125:1,(e)025:1, () 0.5:1, and (g) 1: 1.

reduction of Fe oxides at 723 K. The average diameters of Ni or
NiFe alloy crystallites were calculated using Scherrer equation
based on the (111) reflections (Table 1). The crystallite size
decreased with increasing Fe content, indicating that Fe
promoted the dispersion of Ni. This is further verified by the
TEM results.

Fig. 4 shows the TEM images and metal particle size distri-
butions of some reduced catalysts. The average metal particle
sizes in Ni/SiO, and Fe/SiO, were 6.0 and 4.5 nm, respectively.
The average metal particle sizes in bimetallic FeNi/SiO, were
smaller than that of Ni/SiO,. As indicated by standard deviation
(Table 1), the particle diameter distributions for all catalysts
were wide. However, the standard deviation of the mean (o,)
was very small, indicating that the observed distribution closely
approached the true population.*® Moreover, it is generally
acknowledged that the particles grow large with the increasing
metal loading, which was, however, not the case of the present
samples. In all, Fe promoted the dispersion of Ni as reflected by
both XRD and TEM results.

From the thermodynamic viewpoint,* it is expected that the
more stable FeNi clusters will have the nickel inside,*® since the
cohesive energy of bulk nickel is slightly greater than for bulk
iron (428 vs. 413 kJ mol"),* which have been reported by many
references.'®**>*>! To further verify the formation of NiFe alloy
and the Fe and Ni concentration distribution in the bimetallic
catalysts, FeNi(0.5)/SiO, was characterized by HRTEM and
STEM-EDS (see Fig. 5 and 6). For FeNi(0.5)/SiO,, the lattice
spacing of the fringes was 0.205 nm, which can be attributed to
the (111) plane of fcc NiFe alloy (Fig. 5). Elemental mapping
analysis for FeNi(0.5)/SiO, sample based on HAADF-STEM-EDS
(Fig. 6(B)) displays a more uniform distribution of Fe than that
of Ni. The Fe and Ni distributions within an individual alloy
particle were indicated by STEM-EDS line-scanning spectra
(Fig. 6(D), (F) and (H)), which suggested that the Fe and Ni

This journal is © The Royal Society of Chemistry 2014
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Fig.4 TEM images of reduced samples. (a) Ni/SiO,, bimetallic FeNi/SiO, with Fe/Ni weight ratios of (b) 0.25: 1, (c) 0.5: 1, (d) 1 : 1and (e) Fe/SiO,.
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Fig. 5 HRTEM image of FeNi/SiO, with Fe/Ni weight ratio of 0.5 : 1.

distributions in the bimetallic particles varied in terms of the Fe
content. For the FeNi(0.25)/SiO, sample, the M shape of the
line-scanning spectrum (0-15 nm) for Fe implied that Fe was
enriched on the particle surface. However, with increasing Fe
content (i.e., for the FeNi(0.5)/SiO, and FeNi(1)/SiO, samples),
both Ni and Fe tended to be homogenous distribution in the
single alloy particle. That is, Fe might be enriched on the
bimetallic particles at low Fe contents. This is also supported by
the following results, ie., sharp decreases of the H, chemi-
sorption (Table 1) and the C-C bond hydrogenolysis and
decarbonylation ability of Ni (Fig. 7) due to the addition of tiny
amount of Fe.

This journal is © The Royal Society of Chemistry 2014

To obtain information about the catalyst surface, FeNi(0.5)/
SiO, was also characterized by XPS. The surface Fe/Ni atomic
ratio determined from XPS spectrum was about 2.5, i.e., about
five times the nominal bulk atomic Fe/Ni ratio (0.5). Thus, Fe
species were rich on the catalyst surface.

H, uptakes of the reduced catalysts are displayed in Table 1.
H, uptake of Ni/SiO, was 12.5 pmol g~ . Interestingly, although
the addition of Fe to Ni/SiO, promoted the metal dispersion as
indicated by XRD and TEM results, it indeed reduced the H,
uptake. Moreover, with the increase in Fe content, H, uptakes
drastically decreased and there was no apparent H, chemi-
sorption for FeNi(x)/SiO, (x > 0.125). That is, the addition of Fe
blocked the H, adsorption on Ni sites. This is possibly due to
coverage of Ni sites with Fe species on the Fe-enriched surface,”
because Fe has a lower activity for H, adsorption and activation.
Similar effects of Fe have been widely reported.***”>>%

The BET surface area and pore structure of reduced catalysts
are also listed in Table 1. The BET surface area decreased with
the increase of Fe content (x = 0.125). Compared to the Ni/SiO,
sample, FeNi (0.125-0.5)/SiO, had a larger surface area, which
indicated that a suitable amount of Fe could improve the BET
surface of Ni/SiO,.

