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A B S T R A C T

Co-processing experiments of straight run gas oil (SRGO) with used cooking oil (UCO), and category three
animal fat were performed in a hydrotreatment pilot plant. Liquids and gaseous products obtained were analysed
and quantified. The aim of the work was the study of the effect of the triglycerides feedstocks co-processing with
the diesel fuel on the desulphurized gasoil properties, as well as their impact on the hydrodesulfurization (HDS)
and hydrodenitrogenation (HDN) catalyst activities. These results were compared with the co-processing test of
refined palm oil. Experiments were performed in a pilot plant that reproduced the hydrotreatment of diesel oil
with a conventional NiMo/Al2O3 catalyst, under the following conditions: 350 °C 5.5MPa, LHSV 2 h−1 and a H2

to feed oil ratio of 340 NL/L. The ratio SRGO/triglycerides feedstock was always 80/20 wt.%. At these operating
conditions, linear paraffins (nC15–nC18) were the main reaction product (79–85wt.%), followed by light gases
(CO, CO2 and C3H8) and water as by-products. The increment in paraffin content of the liquid product produced
a significant variation of some of gasoil properties (density at 15 °C and cetane index). A decrease in the catalytic
activity (HDS/HDN) was also observed in the co-processing stages, particularly when animal fat was co-pro-
cessed.

1. Introduction

In order to decrease energy imports, to promote the use of energy
from renewable sources and to reduce greenhouse gases, the European
Parliament and the Council of European Union (EU) have developed a
bioenergy sustainability policy that all countries must comply with. The
current energy directive, the Directive 2009/28/EC, requires the EU to
fulfill at least 20% of its total energy needs with renewables by 2020.
All EU countries must also ensure that at least 10% of their transport
fuels come from renewable sources by 2020. On the other hand,
Directive 2015/1513 promotes the reduction of indirect land use
change for biofuels and bioliquids, negating the greenhouse gas savings
that result from increased biofuels because grasslands and forests ab-
sorb high levels of CO2.

These EU energy requirements, as well as the increase in fuel con-
sumption in the last few years, in particular the diesel oil, works as
engine to develop new, more efficient and environmentally friendly
biofuels, that allow complement or replace current fossil fuels, such as
diesel oil or gasoline.

Depending on the feedstock and on the maturity and sustainability
of the technology employed for their production, biofuels can be re-
ferred to as conventional (1st generation) and advanced (2nd and 3rd

generation) [1,2]. Thus, conventional biofuels are based on commercial
feedstocks and processes currently in use in many countries and are
typically fatty acids methyl esters (FAME). They are obtained from an
edible feedstock rich in triglycerides (e.g. sunflower oil) and methanol,
always in presence of an acid (H2SO4) or basic catalyst (NaOH or KOH)
[3]. The by-products obtained by this transesterification reaction, such
as glycerine, could be used as cosmetic feedstock or catalytic reforming,
in order to obtain other products such as hydrogen [4]. However, this
generation of biofuels are becoming unviable because implementation
of the Indirect Land Use Change (ILUC) legislation and the Food vs. Fuel
debate [5].

The second-generation biofuels, uses raw materials not allowed for
human or animal consumption, such as forest residues and non-edible
vegetable oils or fats from frying processes. Some of the most relevant
processes to obtain this biofuel generation are the catalytic hydro-
treatment of vegetable oils to obtain hydrotreated vegetable oil (green
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diesel) [6], the co-processing of bio-oils in catalytic cracking units [7]
or the oxidation of lignocellulosic biomass from bimetallic catalysts [8].
Finally, third-generation biofuels are based on algae feedstock, re-
quiring more sophisticated processing technologies [2].

Catalytic co-hydroprocessing of triglycerides feedstocks, such as
used cooking oil (UCO) or animal fats (AF), in an industrial hydro-
desulfurization unit, could be very attractive for refineries because
existing installations can be employed [9]. On the other hand, it could
be used the same conventional catalysts that in the hydroprocessing of
diesel oil, such as CoMo/Al2O3 or NiMo/Al2O3 [10]. By hydrotreating,
these triglycerides produce a paraffinic biofuel, called green diesel,
which is integrated in the desulfurized product improving some of its
critical properties, such as density at 15 °C and flammability. However,
the increment of paraffins have to be carefully studied, because could
get worse cold flow properties.

At these operating conditions, (350–370 °C and 70–80 bar), the tri-
glycerides are hydrogenated according to the pathways shown in Fig. 1
[11].

