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A B S T R A C T   

The review covers transformations of vegetable oils and fatty acids to jet fuel intensively studied during the 
recent years. A special emphasis is put on the liquid product yields and the product distribution with the latter 
one affecting the fuel properties. In addition, the desired catalyst properties have been summarized. One of the 
best results was reported for Jatropha oil processing, giving above 80 wt% yield of the liquid phase products over 
Ni supported on H3PW12O40/hydroxyapatite at ca. 400 ◦C under 30 bar hydrogen. Palm oil hydroconversion was 
performed in a two-step process over Pt/Al2O3 followed by Pt/HY, at 395 ◦C and 245 ◦C, respectively giving 54% 
jet fuel components. Typically also other products such as diesel range hydrocarbons are formed. Fatty acid and 
ester hydroconversion proceeds at lower temperatures, 255–260 ◦C over Ni supported catalysts producing above 
50% yield of the aviation type fuel components. The desired catalyst contains acid sites with weak and medium 
strength, small metal particle sizes and mesoporosity, which facilitate diffusion of branched alkanes. Reaction 
kinetics, mechanism and kinetic modelling are also summarized.   

1. Introduction 

Production methods for renewable jet fuel has attracted a lot of 
attention both in industry and in academia during the recent years 
[1–39]. Jet fuels composed mostly of iso-paraffins, n-paraffins, naph-
thenes, olefins and aromatic components have strictly regulated prop-
erties [40]. Aromatic and cyclic components in jet fuels can be produced 
via pyrolysis [41] and catalytic liquefaction of wood [42,43] giving 
biocrude. Phenolic compounds in bio-oil can be hydrodeoxygenated and 
cracked to corresponding cyclic and aromatic compounds [44,45], while 
algal and vegetable oils, their esters as well as fatty acids and their esters 
give diesel [14,15], kerosene (C9-C14) [3,17] and naphtha fractions, 
>C9 hydrocarbons [14], depending on hydroconversion conditions and 
the type of catalyst. Fatty acids and oils can also be separately deoxy-
genated, hydroisomerized and hydrocracked to suitable hydrocarbons in 
the jet fuel range [15,16,21]. 

Jet fuel has specific strictly defined properties, such as the heating 
value, viscosity, aromatic content and the desired ratio between the 
branched to normal alkanes. Its production in one-step can be demanding 
and thus also multistep methods with several catalysts in different steps 
have been developed [15,21,31]. Jet fuel production from renewable 
sources has been very intensively studied during the recent years 
[12,13,17,20,38], giving, however, depending on the catalyst properties, 
also diesel [14], gasoline [14] or aromatic [46] fractions. 

The aim of this review is to summarize recent literature on hydro-
upgrading of oils, fatty acids and their esters. Hydroupgrading of oils to 
produce jet fuels means hydrodeoxygenation, in some cases followed by 
hydroisomerization and hydroconversion. Some reviews on this topic 
are already available [47–50]. In [49] bio-jet fuel production from 
different feedstock is summarized rather broadly with especially the 
catalyst selection for hydroconversion of acids and esters presented very 
shortly. In [50] hydroconversion using different feedstock is briefly 
summarized, without providing any details of catalyst properties. The 
same holds for Ref. [47], even if the effect of the catalyst support has 
been discussed in a more detailed manner. The main aim in [48] was to 
summarize reactor modelling. In the current work, the highest yields of 
jet fuel components from different feedstock are presented and the 
desired catalyst properties for production of jet fuel components are 
discussed in detail including the pore size, acidity, metal dispersion and 
the catalyst morphology. Furthermore, the effect of different reaction 
parameters, catalyst stability, kinetics, modelling as well as thermody-
namics are summarized. Finally, some recommendations for future 
research are proposed. 

2. Properties of oils and jet fuel 

Jet fuels have been produced from different oils including algae, 
[31], Jatropha, [17,31], soybean [14,23] and palm oil [9], free fatty 
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acids e.g. oleic [12,13] and palmitic [25,27] acids, mixtures of fatty 
acids [45]. For obvious reasons it is preferable to use non-edible oils as 
feedstock, e.g. Jatropha oil [14]. Typical fatty acid composition in tri-
glycerides and amounts of free fatty acids in different oils are presented 
in Table 1. 

Jet fuels are composed mostly of iso-paraffins, n-paraffins, naph-
thenes, olefins and aromatic components [40]. In hydroprocessing of 
oils more aromatics are formed when high amounts of unsaturated acids, 
e.g. linoleic and linolenic acids, are present [15]. Typically, the aromatic 
content is low [16,31], however, some aromatics are required to avoid 
leaks in seals of the fuel system [40], while olefins are undesired. An 
acceptable lower level of aromatics according to ASTM D7566 is 8% 
[20], while in [18] it was pointed out that the optimum amount of ar-
omatic compounds in bio jet fuel is 10–15%. On the other hand, the 
arene content should be lower than 25% according to ASTM regulations 
[51]. One of the reasons for such restrictions is a desire to diminish the 
soot formation. 

The heating value (HV) of jet fuels is between 44.5 and 47.3 kJ/g 
[38,40]. When more aromatics are present the energy density of the fuel 
is low [7]. The heating value can be calculated from the elemental 
composition of the jet fuel according to the following formula [38]:  

HHV (MJ/kg) = 0.095.S + 1.428. (H-O/8) + 0.338.C                            (1) 

in which S, H, O and C denote the weight percentage of elements in the 
fuel. 

Quality of the jet fuel produced from oils, fatty acids and their esters 
using heterogeneous catalysts has been reported in a few papers and 
compared with the ASTM standard (Table 2). Details of the corre-
sponding hydroconversion processes are described in Section 3. 
Hydroconversion of Jatropha oil (Table 2, entry 3, 4) in one step gave 
the desired jet fuel properties [17,31]. Sulfur content in the algal oil 
derived biofuel was analyzed, being below 20 ppm, when hydro-
conversion was performed using sulfided Ni-Mo-HZSM-5 as a catalyst 
[31]. One drawback with such catalyst could be formation of S-con-
taining organic compounds in the product [4]. Furthermore, it was 
possible to produce good quality jet fuel from soybean oil using a three- 
step method (Table 2, entry 5) [15]. In this method, hydroconversion of 
soybean oil was performed with Pt/Al2O3/SAPO-11 followed by mild 
hydroconversion of the heavy fraction of the product from the first step 
over Ni2P/HY. In the third step isomerization of light naphtha and the jet 
fraction from step 1 together with the product of step 2 with Pt/Al2O3- 
SAPO-11 gave suitable jet fuel with the desired properties (Table 2, 
entry 5) [15]. A two-step method, comprising hydrodeoxygenation with 
1 wt% Pt/Al2O3 and hydroconversion of the product from the first step 
with 1 wt% Pt/Beta zeolite for production of jet fuel from palm oil was 
proposed (Table 2, entry 6) [16]. The composition of Jet-A fuel was 
analyzed in [20] stating that the ratio between isoalkane to linear 
alkane, I/N ratio of Jet-A was 1.5. The product in hydroconversion of 
palm oil over NiAg/SAPO-11 exhibited a suitable flash point and an 
aromatic content (Table 1, entry 7) [20]. The flash point in palm oil 
derived jet fuel was 38 ◦C, however, the flash point should be high 

enough to guarantee fire safety [20,40]. Hydroconversion of methyl 
palmitate over Ni-BTC-MCM-41 gave good quality jet fuel components 
with an adequate density and the heating value (Table 2, entry 9) [38]. 

Cold properties of jet fuel can be described by the freezing point, 
which decreases for paraffins with decreasing the alkane chain length 
[4]. A high amount of isoparaffins also decreases the freezing point [16]. 
The position of the methyl group can also affect the freezing point of 
isoalkanes, e.g. 5-methylparaffins have a lower freezing point than 2- 
methylparaffins [4]. A high content of C16 to C18 paraffins in the 
product is not desired, since otherwise the requirement of freezing point 
is not met [52], as was the case in the products originating from 
hydroconversion of microalgae biodiesel in [8] and from refined 
bleached deodorized palm oil (Table 1, entries 8, 11) [9]. The freezing 
point of the fuel is directly related to its chemical composition. Acidity of 
the product from hydroconversion of bleached deodorized palm oil was 
too high (Table 1, entry 8) [9]. One known method to reduce acidity in 
petroleum oil is to treat the oil under 0.1 MPa of methanol at 220 ◦C for 
1 h [53], which in general can also be done for biobased jet fuels. 

In addition, it has been stated in [2] that bio-based kerosene has 
some benefits in comparison to petroleum-based fuels, such as low SOx 
and particulate emissions due to a lower content of aromatics. 

3. Production of jet fuels from oils, fatty acids and esters 

Several studies has been made for production of jet fuels from fatty 
acids, [4,12,13,26,27,36] and esters [35,37,38], microalgae biodiesel 
[8] as well as from oils, e.g. from Jatropha [1,2,17,31], camelina [21], 
sunflower [21], palm [9,16,18,20,21,30], coconut [10], soybean 
[21,23,32], castor [21] and waste cooking oil [5] via hydroconversion, 
while some publications are concentrating on production of aromatic 
compounds [45] and diesel-range alkanes [14,32]. It was challenging to 
summarize the results as there are just few studies in which the yields of 
different products are given [1,5,9,14,30,31,38] including the gas- 
[5,13,14,37] and the solid phase products [15]. In fact, in just few 
studies the mass balance has been determined [3,12]. In some cases also 
product distribution by groups, e.g. cycloalkanes, aromatic and alkanes 
[8,35] or by carbon numbers [31,38] or specific products [36] were 
provided. Several analytical methods, such as two dimensional GC 
[3,15], GC–MS, [15,22,26] 13C NMR analysis [11] or FTIR [11,22,23] 
have been utilized for a detailed product analysis. Typically, only the 
liquid product distribution [20,23,26,27] or selectivity among liquid 
products [8,13,17,35,37] is reported along with the conversion level, 
rather that not the absolute yields, as is the case with 
[6,9,11,12,15,16,22,30,31,32,38]. In Table 3 the most promising results 
with optimized catalysts and reaction conditions in hydroconversion of 
oils, acids and ester are given including conversion, yields or selectivity 
to jet fuel components or alkanes among organic liquid phase products 
(OLP) and I/N ratio. The proper conditions for producing high-quality 
jet fuel depend on the feedstock, reaction conditions and selection of 
the metal and the support. Typically high metal dispersion, large pore 
sizes or easy accessibility of the reactants to the active sites, e.g. using 

Table 1 
Chemical composition of different feedstock.  

Oil C20:1 C18:0 C18:1 C18:2 C16:0 C14:0 FFA (%) Ref. 

Jatropha oil 0 7.9 45.4 27.3 19.5 0 1.7 [31] 
Palm oil 0.2 3.1 50.1 11.7 24.1 1.6 n.a. [21] 
Soybean oil 5.5 4 29 46 12.5 <3 n.a. [23] 
Sunflower oil 0.3 4.0 24.1 63.7 6.3 0.1 n.a. [21] 
Camelina oil 2.7 2.8 15.0 19.5 5.6 0.1 n.a. [21] 
Castor oila 0 1.0 3.0 5.0 2.0 0 n.a. [21] 
Algal oil  2 39 7 51  1.6 [31] 
Maracuja oil 0.2 3.2 11.8 71.4 12.8 0.2 n.a. [22] 
Buriti oil 0 1.3 80.4 0.2 17.1 0.3 n.a. [22] 
Babassu oil 0 3.8 21 1.4 10.8 19.2 n.a. [22]  

a 89% ricinoleic acid C18:9-cis(11OH). 
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nanosized supports with intraparticle mesopores and a certain acidity 
are required. Hydroconversion of oils requires typically higher reaction 
temperatures (360–410 ◦C) than that of fatty acids and their esters 
(250–360 ◦C). Typically hydrogen pressure for hydroconversion of oils is 
in the range of 20–50 bar) while hydroconversion of fatty acids and 
esters is performed under 10–40 bar. 

