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Mesoporous NiO catalysts were synthesized via surfactant assisted self-assembly employing structure directing
agents CTAB and P123. The resultant catalysts had similar chemical composition but different physical prop-
erties including mesoporous ordering, surface area, and pore size. The mesoporous oxides were used as catalysts
in the deoxygenation of oleic acid to heptadecane.
yields to heptadecane (63%) tripling the performance of commercial NiO (19%). A phase change from NiO to Ni
was observed during the deoxygenation reaction. The recyclability of the catalyst synthesized with P123 was

The catalysts synthesized with P123 displayed the highest

1. Introduction

Nickel based catalysts are known to be active catalytic phases for
the deoxygenation of fatty acids to liquid fuel range hydrocarbons.
Nickel is earth abundant and relatively inexpensive as compared to
noble metals typically used for this reaction. The use of nickel for the
deoxygenation of fatty acids to liquid fuel  has been reported [1-6].
Miao et al. studied Ni/ZrO , catalysts under inert gas with the addition
of water as the hydrogen donor [1]. These authors observed a yield of
64% and 47% to paraffin from oleic and stearic acid, respectively.
Santillan-Jimenez et al. reported the deoxygenation of tristearin and
stearic acid under a nitrogen atmosphere over Ni/C catalysts, and ob-
served 81% and 19% conversion, respectively. The authors reported a
selectivity for heptadecane of 75% and 50%, respectively [2]. The same
research group studied Ni-Al layered double hydroxide catalysts for the
same reaction, giving yields of 43% and 53% for tristearin and stearic
acid, respectively [3]. Wu et al. studied the conversion of stearic acid
over Ni/activated carbon and demonstrated nearly complete conversion
and a selectivity to heptadecane of around 80% [4]. Song et al. explored
the importance of synthesis methods comparing incipient wetness im-
pregnated Ni/HBEA catalysts vs ion-exchanged catalysts. For the hy-
drodeoxygenation of stearic acid, these authors found that the ion-ex-
changed Ni/HBEA with a conversion of 97% outperformed the
impregnated catalyst giving a conversion of only 33% [5]. ~ Our group
reported nickel-based metal organic frameworks supported on zeolites.
We studied the decarboxylation of oleic acid and found a conversion of
92% and a heptadecane yield of up to 77% under CQ, atmospheres [6].
Our group also recently reported the decarboxylation of Ni supported
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on zeolite mordenite with conversions of 54% and a yield to heptade-
cane of 47% under inert gas atmospheres [7]. The catalytic benefits of
having hierarchically ordered pores for transition metal oxides in het-
erogeneous catalysis is well documented [8-11]. In particular, surfac-
tant-assisted self-assembly approach represents  a highly appealing
method for the development of mesoporous transition metal oxide
catalytic phases with desirable structural, compositional, and morpho-
logical properties [12—14]. Ordered pores in the mesoscale regime are
highly desirable in catalysis to overcome potential mass transfer lim-
itations due to pore restrictions. Herein, we demonstrate the successful
synthesis of mesoporous nickel oxide via self-assembly approach and its
use as efficient catalyst for the decarboxylation of oleic acid to hepta-
decane.

2. Experimental
2.1. Materials

Nickel () nitrate hexahydrate (98%, Sigma-Aldrich), Nickel (II)
oxide (99.999% metal basis, Thermo-Fischer), hexadecyl-
trimethylammonium bromide (CTAB, 99%, Sigma-Aldrich), Pluronic
P123 (P123, BASF), and ethanol (PharmCo, ACS reagent) were em-
ployed for the synthesis of mesoporous nickel oxide. Oleic acid (90%,
Sigma-Aldrich) and n-hexane (99%, SupraSolv, Sigma-Aldrich) were
used for deoxygenation experiments. N,O-Bis(trimethylsilyl)triflouro-
acetamide (BTSFA, 99%, ACS reagent, Sigma-Aldrich) was employed
for GC-MS analysis. Potassium bromide (KBr, 99.99%, Arcos) was used
to generate infrared sample pellets. Methanol (PharmCo, ACS reagent)
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Fig. 1. SEM images of fresh P123 (A) and recycled P123 (B).