First, the triglyceride molecule is saturated by hydrogenation and
then it breaks, releasing a propane molecule and producing three mo-
lecules of carboxylic acids as intermediate products. The mechanism
continue by three different chemical reactions or pathways: the hy-
drodeoxygenation step (HDO), producing two molecules of water and
linear paraffins with even number of carbons (normally nC16 and nC18);
the (hydro)decarboxylation (HDC) reaction, which produces one mo-
lecule of carbon dioxide and paraffins with an odd number of carbons
(normally nC15 and nC17) and (hydro)decarbonylation (also HDC), re-
leasing paraffins with an odd number of carbons (nC15 and nC17) and a
CO and H2O molecules.

The selectivity of each pathway depends on the operating conditions
or catalysts used, so the selection of these parameters is critical in an
industrial process in order to minimize hydrogen consumption or light
gases production [12]. In this way, it is necessary to carry out a detailed
research about the co-processing of raw materials such as UCO, animal
fats, etc., in order to study the possible impact on the catalysts activity
and the desulfurized gas oil properties at industrial level. The aim of

this work is the study of the co-hydroprocessing of animal fats and UCO
with straight run gas oil (SRGO) at typical industrial operating condi-
tions (350 °C and 5.5MPa). An edible oil (refined palm oil) has been
used to compare the results with those obtained when a first-generation
feedstock is used. In this study, special attention was taken in products
and by-products formed, defined by HDO/HDC selectivity; their influ-
ence over the properties of desulfurized diesel oil and the effect of co-
processing in HDS/HDN activities of the commercial catalyst used.

2. Materials and methods

2.1. Feedstocks

Two different triglycerides feedstock were used for these co-pro-
cessing experiments: UCO, gathered from Spanish local household and
restaurants and animal fat of category number three. Then, refined
palm oil was used to compare results obtained with the use of first-
generation edible vegetable oils. To remove food scraps and frying
waste, the UCO was purified by filtration and decantation. On the other
hand, animal fat was filtered to reduce metal content. Table 1 shows the
main characterizations of the three feedstock processed.

As expected, refined palm oil showed a lower acid number and
water content than residual lipids. A low concentration of metals was
determined in all the products (UCO, filtered animal fat and refined
palm oil), this indicates a very low contamination with inorganic ma-
terials and low risk of poisoning of the catalyst active sites. The fatty
acid distribution was used as an additional parameter to complete the
feedstock characterization. This analysis was performed using an ISO
12966 standard method and Table 2 shows the obtained results.

All feedstocks showed a similar fatty acid distribution, mainly in the
range of C16–C18. The fatty acids distribution of UCO shows that it
contains mainly olive and sunflower oil, and animal fat showed high
concentrations of saturated fatty acids (C16:0, 26 wt%; C18:0, 17 wt%),
which could be the reason of its solid state at room temperature. Fatty
acids distribution of refined palm oil agrees with the reported in the
literature [13].

Fig. 1. Reaction pathways in the hydrotreating of a triglyceride model.

Table 1
Characterization of the triglycerides feedstocks used.

Analysis Used cooking oil Animal fat Refined palm oil Standard test method

Density 15 °C, kg/L 0.9236 0.9145 0.9159 ASTM D 4052
Acid number, mg KOH/g 5.44 6.17 0.08 ISO 660
Sulfur content, mg/kg 7.6 21.0 2.0 UNE-EN ISO 20486
Nitrogen content, mg/kg 50.2 183.0 2.0 ASTM D 4629
Karl Fischer Water, ppm 540 881 41 ASTM D 4928
Elemental analysis, wt. % – – – ASTM D 5291
Carbon, C 75.8 76.8 76.3 –
Hydrogen, H 11.5 12.0 11.0 –
Metals, mg/kg – – – IP 501 – AOCS Ca 17
Calcium, Ca 0.40 0.25 0.10 –
Phosphorus, P 2.40 5.20 1.00 –
Potassium, K 1.00 2.40 1.00 –
Sodium, Na 1.10 1.00 1.00 –
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For the co-processing experiments, straight run gas oil (SRGO) was
used as petroleum feedstock, which was supplied by one of the Spanish
Cepsa refineries. This middle distillate was selected due to its good
properties and high quality for gasoil production. In all the experi-
ments, a mixture of triglycerides feedstock and SRGO of 20/80wt% was
used. A high blending degree was selected to identify the impact of
biomass co-processing on product quality and catalyst activity. Table 3
shows the main characterisation of SRGO and the mixes used in these
co-processing experiments.

The SRGO used showed common characteristics in this kind of
middle distillates, especially low density and sulfur or nitrogen content.
As expected, feedstock triglycerides addition produced an increase of
density, as well as a decrease of sulfur and nitrogen content.