Several catalysts were investigated for Jatropha oil hydroconversion 
including NiO-MoO3/Al2O3, Pt/SAPO-11 and NiO-MoO3/H-ZSM-5 
(Table 3, entry 1) [31]. Rather harsh conditions are required for 
hydrotreating of this oil due to its high oxygen content [3]. The highest 
yield of the jet fuel components, 54% was obtained in a one step process 
over mesoporous 5 wt% NiO-18 wt% MoO3/H-ZSM-5 at 410 ◦C under 
50 bar hydrogen [31]. This catalyst gave also products with I/N ratio of 
2, which is desired for jet fuel. Based on these initial results it was 
concluded that a balance between acid sites and hydrogenation- 
dehydrogenation activity for an efficient catalyst is required. Thus, a 
mesoporous hierarchical ZSM-5 support was loaded with Ni–W resulting 
in ca. 40% yield of C9-C14 components. The highest yield of C9-C14 
hydrocarbons, 77% in Jatropha oil hydroconversion was obtained 
over an acidic sulfided 4 wt% NiO-24 wt% WO3/SiO2-Al2O3 catalyst at 
420 ◦C under 80 bar hydrogen under 0.5 h− 1 space velocity (Table 3, 
entry 2) [3]. Pilot experiments were also made with this catalyst at the 
same temperature giving 30% kerosene, 60% diesel and 12% naphtha 
products compounds comprising 72% paraffins, 21% cyclic hydrocar-
bons as well as 7% monoaromatics and 0.1% polyaromatics determined 
by the two-dimensional GC analysis [3]. Furthermore, 29% of carbon 
was present in the gas phase. 

Hydroupgrading of soybean oil was studied over different catalysts 
(Table 3, entries 7–10) [15,21,23,32]. The theoretical liquid phase 
product yield from soybean oil is 81.5%. A rather high yield, 75%, was 
obtained over 8 wt% Ni/SAPO-11 in [32] while ca. 16% selectivity 
among all hydrocarbons was observed for C7-C14 hydrocarbons at 
370 ◦C under 40 bar hydrogen (Table 3, entry 9). In a three step process 
with separate hydrodeoxygenation, hydroconversion and isomerization 
catalysts 37% yield of jet fuel was obtained (Table 3, entry 8) [15], On 
the other hand, NbOPO4 gave a high deoxygenation degree, but a low I/ 
N ratio (Table 3, entry 7) [23]. High amounts of aromatic compounds 
were also formed from soybean oil in its hydroconversion over NbOPO4 
at 350 ◦C under 10 bar hydrogen [23]. It was, however, stated that a too 
high amount of aromatic compounds can be diminished by increasing a 
hydrogen pressure. [23] When the mass of NbOPO4 catalyst was 
increased in hydroprocessing of soybean oil at 350 ◦C under 10 bar 
hydrogen, the liquid product distribution changed as well (Fig. 4). The 
highest amount of hydrocarbons among liquid products was obtained 
with 25 wt% of the catalyst, while with a lower catalyst amount more 
intermediate oxygenated species were present in the liquid phase [23]. 

The isomer to normal alkane ratio calculated for the optimized liquid 
mixture with 25 wt% of the catalyst was only 0.3 [23], being quite far 
away from the optimum ratio of 2 for jet fuels giving a high heating 
value [31]. 

Analogously to soybean hydroprocessing [15], two step processes 
were developed for transforming palm oil to jet fuel including in the first 
step hydrodeoxygenation followed by the second step with an acidic 
hydroconversion/isomerization catalyst (Table 3, entry 11, 12) [15,16]. 
Especially in two step process using 1 wt% Pt/Al2O3 and 0.5 wt% Pt/HY 
with SiO2/Al2O3 ratio of 30 as catalysts a high jet fuel yield and a high I/ 
N ratio were obtained (Table 3, entry 11) [15]. It was also stated in [15] 
that at harsh conditions to be used in hydroconversion of palm oil, the 
HDO catalyst suffered from sintering and can be easily deactivated, thus 
a two- step process is proposed. The products in [15,16] did not contain 
aromatics based on two- dimensional GC analysis. Palm oil hydro-
conversion to jet fuels was also successfully demonstrated in one-step 
over NiAg and Pd catalysts under high temperatures and hydrogen 
pressures (Table 3, entries 12–16) [9,15,16,20,30]. The composition of 
the liquid phase products obtained from palm oil over 30 wt% NiAg/ 
SAPO-11 at 400 ◦C under 52 bar hydrogen was close to the one for Jet 
A-1, while over 1 wt% Pt/SAPO-11 at 450 ◦C under 59 bar hydrogen the 
products did not contain enough normal alkanes having with a low 
heating value. Gaseous products formed from palm oil over 30 wt% 
NiAg/SAPO-11 were CO, CO2 and propane. The latter can also be 
dehydrogenated to propene [20]. Furthermore, the carbon yield in [20] 
determined as a sum of carbon in liquid, gaseous and solid products was 
94%. 

Hydroconversion of waste cooking oil, methyl palmitate, algal oil 
and methyl ester of Nannochloropsis was also successfully demonstrated 
(Table 3, entries 17–21) [6,8,31,33,37,38]. Noteworthy is the low 
temperature required for 10 wt% Ni/mesoY to catalyze hydroconversion 
[8], while other Ni catalysts operated at high temperatures [6,38]. 
Mesopores were created when the support was treated with an optimum 
NaOH concentration of 0.4 M. In hydroconversion of algal oil over 
sulfided 5 wt% Ni-18 wt% MoO3/H-ZSM-5 (Table 3, entry 21) the 
conversion increased with increasing temperature while an optimum 
temperature forming hydrocarbons with the yield of 78% was 410 ◦C 
under 50 bar hydrogen [31]. A relatively high selectivity to jet fuel 
hydrocarbons was obtained in continuous hydroprocessing of fatty acid 
methyl esters from Nannochloropsis over mesoporous 10 wt% Ni/meso 
Y containing 4 wt% of Keggin type heteropolyacid at 255 ◦C under 20 
bar hydrogen [8]. Under these conditions ca. 11% arenes were gener-
ated with the I/N ratio of ca. 0.8 (Table 3, entry 22). 

Oleic and palmitic acid hydroconversion was investigated over Ni-, 
Mo- and Co-zeolites [4,12,13,26–28,36] and over Ni/Al2O3 [13] 
(Table 3, entries 23–30). Fatty acid hydroconversion occurred over Ni 

Table 2 
Jet fuel properties.  

Entry Feedstock Density at 
15 ◦C 

Freezing 
point (◦C) 

Boiling 
point (◦C) 

Flash 
point 
(◦C) 

Viscosity at 
− 20 ◦C (mm2/ 
s) 

Heating 
value (MJ/ 
kg) 

Aromatic 
content ASTM 
D6379 

Acid number 
(mg KOH/g 
fuel) 

Ref. 

1 standard 0.775–0.84 Max. − 47 n.a. Min. 38 Max. 8.0 42.8 8–25 vol% 0.1 ASTM 
D7566  
[15] 

2 standard n.a. − 52- − 50 n.a. n.a. n.a. 57.25 n.a. n.a. [40] 
3 Jatropha oil 0.78 − 55 n.a. >38 <8.0 >44 <1 n.a. [31] 
4 Jatropha oil 0.814 − 50 n.a. n.a. 3.75 57.25 n.a. 0.010 [17] 
5 Soybean oil 0.776 − 50 n.a. 48.5 3.3 n.a. 14.3 0.01 [15] 
6 Palm oil 0.763 − 48 n.a. 51 7.4 47.1 0 n.a. [16] 
7 Palm oil n.a. n.a. n.a. 58 n.a. n.a. 9 n.a. [20] 
8 Bleached 

deodorized palm oil 
PRO –32 n.a. 42 n.a. 45.0 n.a. 14 [9] 

9 Methyl palmitate 0.7947 n.a. n.a. n.a. n.a. 45.9 n.a. n.a. [38] 
10 Methyl palmitate n.a. n.a. n.a. n.a. n.a. 47.36 n.a. n.a. [35] 
11 FAME from 

nannochloropsis 
0.794 − 35.54 n.a. n.a. 6.9 at 5 ◦C 49.01 n.a. n.a. [8]  
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supported zeolites at lower temperatures in comparison to e.g. soybean 
oil hydroconversion [32]. For oleic acid the yield of the aviation fuel 
range alkanes (AFRA) was ca. 51% with 97% carbon balance at 250 ◦C 
under 10 bar hydrogen over 10 wt% Ni/ZSM-5 nanosheet catalyst 
(Table 3, entry 23) [12]. Jet fuel range alkanes could be produced from 

palmitic acid over 4 wt% Ni-HMP-49 prepared from post-synthesizing 
H-MCM-49 with tetraethylammonium hydroxide and melt infiltrating 
nickel on it [28] (Table 3 entry 26, Table S1, entry 26). The reaction 
conditions were 260 ◦C and 40 bar hydrogen and after 4 h 100% 
selectivity to alkanes was obtained. This product contained ca. 49% C12- 

Table 3 
Hydroprocessing of oils, fatty acids and their esters. Notation: Y yield, S selectivity, YF yield fraction among liquid phase products, OLP organic liquid product, AFRA 
aviation fuel range alkanes.  

Entry Feed Catalyst Conditions Conversion (%) Yield/Selectivity (%) I/N Ref. 

1 Jatropha oil Sulfided 5 wt% NiO-18 wt% MoO3/H- 
ZSM-5 (HSAC) 

410 ◦C, 50 bar H2, 99 Y = 54 2.6 [31] 

3 Jatropha oil Sulfided 4 wt% NiO-24 wt% WO3/ 
SiO2-Al2O3 

420 ◦C, 80 bar, LHSV = 0.5 
h− 1 

90 YF=C9-C14 = 77  [3] 

4 Jatropha oil 5 wt% Ni-30 wt% H3PW12O40/nano- 
hydroxyapatite 

360 ◦C, 30 bar H2, LHSV = 2 
h− 1, H2/oil ratio 600 

100 YOLP = 83.4% 1.64 [11] 

5 Jatropha oil 2 wt% Pt/SAPO-11 410 ◦C, 50 bar H2, LHSV =
1.2 h− 1, H2/oil ratio 1000 
ml/ml 

100 SC8-C16 = 59% 0.75 [17] 

6 Jatropha oil Sulfided 3 wt% Co 8 wt% Mo/ 
mesoporous titanosilicate (MTS) 

360 ◦C, 80 bar H2, LHSV = 2 
h− 1, H2/oil ratio 1500 ml/ml 

80 YC9-C14 = 18% 1.5 [24] 

7 Soybean oil NbOPO4 350 ◦C, 10 bar H2, 5 h Nearly complete 
conversion 

Deox degree 97%, 97% 
hydrocarbons in liquid 
phase 
YOLP = 62 

0.37 [23] 

8 Soybean oil  I. 0.5 wt% Pt/Al2O3/SAPO-11  
II. Ni2P/HY  

III. 0.5 wt% Pt/Al2O3-SAPO-11  

I. 370 ◦C, 30 bar H2, LHSV 
= 1 h− 1  

II. 315 ◦C, 30 bar H2, 4–7 
h− 1 

III. 350 ◦C, 30 bar H2, LHSV 
= 2–4 h− 1  

Yjet fuel = 37 wt%  [21] 

9 Soybean oil 8 wt% Ni/SAPO-11 370 ◦C, 40 bar H2, LHSV = 1 
h− 1 

100 YOLP = 75 
SC7-C14 = 16 

85% 
isomers 

[32] 

10 Soybean oil sulfided 2.7 wt% Ni-12.7 wt% Mo/γ 
-Al2O3  

360 ◦C, 140 bar H2, 8 h  YOLP = 70.9  [22] 

