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Abstract - The development of effective Ni/TiO2 catalysts for the transformation of sunflower oil to green diesel was studied 
in this work. The catalysts were prepared using four different techniques, namely Successive Dry Impregnation (SDI), Wet 
Impregnation (WI), Deposition Precipitation (DP) at room temperature using NH3 as precipitating agent and Deposition 
Precipitation (DP) at high temperature using urea as precipitating agent. The techniques were combined with the use of the 
following Ni precursor complexes: [Ni(H2O)6]

2+ and [Ni(en)3]
2+ (en: ethylenediamine). The catalysts were characterized and 

evaluated in a high pressure semi batch reactor. It was found that the yield of sunflower conversion to hydrocarbons in the 
diesel range (C15-C18) increases with nickel loading over the Ni/TiO2 catalysts up to 50% wt. Ni, which proved to be the 
optimum loading. The most suitable synthesis technique is the deposition - precipitation at high temperature using urea, 

which leads to a catalyst with a high porosity, a high specific surface area and a very good dispersion of the active phase (Ni0 
crystallizer size). 
 

Keywords - Biomass, Green (renewable) Diesel, Natural Triglycerides, Selective Deoxygenation, Ni Catalysts Supported on 
Titania. 

 

I. INTRODUCTION 

 
Triglycerides-based biomass such as plant oils, waste 

cooking and micro-algae oils is a promising 

renewable energy source, which, however, should be 

upgraded by transesterification, (hydro)cracking and 

selective deoxygenation (SDO) to provide, 

respectively, biodiesel, organic liquid product and 

green diesel/kerosene [1]. Problems related to the 

production, storage and use of the already produced 

biodiesel shifts the research to the 2nd and 3rd 

upgrading route. Intensive work has shown that the 

noble metals and the NiMo, CoMo and NiW sulfided 
supported catalysts are promising for the SDO 

process [1-3]. However, the high cost of the noble 

metals and the S-contamination of the product, when 

using the sulfided catalysts, have raised parallel 

research in the last years for developing low cost base 

metal non-sulfided catalysts. In the last years the 

interest has turned towards the much cheaper nickel 

based catalysts [4]. The scope of our project is to 

study and develop optimal Ni/TiO2 catalysts, that 

convert sunflower oil (SO) into green diesel, with 

high effectiveness and low cost. Sunflower oil is 

largely used in Greece and other countries as a raw 
material for producing biodiesel. Thus, it is expected 

to be used in the near future for producing green 

diesel. Moreover, although SO is an edible oil, 

genetically modified sunflower grown on marginal 

land (e.g. old mining lands, irrigation canals) has 

been recognized as a sustainable biofuel source 

because it does not demand arable lands [5]. The 

SDO of natural triglycerides to produce hydrocarbons 

in the diesel range is realized by hydrotreatment and 

involves three different reactions (Fig. 1). 

 
Fig. 1. Reactions involved in the SDO of natural triglycerides 

 

According to Fig. 1, oxygen can be removed via:  (i) 

decarboxylation, deCO2, in the form of CO2, (ii) 

decarbonylation, deCO, in the form of water and CO, 

and (iii) hydrodeoxygenation, HDO, in the form of 

water. The CO and CO2 produced may react with 

hydrogen to form CH4 and CO, respectively, whereas 

propane could be cracked to smaller hydrocarbons. 

The extent of the latter reactions depends on the 
experimental conditions and the catalyst used. The 

catalysts, we develop, have Ni as the active phase, as 

it is a low-cost choice with high activity and as 

support they have titanium oxide (anatase) which 

exhibits a satisfactory specific surface area, moderate 

acidity and stability in process conditions [4]. 

 

II. EXPERIMENTAL 

 

A. Synthesis of Catalysts 

The Ni/TiO2 catalysts were prepared using four 
different techniques (Table 1): (a) Successive Dry 

Impregnation (SDI), (b) Wet Impregnation (WI), (c) 

Deposition Precipitation (DP) at room temperature 

using NH3 as precipitating agent and (d) Deposition 

Precipitation (DP) at high temperature using urea as 

precipitating agent. In the first step, a series of 

xNi/TiO2 catalysts were prepared (x: 10, 20, 30, 50, 

60% wt Ni) by means of SDI. [Ni(en)3]
2+ was used as 
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the precursor Ni complex (where en stands for 

ethylenediamine), which is formed upon dissolution 
of the solid precursor [Ni(en)3](NO3)2. Having found 

the optimal Ni loading region (30 – 50 % wt Ni), the 

second goal was the selection of the optimum 

synthesis method. Thus, at the second step we 

prepared Ni catalysts with 30% and 50% wt by means 

of: (i) WI using both the [Ni(en)3]
2+ complex as well 

as the aqueous complex [Ni(H2O)6]
2+, which is 

formed upon dissolution of the solid precursor 

Ni(NO3)2, (ii) SDI using the aqueous complex 

[Ni(H2O)6]
2+, (iii) DP at room temperature, using 

NH3 as precipitating agent and ([Ni(Η2Ο)6]
2+) as the 

precursor Ni complex and (iv) DP at high temperature 
using urea as precipitating agent and ([Ni(Η2Ο)6]

2+) 

as the precursor Ni complex. In all cases the 

deposition of Ni was followed by drying at 120oC for 

2 h, calcination at 400oC for 2 h and finally reduction 

at 400oC for 2.5 h. 

