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Abstract 

 

Several Ni-based transition metal carbide catalysts supported on Al-SBA-15 were studied for the 

hydrothermal decarboxylation of oleic acid and soybean oil to produce diesel range 

hydrocarbons with no added H2. The effect of pre-reduction, sub-critical and super-critical water 

conditions on the catalyst activity and selectivity was investigated. Both the conversion of oleic 

acid and selectivity of decarboxylation products under super-critical conditions for each catalyst 

were about 2-times greater than at sub-critical conditions. In addition, the potential of these 

catalysts for utilizing aqueous phase reforming (APR) of glycerol for in situ H2 production to 

meet process demands was demonstrated. The performance of the catalysts increases with the 

addition of glycerol, especially for the NiWC/Al-SBA-15 catalyst. With the addition of glycerol, 

the NiWC/Al-SBA-15 catalyst showed greater conversion of oleic acid and selectivity to 

heptadecane; however, most of the oleic acid was hydrogenated to produce stearic acid. The 

highest conversion of oleic acid and selectivity for heptadecane was 97.3% and 5.2%, 

respectively. Furthermore, the NiWC/Al-SBA-15 catalyst exhibited good potential for 

hydrolyzing triglycerides (soybean oil) to produce fatty acids and glycerol, and then generating 

H2 in situ from the APR of the glycerol produced. A complete conversion of soybean oil and 

hydrogenation of produced oleic acid were obtained over the NiWC/Al-SBA-15 at super-critical 

conditions.              
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1. Introduction 

Biofuels production has been attracting considerable attention because of increases in 

petroleum prices and the world’s energy demand, declines in petroleum reserves, and concerns 

about the environmental issues associated with greenhouse gas emissions. Triglycerides and fatty 

acids (from plants, animal fat, and waste oil/grease) can be used as renewable fuel feedstocks [1, 

2].
 
Eliminating oxygen from triglycerides and fatty acids in the form of H2O, CO, or CO2 

produces renewable liquid biofuels that are similar to petroleum fuels and can be directly used in 

existing infrastructure with no modifications [3, 4]. The cost of biofuels production from new 

vegetable oils is not likely to be competitive with the cost of petroleum fuels. Therefore, using 

inexpensive and inedible feedstocks such as waste oil and brown grease is necessary to produce 

biofuels that are fungible with petroleum fuels. The hydrocracking process is the most developed 

route for removal of oxygen from triglycerides and fatty acids to produce biofuels [5-7]. Our 

previous study [8] has shown that bimetallic carbide catalysts (NiWC/Al-SBA-15) prepared by a 

Dendrimer-Encapsulated-Nanoparticles (DENP) method with a Ni-W ratio of 2:1 led to a 

complete conversion of DDGS corn oil (>95% triglycerides) over 16 continuous days with 100% 

diesel selectivity for 4 days at 400 °C and 4.48 MPa. However, this process requires high 

pressure of H2 and has issues related to catalyst deactivation due to the presence of water [9, 10]. 

An alternative method for removing oxygen is decarboxylation of fatty acid, a method 

which proceeds under lower H2 pressure [11]. Most reports have focused on the use of noble 

metal catalysts, Pd [12-14] or Pt. [15-17] Also, some early studies focused on the 

decarboxylation of fatty acids in hydrocarbon solvents such as dodecane over Pd-supported 

catalysts [18-22]. Several studies showed that using water as solvent for the decarboxylation of 

fatty acids is more advantageous than hydrocarbon solvents [23-25], not only because water is an 
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environmentally friendlier solvent but also the avoidance of a water removal step after 

triglycerides hydrolysis that generates fatty acids in an aqueous stream. Watanabe et al. [26] 

studied the effect of the addition of alkali hydroxide (NaOH and KOH) and metal oxides (CeO2, 

Y2O3, and ZrO2) on the decarboxylation of stearic acid in super-critical water at 400 °C. KOH 

promoted the monomolecular decarboxylation of stearic acid to produce C17 alkane and CO2, 

while ZrO2 was effective for bimolecular decarboxylation into C16 alkene and CO2 because long 

chain ketone was observed. For the decarboxylation of palmitic acid in sub-critical water at 370 

°C, 63% and 76% pentadecane molar yields were obtained over 5% Pd/C and 5% Pt/C, 

respectively [27]. Although the catalysts experienced a reduction in metal dispersion after the 

reaction, these changes did not seem to reduce their activities. However, the cost and rapid 

deactivation due to catalyst coking [19] and lack of H2 [28], hindered the use of these catalysts 

commercially.  