11 Palm oil I. 1 wt% Pt/γ - Al2O3, II: 1 wt% Pt/ 
nano-beta zeolite  

360 ◦C, 20 bar H2, 
II. 235 ◦C, 20 bar H2, 5 h 
III. distillation  

Y = 54.8 wt% 7.0 [16] 

12 Palm oil I. 1 wt% Pt/γ-Al2O3, II: 0.5 wt% Pt/HY 
(SiO2/Al2O3 = 30)  

I. 395 ◦C, 40 bar H2, 
II. 245 ◦C, 50 bar H2, WHSV 
= 2 h− 1  

YOLP = 81.6 wt% 
SC8-C16 = 66.1 wt% 

4.67 [15] 

13 Palm oil 30 wt% meso NiAg/SAPO-11 400 ◦C, 52 bar H2, LHSV = 1- 

h 
100 SC8-C16 = 84% 2.1 [20] 

14 Palm oil 10 wt% Ni/SAPO-34 390 ◦C, 52 bar H2, 8 h 97 Y C8-C16 = 41b  [18] 
15 Palm oil 0.5 wt% Pd/Al2O3 400 ◦C, 60 bar H2, 2 h  Ykerosene = 43% 

Ydiesel = 50%c  
[30] 

16 Bleached deodorized 
palm oil 

0.5 wt% Pd/Al2O3 477 ◦C, 56 bar H2, LHSV =
1.5 h− 1  

Ykerosene = 48%c  [9] 

17 Waste cooking oil 25 wt% Ni- 0.5 wt% Ag/SAPO-11 380 ◦C, 40 bar H2, WHSV =
2 h− 1 

72 SC8-C16 = 40d 1.23 [6] 

18 Waste cooking oil Presulfided 4 wt% Ni-12 wt% Mo/USY 380 ◦C, 30 bar H2,  S = 42%  [33] 
19 Methyl palmitate 10 wt% Ni/meso-Y 390 ◦C, 20 bar H2, 91 S = 64.8 0.3 [37] 
20 Methyl palmitate 2.5 wt% Ni-BTC-MCM-41 390 ◦C, 20 bar H2, 6 h n.a. Y = 53.2% n.a. [38] 
21 Algae oil Sulfided 5 wt% NiO-18 wt% MoO3/H- 

ZSM-5 prepared in the presence of 
(ODAC)e 

410 ◦C, 50 bar H2 98 YOLP = 78.5 2.5 [31] 

22 FAMe from 
Nannochloropsis 

10 wt% Ni/meso Y-HPW 255 ◦C, 20 bar H2, 97.2 Yjet biofuel = 63.1 0.8 [8] 

23 Oleic acid 10 wt% Ni-ZSM-5 nanosheet 250 ◦C, 10 bar H2,  SAFRA = 51.4 1.7 [12] 
24 Oleic acid 4 wt% Ni/Al2O3 ALD 360 ◦C, 30 bar H2, WHSV =

2.4 h− 1, cylohexane as a 
sovlent 

100 SAFRA = 37.2 2.7 [13] 

25 Oleic acid 10 wt% Ni/ZSM-5 nanosheet 250 ◦C, 10 bar H2, WHSV =
2.4 h− 1, cylohexane as a 
sovlent 

100 SAFRA = 51.4 1.7 [12] 

26 Palmitic acid 4.4 wt% Ni-HMP-49 260 ◦C, 40 bar H2, 4 h, 
decalin as a solvent 

>99 SC12-C14 = 53.5a 0.9 [28] 

27 Palmitic acid 4 wt% Ni-H-ZSM-22 (5 wt% NiO) 260 ◦C, 40 bar H2 100 SC14-C15 = 73.8a  [4] 
28 Palmitic acid 5 wt% CoO over desilicated H-MCM- 

49 
260 ◦C, 40 bar H2, 4 h, n- 
decane as a solvent 

>99.9 S12-14 = 29.3 0.5 [26] 

29 Palmitic acid 21 wt% Mo/H-ZSM-22 260 ◦C, 40 bar H2, 4 h 82 S = 61.7% isoalkanes  [36] 
30 Palmitic acid 5 wt% Co-HZM-5 260 ◦C, 40 bar H2, 4 h, n- 

decane 
100 SC13-C16 = 100% 0.51 [27]  

a among liquid phase product, b mass based yield. 
c determined by volume fraction obtained via distillation, d selectivity among C1-C18 alkanes, except for C15-C18. 
e ODAC denotes octadecyldimethyl-(3-trimethoxysilylpropyl)ammonium chloride. 
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C14 cracking compounds with the ratio I/N of 0.9. Analogously meso-
porous, post-treated 5 wt% CoO/H-MCM-49, was efficient in hydro-
upgrading of palmitic acid (Table 3, entry 28, Fig. 2) [26]. The desired 
catalyst properties for production of the jet fuels from fatty acids and oils 
are an appropriate pore size, the presence of strong acid sites facilitating 
hydroisomerization and hydrocracking [28]. 

Cycloalkane formation was investigated in hydroconversion of 
model fatty acids, i.e. stearic, oleic, linoleic and linolenic acids over 
sulfided 2.7 wt% Ni-12.7 wt% Mo/γ-Al2O3 catalyst at 360 ◦C under 140 
bar hydrogen for 2 h. The main products were n-C17H36 and C18H38, 
while also large amounts of cycloalkanes were formed, especially when 
using linolenic acid as a feedstock [22]. 

In addition to cycloalkanes also alkylbenzenes, such as heptyl ben-
zene, 2-methyloctylbenzene, dodecyl benzene, were formed in ca. 7 wt% 
from linolenic acid (Fig. 3). Formation of aromatic products in hydro-
conversion of oils over 1 wt% Pt/Al2O3/SAPO-11 depends on the 
amount of polyunsaturated fatty acids in the feedstock. It can be 
concluded from Fig. 3 that palm and tallow oils are hydrogenated, while 
more aromatic compounds are formed from soybean, sunflower and 
camelina oils [21]. 

4. Catalyst selection 

The product properties in hydroprocessing of oils, fatty acids and 
their esters over different catalysts depend on the type of feedstock, 
reaction conditions as well as on the catalyst properties. For production 
of jet fuels by hydroconversion of fatty acids and oils, bifunctional cat-
alysts with the metal and acid functions are needed, in which the metal 
facilitates hydrogenation/dehydrogenation and hydroconversion, while 
acidity is needed for cracking and isomerization. Metal modified zeolites 
exhibit high acidity, with the disadvantage that, their pores sizes are 
below 0.7 nm. Triglycerides are large molecules with a cross-section of 
ca. 0.6 nm [20], therefore configurational diffusion of the reactants and 
products inside the catalyst pores is also very important. Because a high 
I/N ratio is a desired property in jet fuels, the sizes of isomers should 
considered in relation to the pore sizes. The sizes of n-paraffins, mono-
branched, dibranched and tribranched isomers have been approximated 
as 0.45 nm, 0.58–0.6 nm, 0.61–0.63 nm and 0.65 nm, respectively [54] 
showing clearly that the zeolites can experience mass transfer limita-
tions. The parameters, which can be fine-tuned for the production of jet 

fuel are the metal type and particle size, reducibility of the metal, as well 
as acidity of the catalyst. From the viewpoint of catalyst morphology 
mesoporosity [15,17,20,23,31,33,38] is beneficial or alternatively 
nanosized catalyst particles are applied [16,38] (Table 3). Several al-
ternatives exist to create mesoporosity and promote accessibility to the 
active sites, such as utilization of mesoporous supports (MCM-41), 
desilication by NaOH treatment [33,37] and dealumination of zeolites 
[31,33], formation of mesoporous pellets, application of surfactants and 
different ratios of meso- micropore structural directing agents [31] or 
utilization of zeolite nanosheets [12,16]. In addition, structured meso-
porous catalysts, such as Ni-mesoporous organic framework modified 
MCM-41, have an opportunity to limit arene formation from methyl 
palmitate hydroconversion [38]. 

Supports with suitable properties, such as mesoporosity, as well as 
appropriate acidity which can be tuned with additives, such as 
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phosphotungstic acid [8,11] or by adding a second metal, such as silver 
[5], are beneficial for a proper hydroconversion catalyst. Acidity can 
also be tuned via the post-synthesis, e.g. dealumination and desilication, 
which also creates mesopores as mentioned above. In some cases, acidity 
can also be too high and it can be decreased by the silane treatment [12]. 
Mesoporosity is often correlated with high acidity [20] and a high metal 
dispersion [17] as can be seen from Table 4. 

Metal selection is also crucial, with noble metal catalysts being more 
expensive, at the same time facilitating use of milder reaction conditions 
than with transition metal catalysts. A metal should be highly dispersed 
on the support and its better reducibility typically enhances catalyst 
performance. In some cases even the oxidation state of the metal oxide is 
crucial, for example with Mo/H-ZSM-22, when the ratio Mo4+/Mo0 

played an important role [36]. In bimetallic catalysts the electron 

transfer effect between the two metals can enhance metal reducibility, 
for example between Ni and W [11]. Thus Ni-H3PW12O40/hydroxyap-
atite was efficient for hydroconversion of Jatropha oil [11]. In addition, 
the nature of the two metals over the same support, for example mes-
oporous titanosilicate was studied and a large difference in the perfor-
mance of Ni-Mo vs Co-Mo supported on mesoporous titanosilicate was 
observed [24] and will be discussed below. 

In this chapter catalyst performance – property relationship will be 
discussed, especially elucidating the metal particle sizes, catalyst 
morphology, optimum reaction conditions for specific catalysts and the 
product quality obtained in hydroconversion of fatty acids, esters and 
oils. 

4.1. Pt catalysts 

Several different types of catalysts have been used in hydro-
conversion of fatty acids and oils, such as noble metal catalysts (Table 4, 
entries 1–4) as well as less expensive transition metal catalysts (Table 4, 
entries 5–24). 
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Table 4 
The properties of the most promising catalysts used in hydroprocessing of oils, 
fatty acids and their esters.  

Entry catalyst D pore 
(nm) 

Total 
acidity 
(mmol 
NH3/g) 

Dmetal 
(nm) 

Ref. 

1 2 wt% Pt-SAPO-11 3.5 n.a. 11.2 [17] 
2 I. Pt/γ-Al2O3, II: 1 wt% Pt/ 

nano-beta zeolite  
n.a a 1–2 [16] 

3 0.95 wt% Pt/Al2O3 21–24 0.132 
(Lewis 
acidity) 

1.2 [15] 

4 1 wt% Pt/Al2O3/SAPO-11 3.7 n.a. 7 [21] 
5 4 wt% Ni/Al2O3 n.a. 0.604 3.1 [13] 
6 4 wt% Ni-H-ZSM-22 n.a n.a. 13–66 [4] 
7 10 wt% Ni-SAPO-34 n.a. n.a. n.s. [18] 
8 8 wt% Ni/SAPO-11 n.a. 1.84. n.a. [32] 
9 10 wt% Ni/meso-Y 2–10 n.a. 14–17 [37] 
10 4.4 wt% Ni-HMCM-49 

post-treated 
n.a. n.a. 20–40 [28] 

11 2.5 wt% Ni-BTC-MCM-41 
nanosheets 

3.7 n.a. 2–8 [38] 

12 10 wt% Ni/ZSM-5 
nanosheets 

9.8 n.a. 10 [12] 

13 5 wt% Ni/H-ZSM-5 n.a. n.a. 10–60 [27] 
14 25 wt% Ni- 0.5 wt% Ag/ 

SAPO-11 
n.a. n.a. n.a. [5] 

15 30 wt% meso NiAg/SAPO- 
11 

5.8 n.a. 4–6 [20] 

16 Sulfided 4 wt% NiO-24 wt 
% WO3/SiO2-Al2O3 

4.6 1.1 n.a. [3] 