 

B. Characterization of Catalysts 

1) N2 adsorption-desorption at liquid-nitrogen 

temperature (77 K): 0.1 g of an activated catalyst was 

used for the determination of the specific surface area 

based on the nitrogen adsorption–desorption 
isotherms recorded using a Micromeritics apparatus 

(Tristar 3000 porosimeter) and the corresponding 

software. Pore size distributions have been 

determined using the BJH method and the N2 

desorption curve. 

2) X-ray diffraction (XRD): XRD patterns were used 

for determining the crystal phases in the samples after 

activation step. These are recorded in a Brucker D8 

Advance diffractometer equipped with nickel-filtered 

CuKα (1.5418Å) radiation source. The step size and 

the time per step were respectively fixed at 0.02ο and 

0.5s in the range of 10ο ≤ 2θ ≤80ο. The mean 
crystallite size was estimated using the Scherer’s 

equation. 

C. Evaluation of Catalysts 
The evaluation of the catalysts was performed using a 

falling basket mechanically stirred batch reactor 

working in a semi-batch mode (Autoclave 

Engineers). 100 ml of sunflower oil (food grade, 

containing 94 wt.% C18 fatty acids, mainly linoleic 

and oleic acids) purchased from the local market was 

introduced in the reactor vessel and 1 g of activated 

catalyst was added in powder form to the reactor 

basket being maintained at its upper position. After 

the addition of feed and catalyst the reactor was 

purged three times with Ar prior to being pressurized 

with H2 (to 40 bar). Then the hydrogen flow rate was 
controlled to 100 ml/min by a flow controller and the 

speed of stirring to 2000 rpm. The reactor was heated 

with a temperature rate 10oC/min to the reaction 

temperature (310oC) and then the basket was falling 

into the liquid phase. This was the starting point of 

the reaction. A liquid sample of 2 ml was withdrawn 

from the reactor every hour and analyzed. The 

reaction was monitored for a period of 9h. 

 

Analysis of the reaction liquid products was 

performed on a gas chromatograph-mass 
spectrometer (GC-MS). It should finally be noted 

where the word "yield" is referred to in the following 

text and figures, it is meant the yield of the liquid 

product of the process. 

 

III. RESULTS AND DISCUSSION 

 

Table 1 shows the catalysts prepared and the values 

of some of their physical characteristics. For 

comparison purposes, the characteristics of the 

support (TiO2) and the catalytic phase (Ni) are also 

presented. 
 

 

Catalyst 

SSA 

(m2/g) 

Specific Pore 

Volume (cm3/g) 

Mean Pore 

diameter (nm) 

Mean crystallite 

size of Ni0 (nm) 

TiO2 232.47 0.68 9.72 - 

Ni 1.39 0.01 27.62 37.9 

10Ni(en)3TiO2 SDI 217.43 0.51 8.03 11.4 

20Ni(en)3TiO2 SDI 180.86 0.42 7.84 14.2 

30Ni(en)3TiO2 SDI 152.62 0.37 8.24 17.3 

50Ni(en)3TiO2 SDI 106.43 0.27 8.53 22.7 

60Ni(en)3TiO2 SDI 97.84 0.24 8.69 22.6 

30Ni(en)3TiO2 WI 161.88 0.42 8.80 16.1 

50Ni(en)3TiO2 WI 108.91 0.32 9.78 20.8 

30Ni(NO3)2TiO2 SDI 148.01 0.37 8.30 14.6 

50Ni(NO3)2TiO2 SDI 107.63 0.33 10.32 17.3 

30Ni(NO3)2TiO2 WI 155.63 0.38 8.19 20.2 

50Ni(NO3)2TiO2 WI 117.44 0.37 10.31 19.7 

30Ni(NO3)2TiO2 DP 198.92 0.56 9.42 13.8 

50Ni(NO3)2TiO2 DP 133.20 0.42 10.56 17.4 

30Ni(NO3)TiO2 DP-ΗΤ 174.53 0.51 9.37 11.2 

50Ni(NO3)2TiO2 DP–ΗΤ 155.81 0.63 13.06 11.5 
Table 1. The catalysts prepared and various values of their textural characteristics. 
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We observe that in the full series of xNi(en)3TiO2 

SDI catalysts, increasing the percentage of Ni 
decreases the specific surface of the catalysts. This is, 

of course, expected, but it is remarkable that the fall 

of the specific surface is due only to the reduction in 

the percentage of the carrier and not to the poor 

dispersion of Ni. Characteristically, the drop of the 

specific surface area on the 60Ni(en)3TiO2 SDI 

catalyst is about 40% relative to that of the support, 

i.e. the percentage reduction in the amount of carrier 

in this catalyst. This is a first indication that even at 

very high Ni loading, its dispersion on the surface of 

the support is very good. This is also supported by the 

observation of the average pore diameter values, 
which does not fluctuate greatly despite the high 

charges of the catalysts in Ni. Noteworthy is the very 

high specific surface area and the very high specific 

pore volume of the 50Ni(NO3)2TiO2 DP-HT catalyst, 

which has been prepared by the high temperature 

deposition-precipitation method. It appears that this 

technique leads to the formation of a porous active 

phase. 