2.2. Experimental setup

Experiments were carried out in a hydrodesulfurization bench scale
unit at Cepsa Research Center facility in Madrid, which is well equipped
to perform simulations of industrial processes of diesel hydro-
desulfurization. Fig. 2 shows a simplified diagram of the bench scale
unit, which consists of three sections: reagents feed, reactor and gas-
liquid separator/sampling.

Liquid feedstock was stored in a stainless steel tank placed on a
weighing scale and pumped into the top of the reactor through a dosing
pump. The storage system was provided of a heating system in order to
keep warm the feedstock during the experiment. This fact allowed
feedstock homogenization, particularly important during the co-pro-
cessing steps. Standard commercial hydrogen gas was used as hydrogen

source (H2 > 99 vol%). The reaction system consists of a stainless steel
fixed bed reactor with a concentric furnace with four heating sections to
reach the reaction temperature inside the reactor. Heating was con-
trolled by two sets of four thermocouples, one of them inside a ther-
mowell and the other outside the reactor.

Catalytic bed was inside the tubular reactor, which consisted of a
mixture of a conventional NiMo/Al2O3 catalyst (121–122mL) and
carborundum (SiC) in volume relation (1):1, in order to minimize the
wall-flow effects and improve the heat transfer inside the reactor. After
hydrotreatment, reaction product continues to reach the gas–liquid
separator, obtaining a product with two phases. When separated, liquid
products were accumulated in a storage tank and gaseous products
were quantified by a wet gas flow meter.

The experimental procedure of co-processing experiments included
four steps: sulfiding, blank run or stabilization, co-processing, and
catalyst activity evaluation. Catalyst sulfiding were performed ac-
cording to the method established by the catalysts manufacturer: first
the catalyst is dried under H2 flow at 150 °C, secondly the spiked SRGO
within 3.0 wt% total sulfur (using Sulfrzol-54) is fed to the reactor,
followed by a slow increasing of temperature until the breakthrough is
reached (hydrogen sulfide formation). After the sulfiding step, the
feedstock was changed to pure SRGO, which was fed in until the steady
state was reached. This step was called blank run or stabilization and it
was used as reference during the experiment.

The steady state of the reaction was determined by a routine ana-
lysis of density at 15 °C, sulfur and nitrogen content of the organic
product produced. After 96 h of operation, these parameters keep
stable, which indicates that the steady state has been reached in the
reactor. The experiments continued with the co-processing step, where
the feedstock was changed to the mixture of SRGO/triglycerides feed-
stock. When co-processing was finished, the feedstock was changed
again to pure SRGO. This last step was used to compare the HDS/HDN
catalytic activity before and after the triglycerides feedstock co-pro-
cessing.

2.3. Experiments

Three co-processing experiments were performed to describe the
effect of the addition of triglycerides on the catalytic activity and pro-
duct characteristics. Table 4 shows the operating conditions of each
experiment, similar to those found in the literature [6] and used in
authors previous experiments [14].

Table 2
Fatty acid composition triglycerides feedstocks.

Fatty acid, wt.% Used cooking oil Animal fat Refined palm oil

Myristic C14:0 0.17 2.30 0.94
Palmitic C16:0 9.89 26.06 42.72
Palmitoleic C16:1 0.33 3.12 0.18
Stearic C18:0 3.79 16.82 4.32
Oleic C18:1 41.04 42.59 40.70
Linoleic C18:2 42.84 6.24 9.92
Linolenic C18:3 0.30 0.60 0.24
Arachidic C20:0 0.30 0.15 0.38
Eicosenoic C20:1 0.31 0.60 0.15
Behenic C22:0 0.57 0.05 0.06
Erucic C22:1 0.31 0.00 0.00
Lignoceric C24:0 0.22 0.04 0.06

Table 3
Characterization of feedstocks used.

Analysis SRGO 100 SRGO/UCO 80/20 SRGO/Animal fat 80/20 SRGO/Palm oil 80/20 Standard test method

Density at 15 °C, kg/L 0.8474 0.8627 0.8603 0.8600 ASTM D 4052
Sulfur content, wt.% 1.191 0.956 0.953 0.952 UNE-EN ISO 20486
Nitrogen content, wt. ppm 104 98 117 86 ASTM D 4629
Karl Fischer Water, ppm – 103.0 173.0 6.9 ASTM D 4928
Acid number, mg KOH/g – 1.42 1.39 0.09 ISO 660
Aniline point, °C 70.4 – – – ASTM D 1218
Aromatics content, wt.% – – – – UNE-EN 12916
Mono-aromatic 18.3 – – – –
Di-aromatic 11.8 – – – –
Tri-aromatic 0.9 – – – –
Elemental analysis, wt. % – – – – ISO 29541
Carbon, C 85.06 83.45 83.16 83.28 –
Hydrogen, H 13.88 13.20 13.73 13.32 –
SimDis, wt.% T, °C ASTM D 2887
10 226 – – – –
30 270 – – – –
50 301 – – – –
70 335 – – – –
90 381 – – – –
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2.4. Product analysis