was used to rinse the catalyst.
2.2. Catalyst synthesis

NiO powder was crushed and sieved to a particle size between 150
and 250 pm providing the ‘NiO powder’ catalyst. To synthesize meso-
porous NiO, we employed the surfactant self-assembly approach. Nickel
(I) nitrate hexahydrate was used as the inorganic precursor, while
P123 and CTAB were used as structure directing agents (SDA), and
ethanol was used as the solvent. The SDA solution was prepared by
adding 0.973 g of P123 or 0.501 g of CTAB to 11.407 g of solvent and
stirring for few minutes at 60 °C until a homogenous solution formed
[15]. The precursor solution was prepared by adding 8.0 g of nickel (II)
nitrate hexahydrate to 11.407 g of solvent and stirring at 60 °C until
homogenous. The SDA solution was then added dropwise to the pre-
cursor solution and stirred at approximately 60 °C for 30 min. The re-
sulting gel was transferred to a Teflon lined autoclave and heated to
150 °C for 20 h (10 °C/min ramp). The cooled product was centrifuged
for 20 min at 4000 rpm and washed three times with ethanol before it
was dried overnight at 85 °C. To remove the SDA, the catalysts were
calcined at 320 °C for 12 h (1 °C/min ramp). The obtained catalysts
were named according to the SDA used in the synthesis as ‘P123’ and
‘CTAB’ NiO catalysts.

2.3. Deoxygenation experiments

In a typical deoxygenation experiment, 250 mg of NiO catalyst,
1000 mg of oleic acid, and 10 ml of hexane were loaded into a 100 ml
batch reactor (Parr, Model 4560). The reactor was flushed with hy-
drogen five times, sealed, and pressurized at 20 bar H. The reactor was
heated to 300 °C and held for 3 h while stirring at 600 rpm. The re-
action was determined to be kinetically limited by calculating the
Thiele modulus (Table S1). When the reaction was completed, the re-
actor was allowed to cool to room temperature and the resultant liquid
product was analyzed. Separation of the catalyst from the reaction
mixture was accomplished using a magnet, owing to the unique mag-
netic properties of Ni. The catalyst was rinsed with hexane 3 times and
methanol 3 times, dried overnight at 70 °C under vacuum, and either
collected for analysis of the recycled catalyst or exposed to an addi-
tional reaction.

2.4. Catalyst characterization

The resultant catalysts, denoted with respect to the surfactant used
in their synthesis, were characterized and compared vs commercially
available NiO for the deoxygenation of  oleic acid. Small angle x-ray
scattering (SAXS, Anton Paar SAXSess, 25 mA, 30kV, CuKa) was
employed to confirm the existence of the mesostructure in the catalyst.
The crystal structure and crystallite size (Scherrer equation) were

inspected by powder X-ray diffraction (PXRD, Siemens,
Kristalloflex800, 25 mA, 30kV, Cu Ka). Nitrogen physisorption iso-
therms were collected at 77 K (ASAP 2020, Micrometrics) providing the
Brunauer-Emmett-Teller (BET) surface area, pore volume (t-plot
method) and Barrett-Joyner-Halenda (BJH) pore size distributions cal-
culated from the desorption branch. All samples were degassed at
300 °C under high vacuum for 5 h prior to collecting the isotherms.
Residual SDA, coke content, and the effect of calcination was measured
by thermogravimetric analysis (TGA, TA Instruments). TGA was con-
ducted under argon flow with a ramp rate of 10 °C/min. Field emission
scanning electron microscopy (FE-SEM) images of the catalyst mor-
phology were collected using an accelerating voltage of 5 kV (JEOL-
ISM-7000F).

2.5. Liquid product analysis

After the reactor cooled to room temperature, all reaction products
were collected ina 15 ml  falcon tube. The sample was vortexed and
sonicated to form a homogeneous solution.  Hexane (600 pl), liquid
sample (300 pl), and BTSFA (30 pl) were combined in a 2 ml GC vial
and subject to heating (60 °C) for 1 h to allow complete silylation of the
fatty acids. Following, 0.2 pl of the sample was injected (Agilent AS,
7683B) on to a gas chromatograph (Agilent GC, 6980N), separated by a
HP-5 MS column (30 m x 250 ym x 0.25 ym), heated (5 °C/min ramp
rate from 40 °C to 250 °C hold for 10 min), and detected by MS (Agilent
MSD, 5973N).