 

Figure 2 shows the pore size distribution of all 

50Ni/TiO2 catalysts. As will be seen below, the 
loading of 50% wt. Ni was found to be optimal for 

these catalysts, so the discussion of the results from 

here and now focuses on these catalysts. Before 

proceeding with the observation of the shape, it 

should be noted that the support (titania) has a single-

division distribution centered around 10 nm. 

 
Fig. 2. Pore size distributions of 50Ni/TiO2 catalysts. 

 

With respect to the catalysts prepared by SDI and WI, 

Fig. 2 shows the same monodial distribution with a 

center approximately at 10 nm, slightly expanded to 

the right. This is an indication of a fairly good 

dispersal of the nickel phase, which however, at such 
a large percentage, clogs some small pores, and this is 

why this enlargement of the peak to larger pore sizes 

is observed. In the case of the 50Ni(NO3)2TiO2 SDI 

catalyst, the effect is more pronounced by decreasing 

the magnitude of this peak and displaying a second, 

approximately centered at 22 nm. The picture is quite 

differentiated in the catalysts prepared by the 

deposition - precipitation method and especially in 

the 50Ni(NO3)2TiO2 DP - HT catalyst prepared at 
high temperature using urea. In addition to the peak at 

10 nm, corresponding to support porosity, two new 

large peaks appear at about 30 and 80 nm. This shows 

the development of a new mesoporous and 

macroporous on the catalyst, which probably belongs 

to the active phase. This picture is consistent with the 

large surface specific and specific pore volume values 

for this catalyst seen in Table 1 and we have 

commented above. 

 

Figure 3 gives the XRD patterns of four 

representative 50Ni/TiO2 catalysts. We observe that, 
except of the characteristic anatase peaks, the 

characteristic peaks of metallic Ni (at 2θ 44.58ο, 

51.80ο, 76.31ο) and NiO (in 2θ 43.30ο, 37.27ο, 

62.82o). Most notably, in these catalysts the dominant 

phase is metallic nickel, with a very small 

contribution from nickel oxide. A careful observation 

of Table 1 reveals that the 50Ni(NO3)2TiO2 DP-HT 

catalyst exhibits the smallest Ni0 crystallite size of all 

50Ni/TiO2 catalysts, i.e. the highest dispersion of 

metallic nickel. Recall that this catalyst also exhibits 

the finest texture (specific surface area, porosity), as 
we saw above. 

 

 
Fig. 3. XRD patterns of the following catalysts: 50Ni(en)3TiO2 

SDI, 50Ni(NO3)2TiO2 SDI, 50Ni(NO3)2TiO2 DP, 

50Ni(NO3)2TiO2 DP-HT. (A: anatase, Ni: metallic nickel, NiO: 

nickel oxide). 

 

Figure 4 lists the sunflower conversion and yield 

values for hydrocarbons obtained above the optimum 

catalysts (50% wt Ni). The results show that the 

50Ni(NO3)2TiO2 DP-HT catalyst, prepared by high-

temperature deposition-precipitation using urea as a 

precipitating reagent, is the most effective, in full 

agreement with the characterization results, which 

showed us that this catalyst exhibits the best 

physicochemical characteristics. 

 
Moreover, Figure 5 shows that the main hydrocarbon 

in the products is heptadecane (n-C17). Since the 

main component of sunflower oil is linoleic acid 

(which is an [18:2] acid) it appears that selective 
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deoxygenation (SDO) proceeds mainly through 

decarbonylation and/or decarboxylation 
(deCO/deCO2). This is in line with the literature, 

concerning nickel catalysts [6]. 

 

 
Fig. 4. Conversion (after 2h) and yield (after 9h) of sunflower 

oil in hydrocarbons, in the presence of optimum catalysts. 

 

 
Fig.5. Sunflower yield in n-C17 and n-C18 hydrocarbons (after 

9h), in the presence of optimum catalysts. 

IV. CONCLUSION 

 
The yield of sunflower conversion to hydrocarbons in 

the diesel range (C15-C18) increases with nickel 

loading over the Ni/TiO2 catalysts up to 50% wt. Ni, 

which proved to be the optimum loading. The most 

suitable synthesis technique is the deposition - 

precipitation at high temperature using urea, which 

leads to a catalyst with a high porosity, a high 

specific surface area and a very good dispersion of 

the active phase (Ni0 crystallizer size). 
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