17 Ni-Mo/H-ZSM-5 (5 wt% 
NiO, 18 wt% MoO3) (high 
surface area catalyst, 
HSAC) 

3.8 0.42 n.a. [31] 

18 10 wt% Ni/MCM-41 + 20 
wt% HPW 

3.46 0.73 n.a [35] 

19 10 wt% Ni/Y − 4 wt% 
H3PW12O40 

2 n.a. n.a. [8] 

20 5 wt% Ni-30 wt% 
H3PW12O40/nano- 
hydroxyapatite 

19.4 n.a n.a. [11] 

21 5 wt% CoO in Co-HMCM- 
49P 

b b <5 [26] 

22 21.2 wt% Mo/H-ZSM-22 c c 7–8 [36] 
23 3 wt% Co-8 wt% Mo 

/mesoporous titanosilicate 
3.2–3.5 0.5 n.a. [24] 

24 NbOPO4 4–6 n.a. n.a. [23]  

a Total acidity by pyridine adsorption–desorption FTIR for Pt nano Beta 
zeolite 401 µmol/gcat, 

b no mesopores, total acidity by pyridine adsorp-
tion–desorption FTIR at 250 ◦C for the support 845 µmol/gcat,, 

c micropores, 
large amount of acid sites with weak and medium strength 
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In hydroconversion of vegetable oils, Pt was supported both on a 
moderate acidic SAPO-11 [17] as well as on a composite Al2O3/SAPO-11 
[21]. Because the metal dispersion is important to get a high hydro-
conversion efficiency [17], in the former case of Pt/SAPO-11 dispersion 
of platinum was boosted via using sodium dodecyl benzene sulfonate as 
a surfactant. In that case Pt particles of ca. 11 nm were obtained. 
Furthermore, this support exhibited a larger pore size in comparison to 
the parent SAPO-11 with such larger pore sizes of 2 wt% Pt/SAPO-11 
being important for production of jet fuel components from Jatropha 
oil [17]. The catalyst exhibited a higher specific surface area and the 
pore size, i.e. 206 m2/g and 3.5 nm, respectively, than its counterpart 
prepared in the absence of a surfactant, namely 195 m2/g and 3.2 nm 
(Table 4, entry 1, Table S1, entry 1) [17]. For Pt/SAPO-11 with and 
without the surfactant the jet fuel yields from Jatropha oil were 59% and 
45%, respectively at 400 ◦C under 50 bar hydrogen. Furthermore, more 
C8-C16 isomers were generated over the former catalyst, e.g. 25% in 
comparison 21% over Pt/SAPO-11 prepared without the surfactant. 
Acidity of the catalysts was not determined. In addition, micro- 
mesoporous Pt/SAPO-11 gave also a high yield of jet fuel components 
from Jatropha oil (54%). It was concluded in [31] that mesoporosity is 
necessary to obtain a high and stable catalyst performance. In [17] 
hydrotreating of different vegetable oils was performed using Pt/Al2O3/ 
SAPO-11 composite catalyst. Hydrodeoxygenation of soybean oil was 
successfully performed over this catalysts giving>60% isoparaffinic 
compounds (See Section 3). This catalyst exhibited also mesopores and 
relatively small Pt size size (Table 4, entry 4). 

Nanosize support particles have also been tested as metal supports for 
hydroconverison of vegetable oils [16]. They exhibit intercrystalline 
mesoporosity enhancing thereby mass transfer. Furthermore, it is easier to 
achieve a better metal dispersion on nanosized support particles and 
enhance metal reducibility as well as to optimize acidity. Because Pt/ 
Al2O3 is an efficient catalyst for generating long chain hydrocarbons from 
palm oil [16], not being efficient for producing jet fuel, a two step process 
was developed in which the long chain hydrocarbons were produced in 
the first step over Pt/Al2O3 and the product was used as a feedstock for jet 
fuel generation with bulk and nanosized Pt catalysts supported on ZSM-5 
and Beta. A comparative work using both Pt supported on bulk and nano 
sized particles was performed in hydroconversion of long chain hydro-
carbons produced from palm oil in [16]. Nanosized Beta particles 
exhibited sponge like morphologies with the size of 10 – 50 nm and 
intercrystalline mesoporosity, while the crystallite size of bulk Beta zeo-
lites was>100 nm. The ratio between the surface Pt to the Brønsted acid 
sites was demonstrated to influence the yield of jet fuel components and I/ 
N ratio (Fig. 5), showing that Pt supported on both bulk and nano Beta 
zeolite gave a higher I/N ratio to YC8-YC16 ratio in comparison to Pt-ZSM-5 
catalysts. For both Beta and ZSM-5 the nanosize catalysts exhibited a 
slightly better performance than the corresponding bulk catalysts. At the 
same time, the latter catalysts exhibited a lower nPt/nBA ratio in compar-
ison to the nano sized catalysts. The lowest ratio of the mesoporous to the 
microporous volume was also determined for Pt/nano-Beta, which gave 
the highest yield of jet fuel hydrocarbons. 

Diffusion kinetics was investigated in [16] using 2,2,4-trimethylpen-
tane as a model compound at room temperature for different Pt catalysts 
supported on bulk and nano Beta and ZSM-5 [16]. Diffusion kinetics was 
analyzed with the Fick second diffusion law 

∂C
∂t

= D
(

∂2C
∂x2

)

(2) 

in which C is the concentration, D is diffusivity, t time and × loca-
tion. The crystal shape was regarded as the slab-like when the normal-
ized uptake q(t)/q(∞) is defined as 

A =
q(t)

q(∞)
=

2̅
̅̅
π

√

̅̅̅̅̅
D
L2

√
̅̅
t

√
(3)  

in which L is the characteristic diffusion path length. 

When diffusivity divided by the characteristic diffusion path length 
of each catalyst was correlated with the obtained maximum yield of C8- 
C16 hydrocarbons and the I/N ratio over the same catalysts, it was 
concluded that both parameters in hydroconversion of palm oil over 
different Pt catalysts increased with increasing the diffusion rate [16]. In 
[16] it was also concluded that the highest yield of the desired products 
was obtained with nanocrystalline Pt/Beta zeolite catalyst with the 
highest molecular diffusion rate (Fig. 6). Slower diffusion rates result in 
over-cracking. 

Analogously to [16], easy diffusion of reactants and products was 
facilitated by mesoporosity in 1 wt% Pt/Al2O3/SAPO-11 extrudates of 
unspecified acidity, which were used in hydroconversion of different 
oils. The suitable mesopore size was 3.7 nm and Pt was uniformly 
distributed inside the pellets (Table 4, entry 4) [21]. 
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4.2. Ni catalysts 

Several inexpensive nickel supported catalysts e.g. monometallic 
[4,12,13,28,35,38] and bimetallic Ni [1,3,20,31,34], have been applied 
in hydroprocessing of oils and fatty acids to produce aviation fuel range 
components. In addition, Ni catalysts combined with phosphotungstic 
acid have been efficient catalysts for production of jet fuels (Table 4, 
entries 18–20) [8,11,35]. 

4.2.1. Monometallic Ni catalysts 
For monometallic Ni catalysts the jet fuel production was promoted 

using highly dispersed Ni particles and suitable acidity [4,13]. Specific 
catalyst preparation methods, such as atomic layer deposition [13] and 
melt impregnation were used to enhance the desired catalyst properties 
for production of jet fuel components, e.g. metal dispersion [4] and 
metal reduction [4] as well as acidity [4] in comparison to the catalysts 
prepared by incipient wetness method. In such cases Ni/Al2O3 was 
prepared by the atomic layer deposition [13] while 5 wt% NiO/H-ZSM-5 
was synthesized by the melt impregnation [4]. 

Catalyst morphology was also an important parameter [13,38]. For 
example, mesoporosity in zeolites [33,37] and the mesoporous mate-
rials, e.g. MCM-41 as well as nanosizes ZSM-5 [12] and MCM-41 
nanosheets [38] was suitable for their application as supports. The 
desired properties are high metal dispersion [13], suitable acidity 
[12,38] and a high diffusion rate [37]. In addition, Ni supported on 
SAPO-34 was efficient producing only a small amount of arenes [18]. 

The catalyst preparation method can also affect the metal dispersion 
[4] and the type of metal sites [13]. It is known that, for example, the 
atomic layer deposition [13] and the melt infiltration method [4,26] 
increase the metal dispersion. A comparative work in oleic acid hydro-
conversion was performed with 4 wt% Ni/Al2O3 prepared by atomic 
layer deposition (ALE) and incipient wetness (IW) methods [13]. The 
former has only Lewis sites and the particle size smaller in comparison to 
the one prepared by the incipient wetness method, being 3.6 nm and 6.1 
nm, respectively. Furthermore, structure sensitivity in oleic acid 
hydroconversion was confirmed [13]. 4 wt% Ni/Al2O3 ALD contained 
only Lewis acidic sites. A higher alkane selectivity was obtained over 4 
wt% Ni/Al2O3 ALD in comparison to the catalyst prepared by the 
incipient wetness method. It was stated that 4 wt% Ni/Al2O3 prepared 
by ALD contained a higher amount of Ni step sites, which was confirmed 
by CO TPD, showing presence of a peak above 450 ◦C, ascribed to 
associative adsorption of CO on Ni step sites [55]. As acidity and 
porosity of the catalysts were similar, a better performance of Ni/Al2O3 
ALD in comparison to Ni/Al2O3 IW was correlated with the higher 
amount of Ni step sites facilitating C–C, C–O and H–H cleavage [55]. 

A higher Ni dispersion was obtained when the melt infiltration 
method was applied, as in the case of 4 wt% Ni supported on HZSM-22 
(Table 4, entry 6) [4]. Three different methods, melt infiltration, 
incipient wetness and wetness impregnation [4] were used for prepa-
ration of 4 wt% Ni supported on HZSM-22. In the melt infiltration 
method the dried support was in contact with Ni(NO3)2⋅6H2O at 65 ◦C 
for 24 h [56]. This synthesis temperature is above the melting point of 
the Ni precursor which is impregnated by the capillary forces into the 
zeolite pores. 4 wt% Ni/HZSM-22 prepared by the infiltration method 
exhibited also the highest hydrogen consumption in hydrogen TPR and 
was more active towards formation of isoalkanes in palmitic acid 
hydroconversion [4]. Strong acid sites promote formation of branched 
alkanes from palmitic acid [4]. Formation of iso-alkanes was promoted 
by a higher Ni dispersion on an acidic support, such as on 4 wt% Ni-H- 
ZSM-22 prepared by the melt infiltration method with Si/Al ratio of 
37.5, a high surface area, high crystallinity and a rather high Ni 
dispersion. 

Ni-loading in Ni-BTC/MCM-41 (BTC denotes 1,3,5-benzene-tricar-
boxylate metal organic framework) catalyst was varied in the range of 
2.5 – 20 wt% [38]. Among the studied catalysts, the best one giving a 
high amount of jet fuels but a low content of aromatic products was 2.5 

wt% Ni-BTC/MCM-41 (Table 4, entry 10). These catalysts were prepared 
as follows: Ni-1,3,5-benzenetricarboxylate metal organic framework 
(MOF) was synthesized according to [57]. In this method MCM-41 was 
added into the synthesis solution of MOF and the synthesis was per-
formed at 150 ◦C for 12 [38]. Thereafter, the catalyst was calcined in air 
at 550 ◦C for 4 h. According to EDS mapping Ni-BTC was uniformly 
loaded inside the pores of MCM-41 [38]. Mesoporous 2.5 wt% Ni in the 
metal organic framework BTC supported on MCM-41 exhibited a suit-
able pore diameter of 3.7 nm (Table 4, entry 11), which could partially 
hinder aromatization, while the pore size of ca. 4 nm nm in 10 wt% Ni in 
BTC/MCM-41 promoted formation of aromatic compounds in methyl 
palmitate hydroconversion [38]. Furthermore the best catalyst exhibi-
ted more Ni2+ than the corresponding 10 wt% Ni catalyst which can be 
explained by elevation of hydrodeoxygenation ability with a higher 
content of Ni2+ related to more reactive electrons in its unsaturated 
d orbitals [37]. In addition, weak acidity of 2.5 wt% Ni-BTC-MCM-41 
based on the peak at 420 ◦C in ammonia TPD was qualitatively 
confirmed to be much higher than that for 10 wt% Ni-MCM-41. Besides 
weak acidity, 2.5 wt% Ni-BTC-MCM-41 exhibited also a small amount of 
strong acid sites desorbing ammonia at 575 ◦C [38]. As a comparison 10 
wt% Ni-MCM-41 possessed 20 nm Ni particles on MCM-41, when Ni- 
MOF was not used showing that it was difficult to efficiently disperse 
nickel on MCM-41. It was also concluded in [38] that the use of Ni 
containing metal organic framework modified with mesoporous MCM- 
41 can decrease Ni consumption by 75% still affording a better cata-
lytic performance than 10 wt% Ni/MCM-41 catalyst, These results 
indicate that such type of novel catalysts has a potential in hydro-
conversion of fatty acid esters. Furthermore, a low arene content was 
obtained in the liquid product due to a beneficial catalyst morphology. 