Fu et al. [29] reported that activated carbons could be an alternative to the expensive 

noble metal catalysts to convert saturated and unsaturated fatty acids to alkanes in sub and super-

critical water. Although the major products were alkanes that are produced via decarboxylation 

and hydrogenation of oleic acid after 3 h at 370 °C, only 6% molar yield of decarboxylation 

product was obtained.  

Triglycerides, a type of neutral lipids, can be rapidly hydrolyzed in hydrothermal media to 

produce saturated and unsaturated free fatty acids, as well as glycerol [30]. Some studies 

examined hydrothermal catalytic reforming of glycerol, commonly referred to as aqueous phase 

reforming (APR), to generate hydrogen [31-36]. Utilizing glycerol APR for in situ hydrogen 

production can promote the hydrogenation of unsaturated fatty acids. The addition of Re to Pt/C 

catalyst can motivate the glycerol APR due to the reduction of the affinity for CO [34, 37].
 
A 
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complete conversion of oleic acid was achieved over Pt-Re/C catalyst when a 1:3 glycerol-to-

oleic acid molar ratio was applied in a 2 h reaction. The catalyst experienced moderate sintering, 

suggesting additional work is needed to investigate its hydrothermal stability with time on 

stream. Vardon et al. [30] proposed an integrated catalytic hydrothermal reaction for the 

conversion of triglycerides to hydrocarbon fuels with in situ hydrogen production from glycerol. 

A continuous hydrogen supply can be obtained by the APR of glycerol released from triglyceride 

hydrolysis. 

To the best of our knowledge, there has been no study of the hydrothermal 

decarboxylation of fatty acids over Ni-based transition metal carbide catalysts supported on Al-

SBA-15. If sufficiently active, these catalysts could be suitable low cost catalysts for the 

hydrothermal decarboxylation of fatty acids. Also, unlike noble metal catalysts, these catalysts 

are not sensitive to CO that is produced during fatty acid decarbonylation [38]. In the present 

work, we investigate the use of Ni-based transition metal carbide catalysts on an Al-SBA-15 for 

the decarboxylation in sub and super-critical water of unsaturated fatty acid (oleic acid) and 

triglycerides (soybean oil) to produce hydrocarbons in the diesel range without adding hydrogen.  

2. Experimental 

2.1. Materials 

Ammonium (para)tungstate hydrate (H42N10O42W12. xH2O, 99.99%, Aldrich), 

ammonium niobate(V) oxalate hydrate (C4H4NNbO9. xH2O, 99.99%, Aldrich), ammonium 

molybdate (H24Mo7N6O24. 4H2O, Sigma-Aldrich), zirconium(IV) oxynitrate hydrate (N2O7Zr. 

xH2O, 99%, Aldrich), and nickel(II) nitrate hexahydrate (N2NiO6. 6H2O, Sigma-Aldrich) were 

used as W, Nb, Mo, Zr, and Ni sources, respectively. Oleic acid (technical grade 90%), 

aluminum isopropoxide (C9H21AlO3, 99.99%), heptane (UN1206, 99%), the mesoporous silica 
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SBA-15, glycerin (Class IIIB) were purchased from Sigma-Aldrich, Aldrich, EMD Chemicals, 

Advanced Chemicals Supplier (ACS), and Fisher-Scientific, respectively.   

2.2. Catalyst preparation 

A neutral support, SBA-15, with a 9 nm pore diameter and Brunauer-Emmett-Teller 

(BET) surface area of 600 m
2
/g, was modified by aluminum isopropoxide to adjust its acidity. 

The advantages of using SBA-15 as a support in this study are its high surface-to-volume ratio, 

relatively wide pore size to minimize the resistance to triglycerides diffusion, and high thermal 

stability [39,40]. Moreover, lacking of Brønsted acidity allows modifying the acidity of pure 

siliceous SBA-15 to control the cracking activities [41]. SBA-15 (20 g) was suspended in hexane 

(150 mL); then, aluminum isopropoxide (0.067 g) was added to the solution and stirred for 24 h. 