3.2 Catalytic reactivity

A control experiment filling the reactor tube with SiO, quartz
sand was conducted under the same reaction conditions which
exhibited scarce conversion of methyl laurate. The main liquid
products in the deoxygenation of methyl laurate on mono-
metallic and bimetallic catalysts were n-undecane (C11), n-

RSC Adv., 2014, 4, 46427-46436 | 46431
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Fig. 6 STEM images and structural characterizations for FeNi/SiO,

with Fe/Ni weight ratios of (A), (E) 0.5:1, (C) 0.25:1and (G) 1: 1. (B):

EDS mapping of the square area in (A); (D), (F) and (H): EDS line-

scanning spectra for Fe—K (black) and Ni—K (red) along the red line in

(C). (E) and (G), respectively.

dodecane (C12), cracked hydrocarbons (C7-C10, including n-
heptane, n-octane, n-nonane and n-decane), and oxygenated
intermediates (dodecanol, dodecanal, dodecoic acid and lauryl
laurate). Among the oxygenated intermediates, dodecanol was
dominating (except the case of Fe/SiO,, in which both dodeca-
nol and lauryl laurate were major products). In addition, there
were very low amounts of isomerized hydrocarbons, alkenes
and cyclododecane. The reaction network is proposed in
Scheme 1 based on previous studies.>***

3.2.1 Effect of Fe/Ni ratio. Fig. 7 displays the effect of the
Fe/Ni weight ratios on the catalyst reactivity. Fig. 7(a) indicated
that Fe/SiO, had a lower activity for deoxygenation of methyl
laurate than Ni/SiO,. However, Fe presented a promoting effect
on the activity of Ni/SiO,. The FeNi/SiO, catalysts with Fe/Ni
ratio <0.5 gave a higher conversion than Ni/SiO,. As the Fe
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Fig. 7 Performance of deoxygenation of methyl laurate as a function
of temperature and Fe/Ni weight ratios. Other products include
dodecanal, dodecoic acid, cyclododecane and lauryl laurate. Reaction
conditions: 3 MPa H,, WHSV of 10 h™%, H,/methyl laurate molar ratio
of 25.

This journal is © The Royal Society of Chemistry 2014


http://dx.doi.org/10.1039/c4ra07932a

Published on 10 September 2014. Downloaded by Northeastern University on 22/10/2014 10:54:04.

Paper
H,, —CE -co ~
Hy Ol €} HyCOOH ——— = €} Hy0H
+H, ~Hy0
—H,0
-CO,-H,
Cy;Hy;COOCH; — > C;H,;CHO CyiHy, n-Cy Hyy
+Hy, - CH;OH \/
-co
- C1L01]] -c
T g | co
-H,0 +H,
0-CyiHyy CioHys0H . CioHy - n-CyoHpe

Cy,H,3;COOH + C,,H,s0H

C1H3C00C 55

Scheme 1 Reaction network of deoxygenation of methyl laurate.