Performance of different Ni catalysts supported on MCM-41, HY, 
SAPO-11 and H-Beta was investigated in palm oil hydroconversion at 
390 ◦C under 30 bar hydrogen [18]. 10 wt% Ni supported catalysts 
(MCM-41, HY, SAPO-11 and H-Beta) were prepared by wet impregna-
tion in water and dried, calcined and reduced at 500 ◦C for 4 h. The most 
important factor determining the yield of the jet fuel components was 
acidity. In particular 10 wt% Ni/SAPO-34 exhibited the highest alkane 
and the lowest arene selectivity in hydroconversion of palm oil. 
Ammonia TPD was qualitatively discussed showing that the best cata-
lyst, Ni-SAPO-34, exhibited the second highest amount of weak acid 
sites (Table 4, entry 7), while Ni/HY was the most acidic. 10 wt% Ni/H- 
Beta and Ni/MCM-41 possessed more medium strong acid sites. Among 
arene products also polycyclic arenes were formed in high amounts over 
Ni-H-Beta, HY, SAPO-11 and MCM-41 [18]. 

Desilication with alkali is one method to produce mesopores. 10 wt% 
Ni supported on mesoporous Y zeolite was prepared by loading nickel 
with the wet impregnation method (Table 4, entry 9, Table S1, entry 9). 
For desilication of Y zeolite different amounts of NaOH were used [37] 
and the highest specific surface area was obtained for Ni/meso-Y cata-
lyst desilicated with an optimum amount of NaOH, namely 0.4 M. This 
catalyst contained also a large amount of mesopores in the range of 
2–10 nm, which was favorable for mass transfer during hydroconversion 
of methyl palmitate and promoted formation of jet fuel components. 
With a too high NaOH amount, 0.8 M, the zeolite framework was 
partially destroyed. When using an optimum NaOH for desilication, 
some defects emerged and at the same time an increased acid intensity 
was obtained when some silicon atoms were removed. 

In order to enhance mass transfer properties in acidic zeolites, 10 wt 
% Ni loaded on nanosheet ZSM-5 was also prepared and tested in oleic 
acid hydroconversion at 250 ◦C [12]. Since acidity of ZSM-5 is very high, 
Ni/ZSM-5 nanosheet catalysts were treated with tetraethoxysilane by a 
chemical liquid deposition method (CLD) to tune the acidity of the 
catalyst (Table S1, entry 12). The ZSM-5 nanosheets were prepared in 
one-step hydrothermal process using the Gemini-type quaternary 
ammonium surfactant (C22H45-N+(CH3)2)-C6H12-N+(CH3)2-C6H13) as a 
structure- directing agent. By using TEOS modified nanosheet in 10 wt% 
Ni/ZSM-5 the amount of external Brønsted acid sites decreased with an 
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increasing Si/Al ratio. When the amount of external Brønsted acid sites, 
determined from pyridine FTIR with 2,6-di tert butyl pyridine, 
increased, turnover frequency and the I/N ratio of the product also 
increased in oleic acid hydroconversion (Table 4, entry 12) [12]. An 
optimum amount of external Brønsted acid sites was found in 10 wt% 
Ni/ZSM-5 nanosheets with Si/Al ratio of 200, which was treated once 
with silane and gave a rather high I/N ratio, but not too high ratio of 
(C4-C8)/(C10-C14) [12]. It was concluded in [12], that a low amount of 
external Brønsted acid sites promoted primary cracking, while too high 
acidity enhanced undesired secondary cracking. 

4.2.1.1 Bimetallic Ni catalysts 
Several bimetallic Ni catalysts have also been tested in hydro-

conversion of fatty acids and oils [5,20,24,31]. Another metal can have 
several roles, such as inhibiting extensive cracking [5] or enhance 
reducibility of metals [11,35]. For example, a bimetallic 30 wt% NiAg/ 
SAPO-11 catalyst with a relatively high Ni dispersion was an efficient 
catalyst in palm oil hydroconversion [20]. This catalyst was prepared in 
the presence of citric acid as a chelating agent (Table 4, entry 15, 
Table S1, entry 15) [58,59], which can increase Ni dispersion, as was 
demonstrated in [20]. Furthermore, the role of Ag in 25 wt% Ni- 0.5 wt 
% Ag/SAPO-11 was to inhibit too extensive cracking [5]. The specific 
surface area of 30 wt% NiAgSAPO-11, which was prepared in the 
presence of citric acid was the same for the parent SAPO-11 [20], while 
acidity of NiAg/SAPO-11, being only qualitatively investigated with 
pyridine FTIR, was, especially Lewis acidity, ascribed to removal of Al 
from the framework sites [62]. In palm oil hydroprocessing over Ni-Ag/ 
SAPO higher I/N ratios were obtained with the catalyst prepared in the 
presence of citric acid than over the counterpart synthesized without 
citric acid addition. The origin for a better performance of the former 
catalyst is related to its mesoporosity, a higher Ni dispersion and 
removal of Al from the framework with the citric acid treatment which 
increased Lewis acid concentration [60]. 

Sulfided mesoporous 4 wt% NiO-24 wt% WO3/SiO2-Al2O3 pellets 
were efficient in generating C9-C14 compounds from Jatropha oil at long 
residence times and 420 ◦C (Table 4, entry 16) [3]. Ni was loaded on the 
pellets by the incipient wetness method. This catalyst was highly acidic, 
however, out of total acid sites, 71% were weak ones as the desorption 
peak was found below 330 ◦C. The ratio between the Lewis to Brønsted 
sites determined by DRIFTs was 0.56. Furthermore, the large pore size of 
4.6 nm promoted formation of the jet fuel components. It was concluded 
in [2] that if the catalyst has a high hydrogenation ability, less waxy 
products are formed. 

The pore size of hierarchical 5 wt% NiO-18 wt% MoO3/H-ZSM-5 was 
varied using different ratios of micro- to mesoporous structural directing 
agents (Table 4, entry 17) [31]. 5 wt% NiO 18% MoO3/H-ZSM-5 was 
presulfided with dimethylsulfide to transfer the inactive oxidic catalyst 
into an activated one [29]. The pore size of 3.6 nm facilitated formation 
of a lower yield of C9-C15 hydrocarbons from Jatropha oil and from the 
algae oil than over the corresponding catalyst with the pore size of 3.8 
nm (Table 4, entry 17) [31]. The former hierarchical ZSM-5 support was 
prepared by the hydrothermal synthesis route using a three times higher 
ratio of micro/mesoporous templating agents, i.e. 7.1 vs 2.4 (Table S1, 
entry 17). The pore size in this catalyst was varied using organosilane as 
a template [62]. As a mesopore directing agent, octadecyldimethyl-(3- 
trimethoxysilylpropyl) ammonium chloride was used and Ni was loaded 
via wet impregnation followed by drying and calcination of the catalyst. 
At the same time the HSAC catalyst, in which HSAC indicates high 
surface area catalyst, exhibited 2.4 fold more strong acid sites in com-
parison to LSAC [31] due to the presence of extra-framework Al in the 
former catalyst [61], which was confirmed in HSAC by 27Al-MAS-NMR 
showing a high peak at 0◦ [31]. This catalyst gave a higher yield of C9- 
C15 hydrocarbons in Jatropha oil hydroprocessing and lower isomeri-
zation selectivity in comparison to LSAC (low surface area catalyst) 
(Table 2). In addition, it has been stated that for hierarchical zeolites not 
only the pore size, but also a higher number of acid sites in the pore 
mouth are important in enhancing reactivity [12]. 

The addition of Keggin type phosphotungstic acid to Ni-catalysts has 
been intensively studied [8,63,64]. For example, mesoporous MCM-41 
has typically a mild acidity, which is not sufficient for an effective 
catalyst. One method to increase acidity of Ni-MCM-41 catalyst is to add 
a heteropolyacid, e.g. phosphotungstic acid (H3PW12O40), to MCM-41 
(Table 4, 18) [8,11]. This heteropolyacid exhibits the Keggin struc-
ture, in which P acts as a heteroatom, while polyatoms, such as W are 
bridged via oxygen in a certain pattern [63]. Addition of phospho-
tungstic acid to Ni catalysts was demonstrated in [8,11] (Table 4, entry 
18–20). In particular 10 wt% Ni-20 wt% HPW-MCM-41 catalyst 
exhibited a rather large amount of strong acid sites with its pore 
diameter of ca. 3.5 nm being efficient in hydroconversion of methyl 
palmitate. Furthermore, HPW is located inside the pores of MCM-41, 
when the catalyst was prepared by wet impregnation (Table 4, entry 
18, Table S1, entry 18) [35]. However, the specific surface area of HPW 
loaded Ni/MCM-41 catalyst decreased by 25% in comparison with the 
catalyst without HPW. With loadings higher that 20 wt% of HPW the 
structure partially collapsed. 

In addition, phosphotungstic acid and Ni were loaded on a com-
mercial mesoporous Y zeolite by the wetness impregnation method 
(Table 4, entry 19) [8]. Acidity of 10 wt% Ni/meso-Y catalysts with 
different HPW loadings increased with increasing the HPW content [8]. 
The highest amount of strong acid sites was obtained for 10 wt% Ni/ 
meso-Y containing 4 wt% of HPW. This catalyst contained 1.8 fold 
more weak acid sites in comparison to strong acid sites determined by 
ammonia TPD and mesopores above 2 nm, although 80% of the pore 
volume was present in micropores [8]. 

When the HPW content increased above 4 wt%, it was agglomerated 
inside the mesopores of Y-zeolite. The specific surface area also 
decreased form 630 m2/g to 480 m2/g when increasing the HPW loading 
from 0 to 8 wt% [8]. The highest selectivity to the jet fuel components in 
microalgae biodiesel hydroconversion was obtained over 10 wt% Ni/ 
meso-Y containing 4 wt% of HPW (Fig. 7) [8]. 

Co-precipitation was used to prepare 5 wt% Ni-30 wt% H3PW12O40 
supported on hydroxyapatite with high acidity and at the same time 
suitable interactions between Ni and W, promoting reduction of Ni 
(Table 4, entry 20) [11,64]. The FTIR analysis showed that the Keggin 
structure was preserved while XRD confirmed the hydroxyapatite 
structure. According to ammonia TPD acidity increased with increasing 
HPW loading. 

Based on XPS measurements Ni was present both as Ni0 and Ni2+, 
while the speciation of W included Wx+ and W6+. It was additionally 
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stated that a high amount of acid sites can originate from interactions 
between Ni and HPW. 30 wt% Ni-HPW/hydroxyapatite exhibited large 
pores, and according to XPS the amount of Ni0 was 2.2 fold that found in 
the corresponding Ni/HA catalyst in the absence of HPW [11]. It was 
concluded that nickel reduction was promoted due to the electron 
transfer between Ni and W in the presence of the Keggin type structure 
and at the same time more W6+ was found in the former catalyst than in 
the latter one. Catalyst acidity can be increased after addition of the 
Keggin type acid to the metal supported catalysts to promote the jet fuel 
production [11,35]. 