3. Results and discussion
3.1. Catalyst characterization

Scanning electron microscopy (SEM) images showed distinctive
micron scale spherical morphologies in both the fresh P123 (Fig. 1A)
and fresh CTAB (Fig. S1). The microspheres exhibited some poly-
dispersity and yielded an average particle size of  3.18 + 1.33 and
3.45 £ 1.22 pym for CTAB and P123, respectively (Fig. S2). Higher
magnification of the particles revealed a flower-petal like morphology
on the surface of the spheres. A similar spherical morphology has been
observed for mesoporous gallium oxides [15]. The recycled P123 cat-
alyst is discussed in detail in the Catalyst Recyclability section below.

Nitrogen physisorption isotherms confirmed that the NiO powder
(Fig. 2) did not exhibit strong nitrogen uptakes. ~CTAB and P123 sam-
ples indicated Type IV isotherms typical of mesoporous materials. The
pore size distribution, calculated from the desorption branch, using the
BJH method, displayed a minimal presence of pores in the NiO powder.
The CTAB sample had a large hysteresis loop, which was indicative of
condensation in the mesopores. The same was observed in the P123
sample, but with a higher uptake of N , at low pressures. The CTAB and
P123 samples gave an average pore size of 4.9 and 3.9 nm, respectively.
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Fig. 2. N o-isotherms (77 K) of NiO powder (square), CTAB (circle), and P123
(triangle). Insets provide the average pore diameter calculated from the deso-
rption branch using the BJH method.

Table 1

Textural properties of the fresh and recycled catalysts.
Sample Sgetr” Vmesob Dporeb Dcrysc Dpa rtd

(m?/g) (emg) (nm) (nm) (pm)

NiO powder 32.6 0.03 - 35.8 n/a
CTAB 91.9 0.16 4.9 7.8 3.18 £ 1.33
P123 137.7 0.14 3.9 5.2 3.45+1.22
P123 recycle 112.6 0.09 - 37.3 n/a

@ Surface area (Sgy) was calculated using the BET method.

® Mesopore volume (Vmesd and pore diameter (D pore) Were calculated by the
BJH desorption method.

© Crystallite size (D crys) Was calculated using the Scherrer equation.

4 Particle size (Dpart) was measured by SEM image analysis (n = 250).

Surface area, mesopore volume, crystallite size, and particle size are
shown in Table 1. Clearly, P123 gave the highest surface area followed
by CTAB: 137.7 m?/g and 91.9 m /g, respectively.

Fresh catalysts were characterized using small angle X-ray scat-
tering (SAXS) to elucidate the formation of the mesostructures (Fig. S3).
The commercial NiO powder did not exhibit  the formation of a me-
sostructure, as indicated by the absence of any reflection or shoulder at
low 26 and corroborated by the N >-isotherms. The CTAB and P123
samples displayed a broad shoulder between 26 = 1-1.5°, indicative of
a wormhole disordered mesostructures [15]. At higher angles, char-
acterized by powder X-ray diffraction (PXRD), all fresh samples dis-
played the same face-centered cubic NiO structure (Fig. 3) with char-
acteristic reflections occurring at 26 = 37.2° and 43.2° (JCPDS #47-
1049). The NiO powder, as received, showed a metallic Ni phase im-
purity at 26 = 44.5° (JCPDS #87-0712). This Ni phase impurity made
up less than 5% of the composition, as determined by area comparison
of the NiO and Ni reflections.

To better understand the thermal stability of the catalysts and to
guide our calcination approach, TGA was carried out. NiO exhibited no
evident weight loss (Fig. S4). In the case of the mesoporous samples, we
found that the initiation of SDA removal in uncalcined CTAB and P123
was around 300 °C. SDA removal was complete at ~400 °C in both
samples. Based on this TGA analysis, we calcined both CTAB and P123
at 320 °C for 12 h using a slow ramp of 1 °C/min. After calcination, we
found that both CTAB and P123 had only 4% and 5% of the SDA
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Fig. 3. PXRD for fresh NiO powder (A), fresh CTAB (B), fresh P123 (C), recycled
NiO powder (D), recycled CTAB (E), and recycled P123 (F) catalysts.

remaining, respectively, indicated by the weight loss in the thermo-

grams (Fig. S4).