content increased, the conversion exhibited a slight volcano
curve and reached the maximum at the Fe/Ni ratio of 0.25. With
the Fe/Ni ratio increasing from 0 to 0.25, the conversion
increased from 53.7% to 65% at 573 K and from 78% to 87% at
593 K. However, the conversion decreased as the Fe/Ni ratio
exceeded 0.25. Clearly, suitable Fe contents were needed for
enhancing the activity of Ni/SiO,. Furthermore, the addition of
Fe to Ni/SiO, remarkably changed the product distribution. As
depicted in the Fig. 7(b) and (c), the main hydrogenated prod-
ucts on Ni/SiO, and Fe/SiO, were C11 and C12 hydrocarbons,
respectively. That is, the deoxygenation of methyl laurate on Ni/
SiO, and Fe/SiO, mainly occurred via decarbonylation and HDO
pathways, respectively. The addition of Fe to Ni/SiO, reduced
the selectivity to C11(Sci1) but enhanced the selectivity to
C12(Sc12)- This is more obviously reflected by the molar ratio
between C11 and C12 hydrocarbons (C11/C12 ratio), which
represents the selectivity between decarbonylation and HDO
pathways. As shown in (Fig. 7(c)), the C11/C12 ratio sharply
decreased as the Fe/Ni ratio increased and then almost did not
change when the Fe/Ni ratio was larger than 0.25. Besides, the
addition of Fe to Ni/SiO, restrained the formation of cracked
products (see Fig. 7(b)). The larger the Fe/Ni ratio was, the less
the cracked products formed, which was more obvious at high
temperature. At 633 K, for instance, the selectivity to cracked
products (C7-C10) was 67% on Ni/SiO,, while it was only 2% on
FeNi(0.25)/Si0,. The reduction of the selectivity to cracked
products is very significant in practice because of enhancing the
carbon yield as well as reducing H, consumption. In short, Fe
made a significant effect on the performance of Ni/SiO,. This is
mainly related to the formation of NiFe alloy.

As indicated in Section 3.1.2, Fe was enriched on the surface
of the NiFe alloy particles, especially at low Fe contents, and also
restrained the H, chemisorption. Moreover, Fe/SiO, showed a
lower activity than Ni/SiO, for deoxygenation of methyl laurate.
Surprisingly, the activity of Ni/SiO, was enhanced when a suit-
able amount of Fe (Fe/Ni weight ratio <0.5) was added. We
suggest that this promoting effect results from the synergism
between Ni and Fe species.

It is known that Ni has higher H, adsorption and activation
abilities but a weaker oxygen affinity than Fe.'*** Based on the
DFT calculations, it has been found that the metal-oxygen
affinity follows the sequence of Fe > NiFe alloy > Ni,*® and that
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the eta-2-(C,0) species is more stable on NiFe alloy than on
monometallic Ni.>® From ESR spectra (Fig. S27), we also found
the existence of Fe-O-Fe species with ferri-, ferro-, and/or
antiferromagnetic behavior on FeNi(0.25)/SiO,, in agreement
with the other observations.'®*”* The oxygen vacancies on the
iron oxide can bind oxygen atom in the C=O group via the
donation of the lone pair of electrons and subsequently the
C=0 bond is activated.***>?*%%¢* The strong oxygen affinity of
Fe and the role of oxygen vacancies in Fe oxide can account for
the dominating HDO pathway on Fe/SiO, because the activated
C=0 group via O adsorption on Fe site can be readily hydro-
genated to dodecanol and subsequently dehydrated/hydroge-
nated to produce C12 hydrocarbon. For bimetallic FeNi/SiO,,
the oxygen in C=0 group is more preferentially adsorbed on Fe
sites (either metallic Fe atoms or Fe oxides) than the Ni ones.
The Ni and Fe sites could be synergetic in promoting the
conversion of methyl laurate. In other words, H, is easily acti-
vated and dissociated on Ni sites and spills over to the neigh-
bouring Fe sites that adsorb oxygen atom of C=O group of
methyl laurate, where the hydrogenation takes place leading to
the HDO product. The process is proposed in Scheme 2. As a
result, the synergism between Ni and Fe sites promotes not only
the conversion of methyl laurate but also the HDO pathway (i.e.,
formation of C12). Further, an interesting phenomenon is
noteworthy as shown in Fig. 7(b), i.e., the selectivity to dodec-
anol (Sqodecanol) increased with the Fe content. This is
undoubtedly attributable to the promoting role of Fe for the
HDO pathway since dodecanol is an intermediate in the HDO
pathway. The promotional effect on the HDO pathway due to
the increase in oxygen affinity of metal sites has also been found
in the metal phosphide and sulfide catalysts.>** As indicated by

(d

n-CqoHzg

Scheme 2 Possible reaction mechanism for the HDO pathway in the
deoxygenation of methyl laurate on FeNi/SiO,, (a) hydrogenolysis to
dodecoic acid; (b) reduction to dodecanal; (c) reduction to dodecanol;
(d) dehydration and then hydrogenation to n-Cy,H,g; R denotes n-
CiaHas.
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Fig. 7(a), to reach maximum synergism for the catalyst activity,
the Fe/Ni ratio should be 0.25. When the Fe/Ni ratio exceeds
0.25, the excess Fe covers the Ni sites, leading to a decrease in
the hydrogen-activating ability and subsequently the activity,*
such as the case for FeNi(1)/SiO,.