4.3. Mono- and bimetallic Co-, and Mo catalysts 

Mono- and bimetallic Co, Co-Mo and Ni-Mo catalysts have been 
studied in hydroconversion of fatty acids [26,27,36]. Monometallic, 
desilicated cobalt catalyst, Co-H-MCM-49 with 5 wt% CoO, prepared by 
the solid state ion-exchange combined with the melt infiltration method 
was used in palmitic acid hydroconversion (Table 4, entry 21, Table S1, 
entry 26) [26]. Rather strong acid sites in Co supported on post- 
synthesized H-MCM-49 zeolite are required for production of isomers 
in palmitic acid hydroconversion [26]. This catalyst exhibited also high 
crystallinity (95%) compared to the parent material [26]. The support 
H-MCM-49 was treated with tetraethylammoium hydroxide to tailor its 
textural properties and acidity [65]. The desilicated H-MCM-49 
exhibited 1.3 and 1.7 fold higher amounts of Brønsted and Lewis acid 
sites, respectively than the corresponding parent zeolite. Furthermore, 
the ratio between the meso- pore to micropore volume of desilicated 5 
wt% CoO/MCM-49 was 2.6, while for the parent Co/MCM-49 it was 2.3 
(Table, 4, entry 21) [26]. TEAOH was selected due to its lower alkalinity 
in comparison to NaOH in order to preserve high crystallinity of the 
support [65]. These properties facilitated a higher cracking activity as 
well as diffusion of the reactant and products. Strong acidity was present 
in Co-MCM-49 which was treated with tetraethylammonium hydroxide 
(TEAOH) (Table 4, entry 21) [26]. At the same time also morphology of 
the zeolite was changed and the post-synthesized zeolite exhibited more 
12 member rings than 10 member rings facilitating better diffusion of 
the products and a higher cracking activity [26]. 

In some cases the oxidation state of molybdenum has been a very 
important parameter [36]. For monometallic 21 wt% Mo/H-ZSM-22 
catalyst, calcination and reduction temperatures were optimized to in-
crease metal reducibility (Table 4, entry 22) [36]. The Optimum calci-
nation and reduction temperatures were determined for Mo/H-ZSM-22 
catalyst, being 550 ◦C and 600 ◦C, respectively, which facilitated a 
partial reduction of Mo4+ to Mo0 , retaining, however, the zeolite 
crystallinity opposite to reduction at 700 ◦C [36]. The catalyst calcined 
at 550 ◦C and reduced at 600 ◦C exhibited also a higher Mo4+/Mo6+ratio 
than after reduction at 700 ◦C, which was beneficial for the optimal 
hydrodeoxygenation to hydrodecarbonylation ratio and gave the high-
est I/N ratio. Furthermore, calcination at 650 ◦C was also too high 
decreasing the surface area. MoOx species in Mo/H-ZSM-22 catalyst 
were uniformly located outside the channels of HZSM-22 being 20 times 
bigger than the channel size (Table 4, entry 22) [36]. 

Bimetallic sulfided 3 wt% Co-8 wt% Mo supported on mesoporous 
titanosilicate (MTS) catalyst exhibited a suitable pore size and 2.9 fold 
higher oxygen adsorption capacity, being a measure of the metal 
dispersion, as for the corresponding 3 wt% Co 8 wt% Mo/Al2O3 catalyst 
(Table 4, entry 23) [24]. Furthermore, its acidity was 5 fold that of 
CoMo/Al2O3. The support, mesoporous titanosilicate, exhibited four 
fold more weak than strong acid sites. A comparative work for hydro-
upgrading of Jatropha oil at 300 ◦C under 80 bar hydrogen using sul-
fided 3 wt% Ni- 8 wt% Mo supported on mesoporous titanosilicate 
(MTS) and 3 wt% Co- 8 wt% Mo /MTS, which exhibited similar acidities, 
showed that the former one was more active giving 85% conversion in 
comparison to 65% obtained for 3 wt% Co- 8 wt% Mo /MTS. In addition 
3 wt% Ni 8 wt% Mo /MTS catalyst promoted formation of oligomeric 
products lowering thus the yield of C9-C15 products, while less 

oligomers were obtained over 3 wt% Co 8 wt% Mo /MTS. Unfortunately 
reduction of different catalysts was not investigated in [24], although it 
is well known that Co oxide is more difficult to be reduced than Ni oxide 
[44]. In addition XPS measurements would have revealed important 
information about the metal oxidation states. 

5. Effect of reaction conditions 

The effect of several reaction parameters in hydroupgrading of fatty 
acids and oils has been investigated including temperature, pressure, 
space velocity and residence time in continuous reactors at different 
hydrogen to feedstock ratio [1,4,8,9,22,23,31]. The main trends in 
conversion and selectivity are given below. 

5.1. Effect of reaction temperature 

The effect of the reaction temperature on hydroupgrading of fatty 
acids and oils has been intensively studied 
[2,9,12,13,17,18,20,23,25,27,32,45]. One example hydroupgrading of 
Jatropha oil investigated with 2 wt% Pt/SAPO-11 [17], Ni-Mo sup-
ported on hierarchical high surface area ZSM-5 [31] or NiH3PW12O40/ 
nanohydroxyapatite [11]. In several cases an optimum temperature was 
reported giving the highest yield of jet fuel components as well as the 
highest I/N ratio [11,17,31]. For example, in hydrotreatment of Jatro-
pha oil over dodecyl benzene sulfonate modified 2 wt% Pt/SAPO-11 the 
effect of temperature on selectivity and the deoxygenation degree was 
studied in the range of 360–440 ◦C [17]. Deoxygenation degree 
decreased above 400 ◦C and at this optimum temperature the highest 
selectivity to the liquid products was obtained (Fig. 8) [17]. 

Analogously an optimum temperature of 360 ◦C was reported in [11] 
giving the highest I/N ratio in the liquid product in hydroconversion of 
Jatropha oil under 30 bar hydrogen over 5 wt% Ni- 30 wt% H3PW12O40/ 
nanohydroxyapatite. At the same time, the total liquid product yield 
decreased with increasing temperature due to formation of gaseous 
products. An optimum reaction temperature of 410 ◦C was also observed 
in algal oil hydroconversion in a trickle bed reactor operated in a narrow 
range of LHSV with Ni-Mo supported (5 wt% NiO, 18 wt% MoO3) on 
hierarchical high surface area ZSM-5 giving maximally 54% yield of C9- 
C15 at 96% conversion [31]. 

The product distribution also changed with increasing temperature 
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[22,32]. In soybean oil hydroconversion over 8 wt% Ni/SAPO-11 under 
40 bar hydrogen the conversion increased from 90% at 310 ◦C to com-
plete conversion at 340 ◦C and at the same time isomer selectivity 
increased with increasing temperature from 310 ◦C to 380 ◦C [32]. In 
addition, more cycloalkanes and aromatic compounds were formed at 
higher temperatures over sulfided 2.7 wt% Ni-12.7 wt% Mo/γ-Al2O3 
under 140 bar in hydroconversion of highly unsaturated buriti oil (an 
Amazonian oil) [22] showing that the Diels-Alder reaction is promoted 
at high temperatures (Fig. 9). In the Diels-Alder reaction unsaturated 
fatty acids are transformed to cyclopentene (see Section 9). 

The temperature effect in hydroupgrading of palm oil was studied 
over 10 wt% Ni/SAPO-34 in [18] and over 30 wt% NiAg/SAPO-11 [20]. 
In the former case the highest selectivity to the jet fuel components, 
65%, was obtained with 10 wt% Ni/SAPO-34 at 390 ◦C–410 ◦C under 
30 bar hydrogen, while lower temperatures resulted in lower selectivity 
[18]. Furthermore, NiAg/SAPO-11 gave at 380 ◦C only 70% selectivity 
to the jet fuel components (C8-C16) under 52 bar hydrogen from palm 
oil, while at 400 ◦C the corresponding selectivity was 84%. At an even 
higher temperature a slight decrease of selectivity to 80% was observed 
related to formation of the gas phase products through cracking. At the 
same time, the I/N ratio increased from 0.5 to 2.5 when increasing 
temperature form 380 to 420 ◦C [20]. 

Hydroconversion of soybean oil was performed over NbOPO4 in 
[23,32]. The deoxygenation degree of soybean oil increased with 
increasing temperature from 300 ◦C to 350 ◦C under 10 bar hydrogen 
being 70 and 77%, respectively [23]. The product distribution changed 
also in hydroupgrading of soybean oil over 8 wt% Ni/SAPO-11 with 
increasing the reaction temperature from 310 ◦C to 380 ◦C. The main 
products were decarbonylated/decarbonylated products, while the iso-
mer selectivity was 84% at 380 ◦C. With increasing temperature from 
310 ◦C to 380 ◦C also selectivity to the cracking products, C7-C14 
increased from nearly zero to 25% [32]. 

In hydroconversion of waste cooking oil over 25 wt% Ni- 0.5 wt% 
Ag/SAPO-11 selectivity to the jet fuel range alkanes decreased from 75% 
at 320 ◦C to 38% at 400 ◦C under 30 bar hydrogen [5]. Furthermore, 
catalyst deactivation was also clearly demonstrated through a decreased 
amount of methane in the gas phase above 380 ◦C. The main gaseous 
product was methane, which corresponded to 98% of the total peak area 
of the gaseous products, ethene, propane and butane. 

The temperature effect in palmitic acid hydroconversion has been 
investigated over 5 wt% Ni and Co supported on H-ZSM-5 [27], 21.2 wt 

% Mo/H-ZSM-22 [25], 4 wt% Ni-H-ZSM-22 [4]. The optimum temper-
ature for palmitic acid hydroupgrading to jet fuel components was at ca. 
260 ◦C [4,27], much lower than for the feedstock described above. For 
example, palmitic acid hydroconversion over hierarchical micro- and 
mesoporous Ni and Co loaded with 5 wt% metal oxide H-ZSM-5 and H- 
HZSM-5 desilicated with tetraethylammonium hydroxyl was investi-
gated under 40 bar hydrogen in a batch reactor using decane as a solvent 
[27]. The results showed that more isomers and C14 and C15 hydro-
carbons were formed at 260 ◦C in comparison to 240 ◦C. A high I/N ratio 
and high selectivity to iso-C16 were obtained over Co supported on 
mesoporous H-ZSM-5 at 260 ◦C under 40 bar hydrogen. Analogously the 
fraction of isoalkanes increased in hydroconversion of palmitic acid 
when increasing temperature from 240 to 260 ◦C over desilicated Ni/ 
HZM-5 catalyst (5 wt% NiO) giving more cracking products [27]. 
21.2 wt% Mo/ZSM-22 catalyst promoted formation of the jet fuel 
components from palmitic acid at 260 ◦C giving also a high I/N ratio 
[25]. Analogously the I/N ratio increased in palmitic acid hydro-
conversion over 4 wt% Ni-H-ZSM-22 in the temperature range of 150 – 
260 ◦C under 40 bar in 4 h [4]. 

The temperature effect was investigated in oleic acid hydro-
conversion over tetraoxysilane treated 10 wt% Ni/ZSM-5 nanosheets 
[12] and 4 wt% Ni/Al2O3 prepared by the atomic layer epitaxy (ALE) 
method [13]. An optimum temperature of 250 ◦C under 30 bar hydrogen 
gave the highest yield of the aviation fuel range alkanes (AFRA, C9- 
C15), ca. 52% with the I/N ratio of 1.7. The organic liquid product 
yield was slightly higher at 250 ◦C than either at 240 ◦C or 260 ◦C, being 
ca. 78% at 250 ◦C. Furthermore, it was observed that the I/N ratio 
increased with increasing temperature from 240 ◦C to 260 ◦C [12]. On 
the other hand, Ni/Al2O3 (ALE) catalyst with a high metal dispersion 
exhibited an optimum activity under 30 bar hydrogen for hydro-
conversion oleic acid at 360 ◦C giving ca. 37% selectivity to AFRA, while 
at a higher temperature this catalyst was too active for hydroconversion 
giving ca. 80% selectivity to C4-C8 hydrocarbons [13]. 