The mixture was filtered, dried, and calcined at 550 °C for 4 h. According to our previous work 

[8], the catalysts NiNb, NiMo, NiW, and NiZr were prepared in the ratio of 6.67 wt% Ni:3.33 

wt% M (M = Nb, Mo, W, Zr) by the wet co-impregnation of aqueous solutions of (Ni(NO3)2. 

6H2O, C4H4NNbO9. xH2O), (Ni(NO3)2. 6H2O, (NH4)6Mo7O24. 4H2), (Ni(NO3)2. 6H2O, 

(NH4)10(H2W12O42)·4H2O), and (Ni(NO3)2. 6H2O, ZrO(NO3)2·  xH2O) on the modified Al-SBA-

15 support. The resulting solids were dried and calcined at 450 °C for 4 h.  

Carburization was conducted using temperature-programmed reduction (TPR) according 

to the method of Claridge et al. [42]. Each metal oxide precursor was placed in a quartz tube and 

subjected to a flow of 20% CH4/80% H2 at 30 cm
3
/min and a heating rate of 10 K/min to 250 °C, 

followed by 2.0 K/min to 730 °C. The temperature was maintained at 730 
o
C, the optimal 

temperature for carbide formation, for 30 min to complete the reaction [42]. After cooling, the 

catalyst was passivated under a mixture of 1% O2 in Ar for 1 h to eliminate its pyrophoricity [43] 

and protect the bulk of the catalyst against deep oxidation [44].   
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2.3. Material characterization 

X-Ray diffraction (XRD) patterns were collected using a Rigaku RU2000 rotating anode 

powder diffractometer (Rigaku Americas Corporation, TX) with SmartLab Guidance and MDI 

Jade 8 software at a scan rate of 8 °/min. Scanning Electron Microscopy (JSM-7600 FE SEM) 

equipped with Pegasus Apex 2 integrated EDS and EBSD Systems with capabilities of Spectral 

Imaging, OIM Data Collection and analysis with high accuracy and high efficiency was used to 

determine the composition of the catalysts.     

2.4. Reaction procedure 

 The catalytic hydrothermal decarboxylation of oleic acid was conducted in unstirred 

mini-reactors assembled from 3/8-inch stainless steel Swagelok parts, sealed with a cap on each 

end to give a reactor volume of 1.52 mL [27]. The advantage of using 316L stainless steel 

reactors to carry out the reaction under sub- and super-critical water is the high contents of Cr 

and Ni [45]. The protective Cr2O3 layer on the steel surface prevents the metal leaching. The 

316L stainless steel reactor shows good stability when it was exposed to supercritical water at 

480 
o
C/25 MPa for 120 h. Prior to use in any experiments, the reactors were washed with acetone 

and water to remove any residual materials. In typical experiments, 10 mg catalyst, 0.642 mL 

water, and 0.156 mmol oleic acid were loaded in the reactors. The reactors were sealed in a glove 

box to avoid their exposure to air. The loaded reactors were placed in a pre-heated furnace (400 

o
C) and (350 

o
C) to achieve super-critical and sub-critical conditions, respectively. After the 

desired reaction time was completed (4 h), the reactors were submerged in a water bath to 

quench the reaction. The products were transferred to volumetric flasks, and the reactors were 

rinsed with repeated heptane washes until the total volume collected was 10 mL.    
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 Additional experiments were performed with the same catalysts that were reduced in H2 

before being loaded to the reactors to investigate the effect of a catalyst reduction step. During 

the reduction, the catalysts were placed in a quartz tube reactor and reduced in H2 (30 mL/min) at 

450 
o
C for 3 h. After cooling to ambient temperature, the ends of the tube were quickly sealed 

and placed in a glove box to minimize the likelihood of re-oxidation of the reduced catalysts. 

 Another set of experiments was conducted by adding different loadings of glycerol to the 

reactants to determine the impact of glycerol as a hydrogen donor. Three different glycerol 

loading were applied (0.12, 0.24, and 0.48 mmol glycerol). The experiments were carried out 

under super-critical conditions. 