When the steady state was reached in each step (stabilization, co-
processing and catalyst activity evaluation), samples of liquid and
gaseous products were collected every eight hours. Liquid samples
consisted of organic phase during diesel oil processing or organic and
aqueous phases during co-processing steps. H2S was removed from li-
quid samples using stripped with nitrogen. The density at 15 °C (ASTM
D 4052), sulfur and nitrogen content (UNE-EN ISO 20486/ASTM 4629)
analysis were performed. After sulfur removal, a more detailed char-
acterisation was performed: SimDis (ASTM D 2887), cloud point (ASTM
D 2500), cold filter plugging point – CFPP (UNE-EN ISO 116) and ce-
tane index (ASTM D 4737). The analysis of the gaseous products was
performed online using a gas chromatograph (GC) Agilent Micro GC
490 composed by four channels: Channel Molecular sieve 5A plot
(MS5A) to measure H2 (Argon gas is used as carried gas), Channel
Molecular sieve 5A plot (MS5A) to measure N2, O2 and CO (Helium gas
is used as carrier gas), Channel ParaPlot Q PPQ to measure CO2 and CH4

(Helium gas is used as carrier gas) and Channel Aluminium oxide PLOT
column (Al2O3/KCl) to measure C1-C5 hydrocarbons (Helium gas is
used as carrier gas). A three-way valve situated at the outlet of reaction
gases allowed divert part of the outlet flow to the chromatograph. A set
of 20–30 gas samples were analysed in each step of the experiment,
particularly during the blank run and the co-processing.

Complete hydrotreatment of triglycerides was verified by fourier-
transform Infrared spectroscopy (FTIR) analysis, as has been described
in previous articles by the authors [14,15]. Fig. 3 shows the FTIR
spectrum of the SRGO/UCO 80/20wt% feedstock (black colour) and
the same feedstock after the hydrotreatment (red colour).

The absence of peaks in 1745 cm−1 (carbonyl functional group) and
1350 cm−1 (angular deformation of CH2 and CH3) of the desulfurized
product shows the complete conversion of the triglycerides of the
feedstock.

In order to study the reaction products formed due to the trigly-
cerides hydrotreatment, i.e. green diesel (mainly linear paraffins),
water and light gases (mainly C3H8 and COx), it has been calculated the
mass balance of the experiment during the blank run (i.e. pure SRGO
processing) and the co-processing (SRGO and UCO, animal fat or re-
fined palm oil 80/20 wt%) steps. Thus, taking into account the amount
of SRGO processed during the co-processing (80 wt% of the feed), it is
possible to estimate the amount of organic phase (paraffins), water and
light gases that come just from to the triglycerides hydrotreatment,
assuming that there is not interaction between SRGO and UCO. These
results have been expressed as a yield, according to the next equation:

=Product yield (%)
Product formed [paraffins, water or gases] (g)

Vegetable oil or animal fat in the feed (g)

·100, (1)

where, the ‘product formed’ would be only refer to the amount (in
grams) of that reaction product (green diesel – paraffins, water or gases)
that come from the triglycerides feedstock hydrotreated, and the ‘ve-
getable oil or animal fat in feedstock’ is referred to the amount (in
grams) of UCO, animal fat or refined palm oil co-processed (20 wt% of
the feed). These values are just a mathematic estimation, to determine
accurately the paraffins that proceed from the SRGO and/or triglycer-
ides feedstocks, a detailed analysis of the desulfurized gasoil com-
pounds would be necessary. This procedure was not possible to carry
out during these co-processing experiments. Light gases were quantified
by flow measurements and analysis of its composition.