5.1.1. Effect of pressure 
The effect of pressure has been investigated in several studies 

[5,9,12,17,20], typically showing existence of an optimum pressure 
promoting formation of the jet fuel components [5,20]. For example, an 
optimum pressure was obtained in hydroconversion of palm oil at 
400 ◦C in the pressure range of 38–59 bar over 30 wt% NiAg/SAPO-11 
(Fig. 10) [20]. This was explained by enhanced cracking at a high 
temperature and pressure and at the same time, reaction of hydrogen 
with free radicals formed in the cracking reactions suppresses 
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isomerization [66]. 
A high hydrogen pressure increased slightly the yield of C9-C14, 

while the diesel yield was influenced more, increasing from 18% to 
66% when the pressure was increased from 20 to 90 bar in hydro-
conversion of Jatropha oil over Ni/W/SiO2-Al2O3 catalyst at 420 ◦C 
(Fig. 11) [2]. It was concluded in [2] that the pressures above 60 bar 
promote the C-O cleavage while the C–C cleavage is preferred below 60 
bar over 4 wt% Ni- 24 wt% W/SiO2-Al2O. 

On the other hand, above 40 bar in Jatropha oil hydroconversion 
over sulfided CoMo/Al2O3 catalyst at 360 ◦C the most prominent 
products were C15-C18 compounds, while the yield of C9-C14 hydro-
carbons decreased from 12% to 7% with increasing pressure from 20 to 
90 bar [1]. Analogously to [1] the highest I/N ratio, 1.5 was obtained in 
hydroconversion of Jatropha oil at 400 ◦C over sodium dodecylbenzene 
sulfonate (SDBS) modified 2 wt% Pt/SAPO-11 under 40 bar. Above that 
pressure hydrogenation of the hydrolyzed oil and the subsequent 
dehydrogenation step, which is catalyzed by the metal, are retarded 
inhibiting also the following steps, such as isomerization. Pressure 
changes in hydroconversion of Jatropha oil at 400 ◦C over dode-
cylbenzene sulfonate modified SDBS-2 wt% Pt/SAPO-11 did not show 
any clear influence on C8-C16 selectivity [17]. 

In hydroconversion of waste cooking oil, it was pointed out that over 
25 wt% Ni- 0.5 wt% Ag/SAPO-11 the hydrogen pressure of 20 bar was 
sufficient to maintain the balance between hydrogenation and dehy-
drogenation, keeping the methane formation at a low level. On the other 
hand, at higher hydrogen pressures methane formation increased due to 
higher cracking [5]. 

Buriti oil hydroconversion was performed over sulfided 2.7 wt% Ni- 
12.7 wt% Mo/γ-Al2O3 catalyst under high pressure giving alkanes [22], 
while formation of cycloalkanes and alkylbenzene was not affected by 
the increased pressure. 

In oleic acid hydroconversion oleic acid at 250 ◦C conversion increased 
from 50 to ca. 100% when increasing the hydrogen pressure from 4 to 30 
bar [12]. At the same time, the organic liquid product yield increased from 
30% to 78%. However, only a minor pressure effect on the I/N ratio, 
increasing it 1.6 fold, was observed over 10 wt% Ni/ZSM-5 nanosheet 
catalyst at 250 ◦C in the pressure range of 4 to 30 bar [12]. A similar result 
was reported for Jatropha oil hydroconversion over the surfactant modi-
fied 2 wt% Pt/SAPO-11 [17]. At the same time, lower hydroisomerization 
activity is observed at a lower hydrogen pressure. 

5.1.2. Effect of H2/feedstock ratio 
The effect of hydrogen to feedstock ratio has been investigated in 

hydroconversion of waste cooking oil [5], Jatropha oil [17] and palm oil 
[20]. An optimum H2/feedstock molar ratio of 12.8 was found in the 
former case with 25 wt% Ni-0.5 wt% Ag/SAPO-11 at 380 ◦C under 40 
bar hydrogen at WHSV of 2 h− 1 [5]. Analogously a maximum H2/ 
feedstock ratio was determined in hydroconversion of Jatropha oil over 
SDBS-Pt/SAPO-11 giving the highest yield of C8-C16 [17]. Conversion of 
Jatropha oil increased with increasing the H2/feed ratio over Co-Mo/ 
Al2O3 [1], lowering at the same time the yield of oligomers, while the 
yield of heavy C15-C18 hydrocarbons increased and the fractional yield 
of C9-C14 was only mildly affected. 

5.1.3. Effect of conversion 
The effect of conversion was investigated by changing the space ve-

locity and the residence time in hydroconversion of fatty acids and oils 
[1–3,9,15,17,20]. Typically, as can be anticipated, higher amounts of jet 
fuel components were obtained with low space velocities [1,5,9]. Exam-
ples include Jatropha oil hydroconversion 3.3 wt% CoO-12 wt% MoO3/ 
Al2O3 [67] and Ni-W-SiO2-Al2O3 catalysts [1,2] as well as hydro-
conversion of waste cooking oil over 25 wt% Ni- 0.5 wt% Ag/SAPO-11 
[5]. Conversion of Jatropha oil decreased also with increasing space ve-
locity over sulfided 4 wt% NiO-24 wt% WO3/SiO2-Al2O3 at 420 ◦C under 
80 bar hydrogen when using H2/feed ratio of 1500 vol/vol [3]. The 
highest fractional yield of C9-C14 hydrocarbons, 72%, in Jatropha oil 
hydroconversion was obtained over 4 wt% NiO-24 wt% WO3/SiO2-Al2O3 
catalyst in a fixed bed reactor at 420 ◦C under 80 bar hydrogen with 0.5 
h− 1 space velocity, while it decreased rapidly with increasing space ve-
locity (Fig. 12) [3]. At the same time, the yield fraction of C9-C14 hydro-
carbons decreased from 12% to 4% and the yield of heavy compounds 
increased [1]. However, under these conditions, a hot spot corresponding 
to the temperature of 737 ◦C was observed in the upper part of the catalyst 
bed and ca. 340 ◦C temperature gradient across the bed was observed due 
to high exothermicity of the reaction [3]. This result clearly showed a need 
of the liquid/gas quench streams to avoid temperature run-away. 

On the other hand, Ni/HZ-1 was more active than Co-HZSM-5 with 5 
wt% CoO in [27] in hydroconversion of palmitic acid, because C15 is the 
main product after 0.5 h in the reaction mixture. This is the third 
product in the consecutive route, i.e. first hexadecane is formed from 
palmitic acid, followed by isomerization to methylpentadecane, which is 
further cracked to pentadecane. In addition, when the space velocity is 
increased from 1 h− 1 to 8 h− 1 in Jatropha oil hydroconversion at 360 ◦C 
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Fig. 11. Effect of pressure in hydroconversion of Jatropha oil at 420 ◦C in a 
continuous reactor over sulfided 5 wt% NiO-18 wt% MoO3/H-ZSM-5 catalyst 
adapted from [2]. Notation: (■) unconverted triglycerides, (□) < C9, (●) C9- 
C14, (▴) C15-C18, (o) > C18. 

Fig. 12. The product yields in hydroconversion of Jatropha oil over sulfided 4 
wt% NiO-24 wt% WO3/SiO2-Al2O3 at 420 ◦C under 80 bar hydrogen as a 
function of space velocity. Symbols: (◆) < C9, (■) C9-C14, (▴) C15-C18, (*) >
C18 adapted from [3]. The lines represent modelling results. 
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under 80 bar over sulfided CoMo/Al2O3 complete conversion of oil was 
obtained [1]. 

At low space velocities more isomers were formed in soybean oil 
hydroconversion at 370 ◦C under 40 bar hydrogen using 300 ml/min 
flow of hydrogen over 8 wt% Ni/SAPO-11 [32]. It was also demon-
strated in [15] that longer residence times gave more aromatic products 
in hydroconversion of soybean oil over 1 wt% Pt/Al2O3/SAPO-11 at 
370 ◦C under 30 bar hydrogen [15]. Furthermore, concentration profiles 
as a function of residence time indicate parallel hydrogenation and 
aromatization. 

In hydroconversion of refined bleached deodorized palm oil the 
optimized reaction conditions for production of jet fuel components 
were 477 ◦C, 56 bar and 1.5 h over a non acidic Pd/Al2O3 catalyst and it 
was concluded that higher jet fuel yields were obtained with increasing 
both temperature and LHSV [9]. 

6. Catalyst stability and long-term performance 

Catalyst regeneration and recycling has been intensively studied 
[8,11,13,16,26,27,31]. In some cases, very stable conversion and 
selectivity towards different products were obtained, for example in 
hydroconversion of microalgae based biodiesel over 10 wt%/Ni-4 wt% 
HPW/meso Y [8], hydroconversion of Jatropha oil over 5 wt% Ni-30 wt 
% HPW on hydroxyapatite [11], in the two step process to produce jet 
fuels form palm oil over Pt/γ-Al2O3 and in the second step transforming 
long chain hydrocarbons over Pt/Nano-Beta zeolite [16]. On the other 
hand, changes in the product distribution in catalyst recycling was 
observed in hydroconversion of palmitic acid over 21 wt% Mo/ZSM-22 
[25], over 4 wt% Ni-H-ZSM-5 [4] and in oleic acid hydroconversion over 
4 wt% Ni/Al2O3 prepared by ALD [13]. It should, however, be pointed 
out that in hydroconversion of palmitic acid over desilicated Co/HMCM- 
49 (5 wt% CoO) only minor changes in the product distribution were 
observed and conversion, of 99.9% remained the same [26]. This result 
is important showing suitability of the desilicated bifunctional Co-MCM- 
49 with large pores and strong acid centers to be used as a catalyst for 
palmitic acid hydroconversion. 

The performance of 5 wt% Ni-30 wt% HPW on hydroxyapatite was 
very stable in Jatropha oil hydroconversion at 360 ◦C under 30 bar 
hydrogen for 196 h time-on-stream [11]. Thermogravimetric analysis 
of the spent catalyst showed that only 4.3 wt% carbon was accumu-
lated on the catalyst surface. Furthermore, 10 wt% Ni- 4 wt% HPW/ 
meso Y exhibited very stable performance in transformations of 
microalgae based biodiesel giving 61% selectivity of jet biofuel with 
97% conversion during 24 h time-on-stream [8]. Sulfided Ni-Mo/ZSM- 
5 with a high specific surface area (HSAC) containing 5 wt% of NiO 
and 18 wt% of MoO3, could be reused in algal oil hydroconversion 
after regeneration at 450 ◦C with an air stream and resulfidation [31]. 
In [31], however, no further details were provided about recycling. 
When recycling 25 wt% Ni- 0.5 wt% Ag/SAPO-11 catalyst in hydro-
conversion of waste cooking oil [5], some changes in the catalyst 
properties occurred, such as a change of the Ni particle shape as well as 
disappearance of acid sites. 

A very stable performance of 1 wt% Pt/Al2O3 was observed for 
transforming palm oil to long chain fatty acids under 20 bar hydrogen at 
360 ◦C for 4 days followed by hydroconversion of the obtained product 
with 1 wt% Pt/nano-Beta zeolite at 235 ◦C under 20 bar hydrogen [16]. 
Namely, the C8-C16 yield was 72% after 24 h (71%) after 4 days with 
the corresponding to I/N ratios of 7.5 and 7.8 [16]. As a comparison the 
one-step process for palm oil hydroconversion was also investigated 
over 1 wt% Pt-Nano-Beta at 295 ◦C under 20 bar hydrogen using WHSV 
of 2 h− 1. The product distribution in that case changed from 2 h time-on- 
stream with the main product in the hydrocarbon range of 4–8 to mainly 
C15-C18 at 24 time-on-stream. 