 Finally, soybean oil was used as a feedstock to investigate the ability of the catalysts to 

hydrolyze the triglycerides to form fatty acids and glycerol; and then produce hydrogen in situ 

from the generated glycerol. Therefore, no addition glycerol is required for the hydrothermal 

decarboxylation of triglycerides. These experiments were conducted under super-critical 

conditions.  

2.5. Analysis method 

The liquid products were analyzed using a Perkin Elmer Clarus 500 gas chromatograph 

(GC) equipped with flame ionization detector (FID) and an Rtx-65 TG column (Restek, 17008, 

length: 30 m, internal diameter: 0.25 mm, phase film thickness: 0.10 μm). For fatty acid 

separation, the GC oven temperature was programmed as follows: 1 min hold at 80 
o
C, 30 

o
C/min ramp to 240 

o
C, 0 min hold at 240 

o
C, 10 

o
C/min ramp to 360 

o
C, 15 min hold at 360 

o
C. 

The detector temperature was maintained at 360 
oC. Samples (1.5 μL) were injected into the 

column with a 5:1 split ratio. For hydrocarbon analysis, the GC oven temperature was 
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programmed as follows: 2 min hold at 40 
o
C, 10 

o
C/min ramp to 300 

o
C, 5 min hold at 300 

o
C.  

The injector and detector temperatures were 250 
o
C and 300 

o
C, respectively, and the split ratio 

was 5:1. Concentrations were determined by the external standard method.  

In order to identify the products, a gas chromatography-mass spectrometer (GC-MS) 

(Clarus 500 GC-MS, Perkin-Elmer) with a capillary wax Rtx-WAX column (length: 60 m, 

diameter: 0.25 mm, thickness of stationary phase 0.25 μm) was also used.  

3. Results and discussion 

3.1. Catalyst characterization  

The XRD patterns of the nickel-based carbide catalysts with four different metals (Mo, 

Nb, W, and Zr) supported on Al-SBA-15 are shown in Fig. 1. For all the catalysts, the broad 

peak between 2θ = 15–30° corresponds to the mesoporous silica. The XRD patterns of the 

catalysts show three main peaks at 2θ = 44.6o
, 52.2

o
, and 76.3

o
, corresponding to the (111), 

(200), and (220) diffractions of the Ni particles, respectively [24]. There is no indication of Ni 

carbide formation, confirming that Ni metal was easily reduced to form Ni particles, in 

agreement with the findings of Gajbhiye et al. [26]. The carbide phases of Mo, Nb, and W were 

observed; however, the carbide phase of Zr was not observed, which may suggest that the Zr 

carbide phase was very well dispersed on the support or the particles were too small to be 

detected by XRD [29].  

SEM incorporated with EDAX was used to determine the composition of the catalysts in 

terms of Ni, transition metals (Mo, Nb, W, Zr), Al, and Si content as shown in Fig. 2. The metal 

loading was approximately 10 wt% with Ni:M (M = Mo, Nb, W, Zr) ratio of 2:1 for each 

catalysts. 
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3.2. Effect of sub- and super-critical water on hydrothermal decarboxylation of oleic acid 

Four different catalysts for the hydrothermal decarboxylation of oleic acid under sub-

critical conditions (350 
o
C and 16.5 MPa) and super-critical conditions (400 

o
C and 32 MPa) 

were evaluated. As a control experiment, hydrothermal decarboxylation of oleic acid in super-

critical water was conducted in the absence of catalyst with only 4.7% conversion observed, 

which is in agreement with Fu et al. [29] Also, the influence of the support (Al-SBA-15 with no 

metals) on the hydrothermal decarboxylation of oleic acid was studied under supercritical 

conditions and showed similar conversion to that observed for the control experiment.   

Table 1 summarizes the results for the hydrothermal decarboxylation of oleic acid under 

super-critical conditions after 4 h reaction time for the four catalysts supported on Al-SBA-15. 