As mentioned above, the selectivity to cracked hydrocarbons
was remarkably reduced by the addition of Fe to Ni/SiO,. This is
also related to the formation of NiFe alloy and the Fe rich
surface of NiFe alloy particles. It is well accepted that the C-C
hydrogenolysis requires consecutive Ni sites.*® However, the
formation of NiFe alloy with Fe enriched surface leads to the
disruption of the adjacent Ni atoms, thus the C-C hydro-
genolysis was suppressed. Similarly, Cu has also been found
decreasing the C-C hydrogenolysis activity of Ni due to geom-
etry effect.’®

3.2.2 Effect of reaction conditions. Fig. 7 also shows the
effect of temperature on the performance of different catalysts.
For each catalyst, increasing temperature promoted the
conversion of methyl laurate due to the increased reaction rate.
As the temperature rose from 573 to 633 K, the total selectivity to
C11 and C12 firstly increased and then decreased for Ni/SiO,
and FeNi(x)/SiO, (x = 0.0625 and 0.125), while it always
increased for FeNi(x)/SiO,(x = 0.25-1). At high temperature, the
decreased selectivity to C11 and C12 is ascribed to the promoted
cracking. It is noteworthy that the effect of temperature on the
selectivity to cracked products is more pronounced for Ni/SiO,
in comparison with FeNi(x)/SiO,. This further confirms that the
formation of NiFe alloy is vital for the performance of FeNi(x)/
SiO,. In addition, Sgodecanol decreased with the rise of temper-
ature because high temperature favored the dehydration of
dodecanol. As dodecanol was detected as the main intermediate
on FeNi(x)/SiO,(x = 0.125), its dehydration might be a rate-
determining step during the deoxygenation of methyl laurate.

Since FeNi(0.25)/SiO, exhibited a good deoxygenation
performance, the effects of WHSV and H, pressure on its
performance were investigated.

Fig. 8 displays the effect of WHSV of methyl laurate on the
performance of FeNi(0.25)/SiO,. As the WHSV rose from 3 to 20
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Fig. 8 Deoxygenation of methyl laurate on FeNi/SiO, with Fe/Ni
weight ratio of 0.25:1 as a function of WHSV. Reaction conditions:
573 K, 3 MPa H,, Ha/methyl laurate molar ratio of 25.
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h™*, the conversion and the selectivity to C11 (Scy;) decreased
from 98% to 43% and from 71% to 35%, respectively, while the
selectivity to C12 (Sc1,) did not change. The C11/C12 ratio ten-
ded to decrease, indicating that HDO pathway was promoted by
increasing WHSV. This is more obviously reflected by the C11/
C12* ratio (C12* includes C12 and dodecanol) as dodecanol is
an intermediate in the HDO pathway. In addition, the selectivity
to dodecanol (Sqodecanol) increased from 0 to 30%. The increase
of WHSV corresponds to the decrease of the contact time of
reactants on the active sites, which reduces the conversion of
methyl laurate as well as intermediates (for instance, dodeca-
nol). The result also indicates that the dehydration of dodecanol
may be the rate-determining step during the deoxygenation of
methyl laurate.

The effect of H, pressure on the performance of FeNi(0.25)/
SiO, is shown in Fig. 9. With the pressure increasing from 2 to 5
MPa, the conversion and the selectivity to C11 and C12 tended
to slightly decrease, while the selectivity to dodecanol increased
from 10% to 22%. The C11/C12 ratio increased with the rise of
pressure. This seems to indicate that the increase of H, pressure
favors the decarbonylation pathway. In fact, since dodecanol
was an intermediate during the HDO pathway, the C11/C12*
might be more reasonable to reflect the selectivity between the
decarbonylation and HDO pathways, and it gradually decreased
with the increasing pressure. This suggests that high pressure
favors the HDO pathway, which is probably due to the increased
hydrogen concentration on the catalyst surface.