Morphology changes of Ni particles were observed in NiAg-SAPO-11 
catalyst after its utilization in waste cooking oil hydroconversion [12]. 
Polyhedral Ni particles found in the fresh catalyst were transformed to 
the spherical ones after the reaction, when the catalyst was used in 
hydroconversion of waste cooking oil. XRD patterns from the fresh and 
spent NiAg/SAPO-11 catalysts were, however, nearly identical showing 
the metal particle size did not vary. On the other hand, the Ni particle 
size according to TEM measurements in 10 wt% Ni/ZSM-5 nanosheets 
was ca. 10 nm and only slight sintering occurred in hydroconversion of 
oleic acid at 250 ◦C under 30 bar hydrogen [12]. Furthermore, the MFI 
structure of the zeolite support remained intact. 

7. Reaction kinetics in the batch mode 

Hydroconversion of fatty acids and oils has been typically investi-
gated in continuous reactors [1–3,8,10–12,15–17,20,21,24,29,31–33], 
while batch reactor studies have been scarcely made [18,22,25,28,38]. 
Among these studies only a few have reported kinetic data as a function 
of time [4,26,27]. 

Reaction kinetics in hydroconversion of palmitic acid has been 
intensively studied [4,27]. The concentrations of different products as a 
function of reaction time in palmitic acid hydroconversion reveal that 
deoxygenation is not completed after 30 min because a small amount of 
hexanoic aldehyde is present in the reaction mixture and conversion of 
palmitic acid at this point is ca. 95% [27]. The main product is hex-
adecane with its yield passing through a maximum at 1 h after which 
methylpentadecane is formed (iso-C16). After prolonged times also 
small amounts of methyltetradecane as well as lighter cracking prod-
ucts, C13 and C14 are formed (Fig. 13). 

The normalized selectivity of different products with carbon 
numbers ranging from C12 to C16 as a function of time was reported in 
palmitic acid hydroconversion under similar conditions as above over 
Co/HMP-49 in [26]. Both selectivity to C16 and C15 passed through a 
maximum forming C12- C14 hydrocarbons indicating that this catalyst 
was also very active in hydroconversion in comparison to 4 wt% Ni/ 
HZM-22 (Fig. 14) [4] and Co-H-ZSM-5 (5 wt% CoO) [27]. 
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Fig. 13. The fractional product yield as a function of reaction time in hydro-
conversion of palmitic acid in decane as a solvent at 260 ◦C under 40 bar 
hydrogen over post-treated Co/H-ZSM-5 (5 wt% CoO), adapted from [27]. 
Notation: hexadecanal C15-CHO (+), n-C16 (o), iso-C16 (●), n-C15 (Δ), iso-n 
C15 (▴) and cracking products (■). 
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8. Kinetic modelling of hydroconversion of oils and fatty acids 

Several kinetics models were tested for hydroconversion of Jatropha 
in a fixed bed reactor over mesoporous sulfided 4 wt% NiO-24 wt% 
WO3/SiO2-Al2O3 [3] and for CoMo/Al2O3 hydrotreating catalyst, when 
both temperature and pressure were changed. Furthermore, the H2/feed 
ratio and space time were also varied [1,24]. For the former catalyst, 
which also exhibited acidic properties, more kerosene products were 
formed, especially at high temperature. Formation of C9-C14 compo-
nents was the most prominent at 420 ◦C under 80 bar hydrogen with a 
low space velocity. The most suitable model contains both parallel for-
mation of oligomers, heavy, middle and naphtha components and a 
consecutive route from heavy to kerosene and further to naphtha com-
pounds. The model involves several different lumped kinetic constants. 

Both diffusivity of different compounds at a given temperature as 
well as the effectiveness factor, i.e. the ratio between the rate in the 
presence of mass transfer limitations and the rate in the kinetic regime, 
were calculated in [3]. The results showed that the effectiveness factor 
was close to one and the experiments were performed in the diffusion 
free region. In addition, activation energies were determined for for-
mation of different product groups. The activation energy for trans-
formation of triglycerides is 115 kJ/mol, which it was nearly the same as 
for formation of diesel, 122 kJ/mol, while higher activation energies 
were required for formation of naphtha and kerosene, being 130 kJ/mol 
and 122 kJ/mol, respectively. These results clearly show that a high 
energy input is required for formation of kerosene and naphtha type 
compounds. Furthermore, temperature profile along the catalyst bed 
was calculated. Considering heat of reactions determined separately for 
different reactions, i.e. depropanation, hydrodeoxygenation, decarbox-
ylation, decarbonylation and hydrocracking. The results showed that 
exothermicity of hydroconversion of Jatropha oil was very high, 1.34 
MJ/kg Jatropha oil, which is nearly 10 fold of the heat released in 
cracking of vacuum gas oil [68]. 

It was also observed for hydroconversion of Jatropha oil that for 3 wt 
% Co-8 wt% Mo/Al2O3 the above mentioned model was valid at 360 ◦C, 
while another type of parallel-consecutive route was describing better 
the results below 320 ◦C [29]. 

Due to a higher acidity of 3 wt% Co-8 wt% Mo/MTS in comparison to 
3 wt% Co-8 wt% Mo/Al2O3, the best fitting model for Jatropha oil 
hydroconversion was based on the parallel direct formation of different 
fractions at 300 ◦C [29]. 

9. Reaction mechanism 

The reaction mechanism in hydroconversion of oils 
[3,16,17,22,23,29,32], fatty acids [4,12,26,25,27,28,45] and their es-
ters [37] has been intensively studied. Hydroconversion of oils starts 
with hydrogenation of triglycerides (TG) to the corresponding saturated 
molecules [29], followed by depropanation [15,20]:  

TG + H2  RxCOOH + CH3CH2CH3                                                   (2) 

Thereafter, fatty acids undergo either hydrodeoxygenation forming 
water and a hydrocarbon with the same amount of carbon as in the 
original fatty acid, or alternatively undergoes decarbonylation or 
decarboxylation forming a hydrocarbon with one carbon less and CO or 
CO2, respectively [29]. It was also proposed in [15] that fatty acids 
formed via hydrolysis of triglycerides can be dehydrogenated forming 
triene fatty acids, which are transformed to conjugated double bonds 
[15]. Five-membered hydrocarbon rings are formed by the intermolec-
ular Diels-Alder reaction of the conjugated triene over Lewis acid sites 
[69]. For example, dodecylbenzene, a product in hydrocracking of 
soybean oil is formed by a migration of double bonds from C9 to C15 in 
linoleic and linolenic acids to the terminal position of the hydrocarbon 
chain before the intermolecular Diels-Alder reaction takes place [15]. It 
was also reported in [20] that cyclic hydrocarbons are converted to 
aromatics by ring expansion over Ni and Lewis acid sites. In hydro-
genolysis of oils, propane and C6-C8 olefins are formed. Propane can be 
dehydrogenated to propene and react with C6-C8 olefins. Aromatic 
compounds can also be formed from e.g. butadiene and ethane, giving 
first cyclohexene by the Diels-Alder reaction followed by dehydroge-
nation of cyclohexene [23]. Furthermore, substituted cyclopentane de-
rivatives undergo easily a ring expansion forming for example 1- 
methylcyclohex-1-ene and toluene [45]. 

In conjugated trienes the double bond migration towards the end of 
the carbon chain is followed by hydrodeoxygenation of fatty acids. 
Diesel range hydrocarbons should be dehydrogenated, isomerized and 
cracked to form kerosene and gasoline [29], while formation of gaseous 
products should be avoided. In addition to these products, also oligo-
mers can originate from alkylation reactions [29]. 

The reaction mechanism in triolein hydroconversion was proposed 
based on the product distribution. Hexadecane is formed by γ-hydrogen 
transfer (Fig. 15) [23,70], while oleic acid is generated by β-elimination. 
Pentadecane formation requires β − γ scission [23]. 

Different types of β-scission mechanisms for alkylcarbenium ions, 
proposed in the literature, are shown in Fig. 16 [16]. It has been pro-
posed that mono-, di- and multibranched alkanes are formed in a 
consecutive manner. 

Cracking of tribranched A type (Fig. 16) alkanes produces two 
branched molecules, while cracking of a dibranched B molecule gives 
one linear and one branched product. Furthermore, cracking of mono-
branched compound C generates only linear products. The relative rates 
for β-scission as reported in [71] decrease with a decreasing number of 
branching as follows: rA > rB1 ≈ rB2 > rC ≫ rD. 

The reaction scheme for hydroconversion of palmitic acid was pro-
posed in [29] including palmitic acid hydrogenation to hexadecanal and 
further to hexadecanol, its dehydration forming hexadecane and further 
isomerization products by dehydrogenation, and cracking products, e.g. 
C13 and C13 isomer. In addition, a parallel route was proposed to hy-
drogenation of palmitic acid, i.e. direct hydroconversion from palmitic 
acid to C14. Hexadecanal can also decarbonylate and further crack and 
isomerize forming C12 hydrocarbons. 

10. Future research needs and conclusions 

Although research on production of jet fuels from fatty acids and oils 
has been very intensive during recent years, several future research 
needs could be still identified. Typically, a comprehensive product 
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analysis with a proper mass balance closure, kinetic modelling and 
thermodynamic analysis have been very scarcely performed [3]. Infor-
mation of fractional selectivity among liquid phase products is certainly 
not sufficient for eventual industrial implementation. Thus, future 
research efforts should be clearly focused on development of suitable 
analytical approaches for identification as well as quantification of 
products. Moreover, the broad product distribution adhering to both 
diesel and jet fuel fraction implies that separation of these products by 
distillation would be required. In addition if the concentration of aro-
matics is too high after hydroconversion they should be removed most 
probably by extraction as typically done in oil refining. 

Furthermore, due to harsh reaction conditions, for example in hydro-
conversion of vegetable oils over Ni–W/SiO2-Al2O3 many carbonaceous 
species are present in the gas phase (ca. 30 wt%). On the other hand, a 
two-step process for hydroconversion of palm oil involving hydro-
isomerisation over Pt/Al2O3 in the first step followed by hydrocracking 
with Pt/Beta zeolite was shown to be more feasible and not suffering 
extensive catalyst deactivation opposite to the one-step process. 

The importance of diffusional limitations for formation of C8-C16 
was clearly demonstrated showing a beneficial use of nanosized zeo-
lites as supports. Catalyst acidity is an important parameter and 
although it has been measured in several publications, many papers 

report only qualitative data on acidity, making comparison of the results 
in different publications challenging. 

Finally comprehensive catalyst characterization, such as determi-
nation of acidity, metal particle size, reducibility and metal oxidation 
states, especially using hydrogen temperature programmed reduction 
[2,3,11,30,32] and XPS [2,3,30,32] would bring more knowledge 
helping to rationalize the catalyst selection, which at the moment is 
largely missing [24]. 

In summary, production of jet fuels by hydroconversion of vegetable 
oils and fatty acids has been intensively studied during the recent years. 
The highest yields of organic liquid products, above 80 wt%, have been 
obtained from Jatropha and palm oil using Ni supported on H3PW12O40/ 
nanosized hydroxyapatite in one step at 360 ◦C under 30 bar hydrogen 
[11] and in a two-step process over Pt/Al2O3 (hydroisomerization at 
395 ◦C) followed by hydrocracking at 245 ◦C over Pt on H-Y zeolite [15]. 
Jet fuel yields are typically maximally ca. 54%, while also other prod-
ucts such as diesel, are formed. 
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the work reported in this paper. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.fuel.2021.121673. 
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