All of the catalysts exhibited similar conversion of oleic acid (30-33 %) which can be attributed 

to the absence of rich H2 environment. The major product of the reaction from every catalyst was 

unsaturated C17 arising directly from decarboxylation and decarbonylation reactions. The 

NiWC/Al-SBA-15 produced heptadecane with a selectivity of 0.72%; while less than 0.1% 

heptadecane selectivity was obtained from the other catalysts. These results suggest that the 

NiWC/Al-SBA-15 has slightly higher activity for the hydrogenation reaction than others. This 

may be attributed to the variation in the valence shell for tungsten and the other metals (Mo, Nb, 

and Zr). The electrons in tungsten’s valence shell (5d) have higher average energy than the 

electrons in the other metal’s valence shell (4d). Therefore, the hydrogenation activity of 

tungsten catalyst was higher than the other metal catalysts. The GC-FID spectrum of the product 

obtained from the NiWC/Al-SBA-15 catalyst, Fig. 3, shows that an oxygenated compound (γ-

Stearolactone) was observed in the product at a level of roughly 21-35% for all of the catalysts. 

The double bond in the oleic acid migrates from the position of (Δ9) to the (Δ4) position before 
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ring closure resulted in the γ-Stearolactone [46]. The presence of the double bond in oleic acid 

may promote oligomerization paths that produce higher molecular weight materials, which do 

not elute from the GC-FID. Table 2 shows the identities and selectivites of the minor products 

for the hydrothermal decarboxylation of oleic acid after 4 h reaction in super-critical water. The 

products, unsaturated C11-C16, suggest that the catalysts possess some cracking activity. 

Although Fu et al. [29] shows that the conversion of oleic acid over activated carbon after 3 h at 

370 
o
C was 80%, the selectivity of heptadecane was only 7%. Also, only partial hydrogenation of 

oleic acid (31%) to stearic acid took place over Pt/C after 9 h at 300 
o
C [27, 30].   

A proposed mechanism of hydrothermal decarboxylation of oleic acid in super-critical 

water based on the previous results is shown in Fig. 4. During the hydrothermal decarboxylation 

of oleic acid, the carboxylic acid donates protons by the heterolytic cleavage of the O-H bond, 

generating a carboxylate and hydrogen ions. Heptadecenes (unsaturated C17) are produced due 

to the removal of CO2. The in situ generated hydrogen (as a result of heterolytic cleavage of the 

O-H bond in oleic acid) is consumed by the hydrogenation of oleic acid or unsaturated C17 to 

form stearic acid or heptadecane, respectively. The produced stearic acid is then decarboxylated 

to generate more heptadecane. Moreover, hydrogen molecules can also be generated from water-

gas shift reactions [47]. A similar sequential hydrogenation–decarboxylation pathway for oleic 

acid in dodecane solvent was proposed by Immer et al. [48]  

The catalysts were evaluated for the hydrothermal decarboxylation activities of oleic acid 

in sub-critical water (350 
o
C) (Table 3). Under sub-critical conditions, all of the catalysts 

exhibited lower conversion and product selectivity for the hydrothermal decarboxylation of oleic 

acid than for super-critical conditions. The major products were oxygenated compounds, with no 

measurable amount of stearic acid. These results suggest that higher temperature promotes the 
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hydrogenation-decarboxylation reactions of oleic acid. The decarboxylation of oleic acid over 

Pt/SAPO-11 after 2 h increased from 20% to 90% as the temperature increased from 200 
o
C to 

325 
o
C. Also, the heptadecane selectivity increased by a factor of 4 when the temperature 

increased to 325 
o
C [49]. At super-critical conditions, water becomes a highly reactive medium 

due to the reduction in dielectric constant and increasing in self-dissociation constant [30].  

The pretreatment (pre-reduction) of the catalysts did not significantly affect the 

hydrothermal decarboxylation of oleic acid at super-critical conditions (400 
o
C) for 4 h reaction 

(Fig. 5), which indicates that the pre-reduction step was not necessary because there was not 

much oxide on the catalyst surface. A similar finding by Fu et al. [27] shows that the pre-

reduction step of Pt/C and Pd/C catalysts did not alter the catalyst activity for the hydrothermal 

decarboxylation of palmitic acid. Also, the pre-reduction of activated carbon did not show a 

significant effect on the hydrothermal decarboxylation of palmitic acid [29].    

3.3. Effect of adding glycerol on hydrothermal decarboxylation of oleic acid 

 The effect of in situ H2 production via glycerol APR (eq. 1) on the hydrothermal 

decarboxylation of oleic acid in super-critical water was examined. The need for external 

hydrogen is a basic challenge for conventional lipid hydrotreatment processes [11, 50]; however, 

the production of in situ hydrogen may alleviate this challenge.   