Gas Chromatography with Flame Ionization Detector (FID) was used
for the quantitative determination of linear paraffins in the desulfurized
gasoil produced during the blank run and the triglycerides feedstock co-
processing. Taking into account the linear paraffins formed during the
blank run and the amount of triglycerides feedstock used during co-
processing (20 wt% of feed), it is possible to estimate the amount of
paraffins due to the vegetable oil or animal fat addition. Thus, ac-
cording with the number of carbons in its chain, it was possible estimate
the percentage of paraffins formed by HDO and HDC pathways, ac-
cording with the following equations previously published by the au-
thors [14]:

=

+

HDO [%]
Δ(even paraffins)

Δ(total paraffins [even odd])
·100,

(2)

=

+

HDC [%]
Δ(odd paraffins)

Δ(total paraffins [even odd])
·100,

(3)

where Δ(even paraffins) and Δ(odd paraffins) represent the paraffins

Fig. 2. Simplified scheme of the bench scale unit.

Table 4
Operating conditions used in co-processing experiments.

Parameter\Experiment SRGO/UCO
80/20

SRGO/Animal
fat 80/20

SRGO/Refined palm
oil 80/20

Temperature, °C 350 350 350
Pressure, MPa 5.5 5.5 5.5
LHSV, h−1 2.0 2.0 2.0
H2 to feed, NL/L 340 340 340
Biomass, wt.% 20 20 20
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proceed from triglycerides hydrotreatment formed following the HDO
(mainly nC14, nC16, nC18 and nC20) and HDC (mainly nC13, nC15, nC17

and nC19) pathways (wt. %) respectively, and Δ(total paraffins
[even+ odd]) represent the total paraffins formed only by the hydro-
treatment of vegetable oil/animal fat (wt.%).

Taking into account the sulfur content in the feedstock the sulfur
content in the product, as well as the yield of the process, the HDS
activity was determined according to the following equation:

=

− η
HDS [%]

(S (S · ))
S

·100,0 p

0 (4)

where S0, SP and η represent the sulfur content of the feedstock and
liquid product (wt. ppm) and the process yield (%), respectively. The
yield of the process was defined as the ratio between the mass of de-
sulfurized diesel oil obtained and the feedstock (SRGO or corresponding
mix) used. In the same way, the HDN activity could be determined
using the nitrogen content, in accordance to the following equation:

=

− η
HDN [%]

(N (N · ))
N

·100,0 p

0 (5)

where N0, NP and η represent the nitrogen content of the feedstock and
liquid product (wt. ppm) and the process yield (%), respectively.

3. Results and discussion

Different experiments of co-processing with SRGO and vegetable
oil/animal fats were carried out to study the products formed, its in-
fluence on fuel properties and its effect on the HDS and HDN activities.

3.1. Products formed

To study the products formed due to the addition of vegetable oil/
animal fat during co-processing (i.e. paraffins, water and gases), the
mass balance was calculated during the blank run and the co-processing
step. In this way, assuming that SRGO hydrotreatment provide a similar
product distribution during the blank run and the co-processing, it was
possible the estimation of the products yield derived from the trigly-
cerides hydrotreatment during the co-processing step. Table 5 shows
the results obtained for triglyceride hydrotreatment products yields
using Eq. (1).

The sum of products yields (i.e. “Total”) estimated shows a high

value (93–98%), which is indicative of a good results reproducibility.
The apparent loss of mass shown in the mass balance (“Total”), for the
co-processing of SRGO/Animal fat 80/20 and SRGO/Refined palm oil,
are within the order of accuracy of the wet gas meter used in the ex-
periments, which means that could be considered that the mass balance
is fulfill.

In general, similar results were obtained for all the experiments,
independently of the feedstock co-processed. A slightly decreased of
green diesel yield has taken place during animal fat or refined palm oil
hydrotreatment, producing more light gases. In all cases, the main
product was the green diesel (78.6–85.0 wt%), followed by light gases
(9.9–12.6 wt%) and water (2.9–3.3 wt%). These results are according
with the previous ones of the same authors for the co-processing of used
frying oil (UFO) and atmospheric gas oil (AGO), where an 80–85wt%
were paraffins, 8.2–13.1 wt% gases and 6.5–7.5 wt% water. The dif-
ferences in water production could be due to hydrodeoxygenation
(HDO) pathway promotion, slightly higher during that set of co-pro-
cessing experiments with UFO and AGO [14].

In this sense, the distribution of the by-products depends on the
reaction pathways occurred during the co-processing. These results
(Table 5) could mean a higher contribution of (hydro)decarboxylation/
(hydro)decarbonylation (HDC) reactions instead of HDO reactions for
all the experiments, which means more gaseous products, particularly
CO and CO2.

Fig. 4 shows the distribution of paraffins (nC10 to nC22) in the or-
ganic phase of the liquid product obtained during the blank run and the
co-processing of each triglycerides feedstock, determined by GC-FID.