3.2.3 Catalyst stability. Stability is an important property of
catalyst. Fig. 10 shows the conversion, total selectivity to C11
and C12 (Sc11+c12) and C11/C12 ratio on Ni/SiO, and FeNi(0.25)/
SiO, as a function of time. For FeNi(0.25)/SiO,, the initial
conversion was nearly 100% and decreased to 95% at the 61st
hour. For Ni/SiO,, the conversion was about 94% at the begin-
ning and decreased to 87% at the 61st hour. Clearly, both Ni/
SiO, and FeNi(0.25)/SiO, deactivated but they had similar
stability during 61 hours. Sciisciz on  FeNi(0.25)/SiO,
maintained above 98% during 61 hours, much larger than that
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Fig. 9 Deoxygenation of methyl laurate on FeNi/SiO, with Fe/Ni
weight ratio of 0.25 : 1 as a function of H, pressure. Reaction condi-
tions: 573 K, WHSV of 10 h™%, H,/methyl laurate molar ratio of 25.
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Fig. 10 Conversion, selectivity to C11 and C12 and C11/C12 ratio on
Ni/SiO, and FeNi/SiO, with Fe/Ni weight ratio of 0.25:1 as the
function of time. Reaction conditions: 613 K, 3 MPa H,, WHSV of 10
h™, Hy/methyl laurate molar ratio of 25.

(70-80%) on Ni/SiO,. This is due to the higher selectivity to
cracked products on Ni/SiO, (see Fig. S27). In addition, with the
extension of time, the C11/C12 ratio steadily increased from 1.8
to 7.8 on FeNi(0.25)/Si0,, while it fluctuated between 40 and 51
on Ni/SiO,. On the whole, compared with Ni/SiO,, FeNi(0.25)/
SiO, gave a higher activity and selectivity to target hydrocarbons
as well as similar stability.

To obtain the properties of catalyst after reaction, the spent
catalysts were characterized. From the metal particle sizes
before and after reaction for 61 h (see Table 1, Fig. S3 and S47),
it was found that the sintering of metal particles on Ni/SiO, was
more serious than that on FeNi(0.25)/SiO,. That is, the addition
of Fe inhibited the growth of Ni particles. TGA (Fig. S51) showed
that a little more amount of coke formed on FeNi(0.25)/
Si0,(8.9%) than on Ni/SiO,(6.3%). We speculate that the
FeNi(0.25)/SiO, deactivation is mainly attributed to coke, while
the Ni/SiO, deactivation is also derived from the sintering of Ni
particles apart from coke. The BET surface areas of spent
catalysts were displayed in Table 1. Compared to that of the
fresh samples, spent catalysts had a much lower BET surface
area, which could mainly be ascribed to the formation of coke.

4 Conclusions

In the present work, we provided an approach to improving
activity and tuning the production distribution by addition of Fe
to Ni/SiO,, and proposed that the NiFe alloy particles, especially
with Fe-enriched surface at low Fe loading and the oxygen
vacancy in FeO, contributed to the special performance of FeNi/
SiO,. The geometric effect of Fe significantly restrained the C-C
hydrogenolysis activity of Ni/SiO,. On the surface of NiFe alloy
particles, the Ni and Fe species, which respectively possessed a
high ability to activate hydrogen and a strong oxygen affinity,
were synergetic in promoting the conversion of methyl laurate
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through HDO pathway. Among the catalysts tested, FeNi(0.25)/
SiO, exhibited the best performance. We also investigated the
effect of reaction conditions on the catalysts performance. What
is worth mentioning here is that as the temperature increased,
the cracking and decarbonylation pathway were promoted more
remarkably on Ni/SiO, than on FeNi/SiO,. This further indicates
that there is an essential difference in structure and perfor-
mance between Ni/SiO, and FeNi/SiO,. On the whole, the
increase of temperature and the deceases of WHSV and H,
pressure enhanced the catalyst activity while promoted the
decarbonylation pathway rather than the HDO one. Under the
condition of 613 K, 3 MPa, WHSV of 10 h™' and H,/methyl
laurate molar ratio of 25, FeNi(0.25)/Si0, had comparable
stability to Ni/SiO, during 61 h. After reaction for 61 h,
FeNi(0.25)/SiO, gave the conversion of 94% and the selectivity to
C11 and C12 of 98%, much higher than those on Ni/SiO,. Our
finding may provide important information for the rational
design of Ni-based catalysts for the production of green diesel
with high carbon yield.
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