                                                  C3H8O3 + 3 H2O                       7 H2 +3 CO2          (eq. 1) 

 Three different initial glycerol loadings were investigated for the hydrothermal 

decarboxylation of oleic acid at super-critical condition as shown in Fig. 6. Theoretically, the 

0.156 mmol of oleic acid requires 0.156 mmol of H2 to completely hydrogenate the oleic acid 

into stearic acid as shown in (eq. 2).   

                                                  C18H34O2 + H2                        C18H36O2                 (eq. 2) 
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Based on eq. 1, the three initial glycerol loadings (0.12 mmol, 0.24 mmol, and 0.48 

mmol) can generate H2 of 0.84 mmol, 1.68 mmol, and 3.36 mmol, respectively. The NiMoC, 

NiNbC, and NiZrC supported on Al-SBA-15 performed similarly with the three different 

glycerol loadings as shown in Fig. 6. A slight increase in the stearic acid selectivity (Fig. 6 b) 

and decrease in the unsaturated C17 selectivity (Fig. 6 d) were observed when 0.12 mmol of 

glycerol was added. Also, the NiMoC, NiNbC, and NiZrC catalysts required higher glycerol 

loading (0.48 mmol) in order to obtain higher oleic acid conversion (Fig. 6 a). However, a 

significant improvement in the conversion of oleic acid (Fig. 6 a), selectivity of stearic acid (Fig. 

6 b), and selectivity of heptadecane (Fig. 6 c) was observed for the reaction over NiWC catalyst 

with the addition of only 0.12 mmol of glycerol. The conversion of oleic acid and selectivity of 

heptadecane over NiWC catalyst reached 97.3% and 5.2% after adding 0.48 mmol glycerol. 

However, the production of unsaturated C17 decreased with the addition of glycerol (Fig. 6 d), 

which suggests that the direct decarboxylation of oleic acid decreased. These results suggest that 

hydrogenation of oleic acid dominates the reaction in the presence of excess H2 to produce 

stearic acid. A complete hydrogenation of oleic acid into stearic acid and partial decarboxylation 

of stearic acid to produce heptadecane (24%) was observed when the reaction was carried out 

over Pt/C at 300 
o
C for 9 h, suggesting that the hydrogen concentration greatly affects the 

catalyst decarboxylation performance [30].   

The addition of glycerol to the reactants of the hydrothermal decarboxylation of oleic 

acid improved the conversion of oleic acid and the selectivity of heptadecane. Fig. 6 illustrates a 

comparison of the catalyst performance before and after adding glycerol, indicating that all the 

catalysts utilized the glycerol for generating hydrogen. However, the NiWC/Al-SBA-15 

exhibited the greatest potential for utilizing the in situ produced H2 from glycerol to hydrogenate 
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the oleic acid and then decarboxylate the produced stearic acid to produce heptadecane. The 

higher hydrogenation activity of the NiWC/Al-SBA-15 catalyst in comparison to others may be 

attributed to its fractional sum of electronegativity that falls in the range of electronegativity of 

noble metal catalysts [51]. Therefore, the rates of adsorption and desorption are similar to those 

observed for the noble metals. In addition, the high electron energy in the outermost shell of 

tungsten may be another reason for the higher activity of NiWC/Al-SBA-15 in comparison to the 

other catalysts.  

A reaction sequence as shown in Fig. 7 is likely wherein the hydrogenation of oleic acid 

initially takes place to produce stearic acid followed by decarboxylation of stearic acid to form 

heptadecane. A similar finding by Vardon et al. [30] suggested that the hydrogenation of oleic 

acid to produce stearic acid, and followed by decarboxylation of the stearic acid over (Pt/C and 

Pt-Re/C) increased after adding glycerol. Although Pt/C and Pt-Re/C showed higher production 

of heptadecane than the catalysts in this study, the CO produced during fatty acid 

decarbonylation can inhibit the activity of those noble catalysts [38].    