As expected, a significant increase of linear paraffins content (nC15

to nC18) was produced during co-processing steps, which is due to the
HDC/HDO reactions of triglycerides. The selectivity of each pathway

Fig. 3. FTIR Spectrum of SRGO/UCO feedstock and the corresponding desulfurized diesel.

Table 5
Product yields.

Product yield, wt.% SRGO/UCO
80/20

SRGO/Animal
fat 80/20

SRGO/Refined palm
oil 80/20

Green diesel –
Paraffins

84.99 78.64 80.51

Water 2.89 3.08 3.27
Gases 10.55 12.58 9.96
Total 98.4 94.3 93.7
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can be calculated from Eqs. (2) and (3) and Table 6 shows the results
obtained for each experiment.

The HDC pathway was preferred rather than HDO in all the ex-
periments, independently of the feedstock used during the co-proces-
sing. This result is close to the relation 65/35 expected for this kind of
conventional catalyst, as well as it is in good agreement with results in
bibliography [16]. This fact indicates the possibility that nickel, in
NiMo/Al2O3 catalysts and at these operating conditions could promote
CeC bond cleavage in carboxylic acids, i.e. HDC pathway. According to
previous experiments [14], operating temperature plays a significant
role in this deoxygenation pathway promotion, increasing the HDO
dominance at lower temperatures (320 instead of 350 °C). This paraffins
distribution results are in accordance with mass balances (Table 5), in
which a high percentage of light gases (9.9–12.6 wt%) were obtained
during all the co-processing experiments.

A GC-TCD instrument was used to identify and quantify the gaseous
products formed. Table 7 shows the composition of the gas samples
during SRGO hydrotreatment and the co-processing experiments, once
reached the steady state.

As expected, the main component in the output-gas samples was H2,
with a percentage of 97mol% during SRGO 100 hydrotreatment and
91.60–93.40mol% during co-processing steps. This decrease in

hydrogen composition (4–6mol%) goes parallel to the significant pro-
duction of other light gases as C3H8, CO, CO2 and CH4, in the same
range for all the feedstocks; as well as to the increment of H2 con-
sumption. In this way, propane formation is related to the hydrotreat-
ment of triglycerides, which is interesting from industrial point of view
as LPG; CO and CO2 are a by-product of HDC reactions or reverse water
gas shift (RWGS) and methane could be due to other secondary reac-
tions like CO2 methanation or hydrocarbon cracking reactions. Similar
distribution of light gases has been obtained in bibliography during co-
processing experiments of UCO and heavy atmospheric gas oil (HAGO)
[17,18], as well as in AGO/UFO co-processing [14], in which the small
differences in some light hydrocarbons (CH4 and C3H8), could be due to
the use of standard refinery gas instead of standard commercial hy-
drogen gas (H2 > 99 vol%) as hydrogen source.

As described in experimental set up, at the end of each co-processing
step, the feedstock was changed to pure SRGO, so light gases con-
centration decreased. Fig. 5 shows light gases production before, during
and after the co-processing of SRGO with UCO 80/20 wt%. Similar
behaviour was registered for the other co-processing experiments.

The hydrogen consumption and light gases production can be cal-
culated from the output-gas composition and mass balances. Following
the reaction scheme given in Fig. 1, a theoretical estimation of the
products obtained from triglycerides hydrogenation has been carried
out [19]. As it is generally used in the literature, a 35:65 relation has
been assumed between the hydrodeoxygenation reactions and the joint
contribution of the (hydro)decarboxylation and (hydro)decarbonyla-
tion reactions, i.e. HDO/HDC. In addition, an equal proportion of the
(hydro)decarboxylation and (hydro)decarbonylation reactions to the
system has been considered. Table 8 shows the theoretical and the
calculated results for hydrogen consumption and light gases production
(COx, CH4 and C3H8) per 100 g of the triglycerides feedstock co-pro-
cessed.

Both results (theoretical and calculated) are approximately in the
same order and the small differences observed can be due to several
reasons. Firstly, the assumptions on which the theoretical estimate was
based could not be fully met, mainly with regard to the relationship
between the (hydro)decarboxylation and (hydro)decarbonylation re-
actions. Secondly, it is likely that there are secondary reactions that
have not been taken into account such as the methanation of CO2,
RWGS or cracking of hydrocarbons.

The co-processing of vegetable oils/animal fats produced an in-
crease of hydrogen consumption (1.60–2.10 g/100 g of triglycerides

Fig. 4. Distribution of paraffins during co-processing experiments.

Table 6
Paraffin distribution by reaction pathway.