3.2. Catalytic deoxygenation results

The similarity in the composition of all studied NiO catalysts pro-
vided insights into the mechanistic deoxygenation of oleic acid.
Primary deoxygenation pathways that have been reported for oleic acid
and other fatty acid methyl esters include hydrodeoxygenation (HDO),
decarboxylation (DCO), and decarbonylation (DCN). Each pathway has
previously been described in detail [16,17]. Products formed from oleic
acid that are indicative of the HDO pathway are stearic acid (SA) and
octadecane (Cg). Heptadecane (C47) and shorter n-alkanes are in-
dicative of the DCO pathway. Alkenes are evidence of the DCN
pathway. The reaction products (Table 2) indicate that the NiO powder
promoted both HDO and DCO pathways with the primary reaction
product being SA. The average C4; yield for the NiO powder catalyst
was only 19.1%. Some of the alkane products were cracked to light
hydrocarbons (C14-C46). No alkenes were observed in the NiO powder
reaction indicating that DCN was not promoted.  The only other pro-
ducts observed for the NiO powder was hepta- and hexadecanoic acid.

Table 2

Products from the deoxygenation of oleic acid with NiO catalysts.
Catalyst Yield (mol %) X (%)

C11-C|a C17-ene C17 ng-ene 013 SA Other

NiO powder 0.6 - 167 - 85 719 23 100.0
NiO powder 1.6 - 215 - 70 617 21 100.0
CTAB 1.0 10.5 113 47 77 423 182 957
CTAB 0.4 15.2 114 5.2 6.0 377 204 96.3
P123 15.5 - 613 - 7.0 143 1.9 100.0
P123 4.8 - 648 - 68 235 1.2 100.0
P123 recycle - - 353 - 103 522 1.9 100.0

Reaction Conditions: Catalyst: Oleic = 1:4 (mg), P=20barH ,, T =300 °C,

t=3h, w =600 rpm, solvent = hexane (10 ml).
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Table 3

Comparison of the state-of-the-art Ni based catalysts for the deoxygenation of oleic acid to heptadecane.
Ref. Catalyst Reaction conditions X (%) Ci7 Yield (%)

T (°C) P (bar) t (min) Gas

[25] Ni/MgO-Al 203 280 35 360 Ho 100 26
[25] Ni/CaO-Al ,03 280 35 360 Hz 100 10
[25] Ni/NiO-Al ;05 280 35 360 Hz 100 94
[25] Ni/CuO-Al 203 280 35 360 Ho 100 95
[25] Ni/ZnO-Al 203 280 35 360 Ha 100 95
[26] Ni-CZO 300 1 180 Ho/N » 98 14
[27] Ni/MgO-Al ;03 300 1 180 N2 31 2
[28] Ni-Cu/ZrO , 330 a 180 a 100 35
[29] Ni/Mo-Al 203 330 40 1440 N2 96 55
[30] Ni/C 350 a 240 a 100 41
[31] Ni/HZSM-5 360 40 300 H, 100 44
This work P123 300 20 180 H> 100 63

Microbatch reactor experiments without gas atmosphere control.

CTAB catalysts promoted HDO, DCO, and DCN pathways with an
average yield to C47 of 11.4%. The abundance of competitive reactions
resulted in a lower selectivity to desired long-chain alkanes. Other side
products from the CTAB sample reaction included light alkenes, cy-
clohexane, and aromatic products. These products are indicative of
both cracking and Diels-Alder reaction pathways [18].  Niis a known
hydrocracking catalyst [19]. We suggest that the larger pore size in the
CTAB catalysts (4.9 nm) as compared to P123 catalysts (3.9 nm) al-
lowed facile desorption of  various reaction products, therefore pro-
moting in principle additional pathways. Additionally, the poly-
merization of cracking products could deactivate the surface and
explain the lower conversion and slightly higher coking on the CTAB
catalyst as compared to P123. The P123 catalysts promoted the DCO
pathway with an average C 47 yield of 63.1%. Also in high abundance
was SA which was a result of the HDO pathway. Some shorter n-alkanes
were also observed for the P123 catalyst. The only other product ob-
served for P123 was heptadecanoic acid. Overall, P123 was a highly
active catalyst for the conversion of oleic acid to n-heptadecane.  The
higher surface area and enhanced local structural order (assessed by the
more pronounced broad peak at 2theta ~ 1.5) may be responsible for
the improved catalytic performance of P123 catalyst to n-heptadecane
as compared to CTAB catalyst. No DCN products were observed in the
P123 catalyst. Representative GC-MS are provided in Fig. S5.