The product distributions obtained from the NiWC/Al-SBA-15 catalyst were influenced 

by the glycerol addition (0.48 mmol) as shown in Fig. 8. The oxygenated products that were 

produced from the hydrothermal decarboxylation of oleic acid with no glycerol addition 

diminished after adding the glycerol. Also, some shorter hydrocarbons (C10-C16) were apparent 

in the GC-FID spectrum, suggesting that the NiWC/Al-SBA-15 catalyst exhibited some cracking 

activity.  

3.4. Conversion of lipids (soybean oil) to hydrocarbons 

The process that is used to hydrolyze triglycerides to produce free fatty acids and glycerol 

in hydrothermal media is commonly called “fat-splitting” [46, 52, 53].
 

The previous 
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experimental results support the idea of using triglyceride-based biomass such as soybean oil as a 

feedstock to produce hydrocarbons via hydrothermal decarboxylation reaction. No additional 

glycerol is required since glycerol molecules are generated from the hydrolysis of triglycerides. 

Following hydrolysis, liberated glycerol can undergo catalytic APR reactions to generate H2 [30]. 

Also, glycerol can be catalytically decomposed to generate CO that is consumed to produce 

additional H2 from the water-gas shift reaction.     

A nearly complete conversion of soybean oil (>95% triglycerides) was obtained from the 

hydrothermal decarboxylation reaction to produce heptadecane, unsaturated C17, unsaturated 

C18, stearic acid, oleic acid, and linoleic acid as shown in Table 4. The soybean oil used in this 

study had a fatty acid profile of 2-5% stearic acid, 20-30% oleic acid, 50-60% linoleic acid and 

5-11% linolenic acid. All of the catalysts exhibited good hydrolysis activities of triglycerides. 

The soybean oil (triglycerides) is converted to its major fatty acids (oleic acid and linoleic acid) 

in addition to other fatty acids such as stearic acid and linolenic acid. Also, the presence of 

stearic acid suggests that some of the oleic acid and linoleic acid were hydrogenated to produce 

stearic acid. Although several studies show that the rate of hydrogenation of linoleic acid is 

greater than oleic acid [54-56], the selectivity for hydrogenation of linoleic acid decreases as 

temperature increases [57]. A 19-31% selectivity to unsaturated C17 was observed for each 

catalyst, indicating a decarboxylation of oleic acid and linoleic acid took place. No oleic acid 

was observed when the reaction was carried out over the NiWC/Al-SBA-15. Also, the highest 

stearic acid selectivity was obtained from the NiWC/Al-SBA-15; therefore, this catalyst has the 

best hydrogenation activity, as observed previously. The results for the NiWC/Al-SBA-15 

suggest that heptadecane was produced from either the decarboxylation of stearic acid or from 

the hydrogenation of unsaturated C17.     
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4. Conclusion 

Catalytic hydrothermal decarboxylation processing is a promising method for converting 

low-quality lipid feedstocks, such as brown grease, which are typically high in free fatty acids 

and triglycerides, into hydrocarbon fuels. Several catalysts, Ni-based transition metal carbides 

supported on Al-SBA-15, were investigated for the hydrothermal decarboxylation of oleic acid. 

The effect of catalyst reduction, sub- and super-critical conditions on the catalysts performance 

was examined. Super-critical water promotes the hydrogenation-decarboxylation reactions of 

oleic acid due to the increase of water reactivity at super-critical temperature. Water at super-

critical condition becomes a more reactive medium with lower dielectric constant and higher 

self-dissociation constant. The utilization of APR of glycerol for in situ hydrogen production 

motivates the hydrogenation of oleic acid to stearic acid and production of heptadecane 

especially over NiWC-Al-SBA-15. The NiWC/Al-SBA-15 showed higher hydrogenation 

activity than other catalysts, which may be attributed to its fractional sum of electronegativity 

that falls in the range of electronegativity of noble metal catalysts and the high electron energy in 

the outermost shell of tungsten. The NiWC/Al-SBA-15 shows a great potential to hydrolyze 

triglycerides, generate in situ H2 from glycerol, hydrogenate oleic acid and linoleic acid to form 

stearic acid, and produce heptadecane. However, further hydrothermal decarboxylation of stearic 

acid is needed to enhance the selectivity to green diesel hydrocarbons.   It is envisioned a 

bifunctional catalyst, or a two-step process can be developed for hydrothermal decarboxylation 

of triglycerides: first step for hydrogenation of unsaturated fatty acids over a modified NiWC/Al-