Parameter SRGO/UCO 80/
20

SRGO/Animal fat
80/20

SRGO/Refined palm oil
80/20

HDO % 36.5 36.4 36.7
HDC % 63.5 63.6 63.3

Table 7
Output-gas composition.

Component, mol
%

SRGO 100 SRGO/UCO
80/20

SRGO/Animal
fat 80/20

SRGO/Refined
palm oil 80/20

H2 97.33 92.21 91.64 93.36
CO2 0.07 1.07 1.34 1.01
CO 0.00 2.24 2.84 2.04
CH4 0.21 0.41 0.42 0.25
C3H8 0.09 1.14 1.16 1.09
Other gases 2.40 2.95 2.60 2.25

H. De Paz Carmona, et al. Fuel 254 (2019) 115583

6



feedstock), as well as a light gases production (C3H8: 2.90–3.40; CO:
3.90–7.10; CO2 2.45–5.10 g/100 g of triglycerides feedstock), particu-
larly during animal fat and UCO co-processing experiments. Therefore,
quality or nature of biomass used plays a significant role in gases pro-
duction and H2 consumption. In particular, during animal fat co-pro-
cessing cracking reactions could also be taking place, which would
result in a higher increment of light gases production. This fact would
be in concordance with its less green diesel yield.

3.2. Effect of co-processing on fuel properties

The nature of green diesel is almost strictly paraffinic with certain
amount of isoparaffins. This fact affects the characterisation of co-
processing products related to SRGO hydrotreatment products, parti-
cularly to density at 15 °C, cold flow properties and cetane index. To
study this effect, the hydrotreated products obtained during the SRGO
pure processing (blank run) and the SRGO/triglycerides feedstocks 80/
20 wt% co-processing were compared. Palm oil is a first-generation
feedstock, which has been widely studied and described in bibliography
when co-processing with middle distillates [20–22]. Thus, the proper-
ties of the desulfurized gasoil produced during the co-processing of
waste triglycerides feedstocks (animal fat and UCO) were compared
with the product produced during the refined palm oil co-processing.
Table 9 shows the characterization of the hydrotreated product ob-
tained during the SRGO processing and the SRGO/triglycerides feed-
stock 80/20 co-processing.

As expected, the increase of linear paraffins in the desulfurized
product produced during the refined palm oil co-processing, resulted in
a decrease in the product density, due to the lower density of the par-
affins when compared with other diesel fractions compounds [23,24].
In the same way, this increment of paraffins produced an important
increase of diesel range compounds [25], resulting in an alteration of
distillation curve during co-processing [18], as well as in a significant
increase of cetane index. These results are in agreement with those

Fig. 5. Light gases changes during SRGO/UCO 80/20 wt% co-processing.

Table 8
Increase of hydrogen consumption and light gas production.

Parameter SRGO/UCO 80/20 SRGO/Animal fat 80/20 SRGO/Refined palm oil 80/20

H2 consumption, g/100 g of triglycerides feedstock Experimental 2.08 2.11 1.64
Theoretical 2.50 2.20 2.10

C3H8 production, g/100 g of triglycerides feedstock Experimental 3.29 3.36 2.88
Theoretical 4.90 5.20 5.10

CO production, g/100 g of triglycerides feedstock Experimental 5.65 7.14 3.82
Theoretical 4.80 5.10 5.00

CO2 production, g/100 g of triglycerides feedstock Experimental 4.06 5.12 2.46
Theoretical 4.80 5.10 5.00

CH4 production, g/100 g of triglycerides feedstock Experimental 0.49 0.51 0.11

Table 9
Characterization of SRGO and SRGO/triglycerides feedstocks 80/20 wt hydro-
treatment.

Analysis Product
from SRGO
100

Product from
SRGO/Refined
palm oil 80/
20wt%

Product from
SRGO/UCO
80/20 wt%

Product from
SRGO/Animal
fat 80/20 wt%

Density 15 °C,
kg/L

0.8257 0.8196 0.8208 0.8206

CFPP, °C −2 −4 −4 −4
CP, °C 0 −1 0 −1

SimDis, wt.% Temperature, °C
10 230 241 242 243
30 260 270 274 273
50 283 286 293 290
70 310 306 310 309
90 348 343 345 344
Cetane Index 61.5 66.5 67.0 67.0
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reported in the literature [20].
On the other hand, there were not significant negatively effects over

the cold flow properties (CP and CFPP), remaining with no changes or
within the analysis error. This behaviour is according to previous works
of the authors [14], where it was necessary an increment up to 50wt%
of UCO in the feedstock to appreciate a significant deterioration of the
cold flow properties of up to 6 °C. This behaviour could be justified in
case of iso-paraffins conversion, which has been reported with iso-
merization catalyst [26].