3.3. Catalyst recyclability

The recycled catalysts were characterized by SEM, PXRD, and TGA.
As shown in Fig. 1B, the recycled P123 exhibited changes from mi-
crospheres to a skeletal coral like morphology. This was likely a product
of the hydrogen atmosphere in the reactor, promoting the reduction of
NiO to Ni. This claim was corroborated by PXRD as indicated by the
reflection at 20 =44.5° (Fig. 2) and the magnetic behavior of  the
sample (Fig. S6, Video S1). The reduction of NiO to Ni ° has been pre-
viously reported using temperature programmed reduction,  where it
was determined that unsupported NiO was fully reduced at tempera-
tures above 220 °C [20]. The narrowed full width half maximum of the
spent catalysts indicates that the small crystallites agglomerated
(Table 1) in agreement with observations in SEM. TGA was conducted
on the spent catalysts to measure the accumulation of  organic and
carbonaceous coke compounds. This analysis revealed that the CTAB
and P123 samples accumulated ~2.5 wt% and ~1.5 wt% coke, re-
spectively (Fig. S4). P123 was selected for a second reaction owing to
the high performance as a fresh catalyst, the limited coke residues, and
the retention of active surface area. After rinsing with hexane and
methanol and drying overnight under vacuum at 70 °C,  the recycled
P123 was exposed to a second reaction. The primary products from the
recycled P123 reaction were stearic acid (52.2%), C47 (35.3%), and C4g

(10.3%) indicating that HDO and DCO pathways remained dominant.
Interestingly, the loss of the short n-alkanes as products suggests that
the elimination of small pores (3.9 nm), evidenced in the isotherms,
prevented further carbon-carbon bond breakage, which can be pro-
moted by Ni catalysts [19]. The combined yield for C 47 and C4g hy-
drocarbons went from 70.0% to 45.8% in the fresh and recycled P123,
respectively. In general, the recycled P123 products were similar to that
of the NiO powder, but with a higher yield of C 7. While the activity of
the recycled P123 catalyst was significantly lower than the fresh cata-
lyst, the yield to heptadecane remained higher than the fresh com-
mercial NiO powder and fresh CTAB catalysts. Additionally, the con-
version of oleic acid remained complete, with no reactant in the final
product mixture. We can conclude from our analysis, that the presence
of a mesopore on similar scales with the reactant molecule can promote
different reaction pathways and provide high yields to C  47.

3.4. Comparison to the state-of-the-art

Previously reported catalyst systems and the use of non-noble me-
tals including Ni for the deoxygenation of bio-derived fatty acids has
been reviewed [16,21]. Key reaction parameters in the deoxygenation
of oleic acid are temperature, pressure, reaction time, and gas atmo-
sphere. It has been shown that under sufficient H 5 pressure, complete
conversion of oleic acid is often observed. Additionally, by increasing
the pressure of H , an optimal yield of C 17 can be accomplished. Op-
erating at high H , pressures also has a trade-off with respect to process
safety and the efficiency of the process [22-24].  Our work highlights
the possibility of utilizing a facile synthesis, moderate reaction condi-
tions, and a single component catalyst that provides competitive con-
version and selectivity to C 47. In comparison to the state-of-the-art Ni-
based catalysts [25-31], the fresh P123 catalyst provides high yields to
Cy7 (Table 3). While few reports document higher C;; yields, sig-
nificantly higher H , pressures and longer reaction times are needed.
Additionally, our work characterizes the recycled catalyst, providing
evidence that the loss of mesoporosity results in lower C 47 yields.

4. Conclusion

In summary, we have reported NiO based catalysts with disordered
wormhole mesoporosity. An in situ reduction of the NiO occurred
during the reaction with oleic acid, evidenced by the change in crystal
phase. In comparison to commercial NiO powder (C 47 yield = 19%),
the P123 catalyst led to the highest conversion (100%) and yield (63%)
to C47. In contrast, the CTAB catalyst with larger mesopore promoted
additional deoxygenation pathways including HDO, DCO, and DCN. As
a result, lower yields to C 47 were observed (11%).The enhanced cata-
Iytic activity of the P123 catalyst was attributed to the high surface
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area, mesopores, and limited coking. Upon recycling, the P123 catalyst
showed a decrease in C47 yield to ~35%. Nevertheless, the fresh me-
soporous P123 catalyst displayed > 3 times higher yieldto C 4; as
compared to commercially available NiO, and about twice the yield to
C,7 after recycling. The primary pathway observed in the P123 catalyst
was HDO and DCO.

Supplementary data to this article can be found online at https:/
doi.org/10.1016/j.catcom.2020.106046.
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