SBA-15, and second step for decarboxylation of saturated fatty acid to produce alkanes. Thus, 

modified NiWC/Al-SBA-15 catalysts may provide an economically viable process for the 
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hydrothermal decarboxylation of fatty acids and triglycerides derived from low-quality sources 

without the need of additional H2. 
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Table 1 

Catalyst on 

(Al-SBA-15) 

Conversion 

(%) 

Selectivity (%) Liquid 

product 

wt. (%) C17 C17
* 

C18 C18
* 

NiMoC 32.8 0.08 62.5 0 3.1 87 

NiNbC 30.7 0 67.6 0 1.9 89 

NiWC 30.7 0.72 53.6 0.04 1.8 91 

NiZrC 30.1 0.09 67.7 0 1.1 86 

* Unsaturated components   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table 2 

Product 

Selectivity (%) 

NiMoC NiNbC NiWC NiZrC 

C11
* 

1.8 1.2 1.0 1.7 

C12
* 

1.6 0.7 0.5 1.5 

C13
* 

1.7 1.1 1.2 0.9 

C14
* 

1.2 1.2 0.9 1.0 

C15
* 

1.8 1.2 1.6 0.9 

C16
* 

1.1 0.9 2.7 1.4 

Stearic acid 1.6 1.4 1.9 1.3 

γ-Stearolactone 21.8 21.3 32.7 21.1 

* Unsaturated components   

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table 3 

Catalyst on 

(Al-SBA-15) 

Conversion 

(%) 

Selectivity (%) Liquid 

product 

wt. (%) C17 C17
* 

C18 C18
* 

NiMoC 13.1 0 34.6 0 0.96 98 

NiNbC 15.3 0 31.1 0 0.83 99 

NiWC 15.6 0.01 35.8 0.03 1.01 97 

NiZrC 12.9 0 28.5 0 0.77 97 

* Unsaturated components   

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 



Table 4 

Catalyst 

Selectivity (%) 

C17 C17* C18 C18* 
Stearic 

acid 

Oleic 

acid 

Linoleic 

acid 

NiMoC 0.04 31.1 0 2.9 19.3 9.6 20.1 

NiNbC 0.04 31.1 0 2.9 16.2 14.4 19.7 

NiWC 2.1 19.7 0 3.7 39.6 0 15 

NiZrC 0.03 30.5 0 2.6 14.3 18.2 21 

* Unsaturated components   



List of Figure Captions: 

Fig. 1. XRD patterns of NiMoC/Al-SBA-15, NiWC/Al-SBA-15, NiZrC/Al-SBA-15, and 

NiNbC/Al-SBA-15. 

Fig. 2. SEM and EDAX analysis of: NiMoC/Al-SBA-15 (a), NiNbC/Al-SBA-15 (b), 

NiWC/Al-SBA-15 (c), and NiZrC/Al-SBA-15 (d). 

Fig. 3. GC-FID spectrum of the product obtained from the hydrothermal decarboxylation 

of oleic acid after 4 h reaction in super-critical water over the NiWC/Al-SBA-15 catalyst. 

Fig. 4. Proposed reaction mechanism for the hydrothermal decarboxylation of oleic acid 

in super-critical water. 

Fig. 5. Effect of the catalyst pre-reduction on the hydrothermal decarboxylation of oleic 

acid after 4 h reaction in super-critical water. Conversion of oleic acid and selectivity of 

unsaturated C17 (a), Selectivity of C17, C18, and unsaturated C18 (b).  

Fig. 6. Conversion and product selectivity for the hydrothermal decarboxylation of oleic 

acid with different initial glycerol loading after 4 h reaction in super-critical water. 

Conversion of oleic acid (a), selectivity of stearic acid (b), selectivity of C17 (c), and 

selectivity of unsaturated C17 (d). 

Fig. 7. Reaction sequence for the hydrothermal decarboxylation of oleic acid in the 

presence of glycerol in super-critical water. 

Fig. 8. GC-FID spectrum of the product obtained from the hydrothermal decarboxylation 

of oleic acid with glycerol addition (0.48 mmol) after 4 h reaction in super-critical water 

over the NiWC/Al-SBA-15 catalyst. 
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