Although numerous works have been reported in the literature
about the co-processing of palm oil, it is not the same case for waste
feedstocks as animal fats or used cooking oil. The co-processing of these
waste materials produced a lower decrease in density and a desulfur-
ized diesel more paraffinic, which results in an increment of the cetane
index as well as the diesel compounds fraction of up to 6 units, ana-
logous to the effect observed during AGO/UFO 80/20 wt% co-proces-
sing [14]. On the other hand, no significant changes were observed in
the cold flow properties, staying in the range of values under 0 °C.

These results indicate a light dependence between the character-
istics of the desulfurized gasoil produced during the co-processing, and
the corresponding triglycerides feedstock used [27]. In this way, the use
of waste materials allows the production of a more paraffinic fuel with a
higher cetane index which, from the environmental point of view, it
would have the added value of reducing the amount of accumulated
waste.

3.3. Effect on the HDS and HDN activities

To study the effect of triglycerides feedstock co-processing on the
catalysts activity, the HDS and HDN activities were determined (Eqs.
(4) and (5)) in each step of the experiments: blank run, co-processing
and the catalyst activity evaluation. Fig. 6 shows the variation of the
HDS and HDN activities for these steps during co-processing experi-
ments, as well as the middle value obtained during SRGO 100wt%
hydrotreatment.

At the operations conditions used (20 wt% of vegetable oils or an-
imal fat, 350 °C and 55 bar) triglycerides feedstock addition did not
produced an important decrease of HDS activity, always lower than
0.60 wt%, according with results published in bibliography [28,29].
When comparing waste feedstocks with refined palm oil, a decrease of
the HDS efficiency obtained during the co-processing was observed,

with worst result for animal fat, 0.42 wt% less than for palm oil.
These results mean that the addition of UCO or animal fat produced

a slight reduction of the HDS activity of the catalyst, higher than for
first-generation feedstocks, but still no significant at the operating
conditions used, as well as in the range described in previous experi-
ments during AGO/UFO co-processing (0.4–0.9 wt%) [14]. Thus, the
behaviour observed indicates an adequate number of active sites in the
catalyst, for the HDS and vegetable oil/animal fat hydrotreatment re-
actions to occur simultaneously, without mutual inhibition by compe-
titive adsorption to anionic vacancies in the active phase [30–32].

As in the case of HDS activity, a slight decrease in HDN activity was
observed during co-processing experiments, always less than 1.20 wt%.
When comparing waste feedstocks with refined palm oil the HDN ef-
ficiency decreases, with worst result for animal fat, 0.49 wt% less than
for palm oil. Again, this fact could mean a possible dependence of the
feedstock co-processed on the catalyst activity (HDS and HDN), but not
with very significant influence.

As commented, after finish each co-processing step, a catalyst ac-
tivity evaluation with only SRGO was performed. This procedure was
carrying out to study the possible remaining effects over HDS/HDN
activity. Fig. 7 shows the HDS and HDN activities before, during and
after the UCO co-processing.

After the co-processing step with UCO no irreversible effects on
HDS/HDN activities were observed at the described operating condi-
tions. Similar behaviours were registered during animal fat or refined
palm oil co-processing.

Therefore, at the operating conditions used, there is a slightly
competitiveness between the HDS/HDN and triglycerides deoxygena-
tion (HDO and HDC). However, a rigorous kinetic study has to be done
to make a clear conclusion about the behaviour observed.

4. Conclusions

According to the results, the main product of the triglycerides
feedstocks co-processing was the green diesel (estimated in a range of
78.6–85.0 wt%) composed mainly by linear paraffins, particularly in
the range of 15 to 18 carbon atoms. By-products include light gases
(9.9–12.6 wt%) and water (2.9–3.3 wt%). At the operating conditions
employed, the catalyst always promoted the HDC pathway instead of
HDO one, independently of the feedstock used during the co-processing
(first-generation or waste materials). However, the results obtained

Fig. 6. HDS/HDN activities during co-processing experiments.
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during the desulfurized gasoil characterization, as well as the HDS/
HDN catalysts activities, showed a light dependence with the quality or
nature of the triglycerides used in the co-processing. In this sense, waste
materials, as UCO or animal fats, promoted the formation of a fuel with
higher density and cetane index, in comparison with the fuel produced
during the refined palm oil co-processing. In the same way, it was ob-
served a higher decrement of catalyst activity during the UCO or animal
fat co-processing. Along the described operating conditions, this effect
was not significant and it should be confirmed by a rigorous kinetic
study.
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