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A B S T R A C T

Hydroprocessing of waste cooking oil (WCO), waste lubricating oil (WLO) and vacuum gas oil (VGO) and
mixtures of them are studied for high quality fuels production. The results are compared to VGO hydroprocessing
results to illustrate the value added by blending waste oils to VGO, which is one of the well-known conventional
hydroprocessing feed. The effect of blending WCO and WLO with VGO has proven a better performance in a
fixed bed hydroprocessing reactor, over commercial industrial catalysts manufactured especially to hydroprocess
VGO. Blending of WCO and WLO with VGO will reduce environmental pollution resulting from spilling of these
wastes in addition to provide an alternative lower-cost feed than pure VGO. A binary bed of hydrotreating
catalyst (Ni-Mo oxides supported on Al2O3) and catalyst specified for hydrocracking (Ni–W oxides supported on
SiO2/Al2O3) were used. Hydroprocessing experiments were executed at a temperature range 380–440 °C,
pressure of 7.0 MPa, LHSV of 1.5 h−1, H2/(HC)feed ratio of 400 Nm3/m3, and different WLO and WCO per-
centage of (10, 20 wt%). At the specified operating conditions, a high degree of conversion was noticed espe-
cially for diesel yield that increases by increasing WLO percentage in the feed mixture. On the other hand,
increasing WCO content in the feed mixtures led to higher kerosene and gasoline yields. Higher rates of hy-
drocracking reactions were achieved by increasing the reaction temperature that was confirmed by the lower
percentages of total amount of n-paraffins in the product final mixture with a higher WCO and WLO percent in
feed mixture. In conclusion, at all studied temperature ranges it was confirmed that, by increasing the reaction
temperature, the gasoline and LPG yields will increase on the expense of kerosene and diesel yields. However,
the highest diesel yield could be achieved at 400 °C.

1. Introduction

Waste recycling has several benefits including the use of wastes as
energy sources, that will lead to suppress toxic and hazardous emissions
into environment and reduce amount of greenhouse gas (GHG) emis-
sions. In addition, waste recycling is stimulating the development in
region as well as social structure aiding, especially in developing
countries. In 2016, USA Energy Information Administration (EIA) ex-
pected that world energy demand will increase from 90 million barrel
per day to 121 million barrel per day through the next 30 years.
Supposing that, we still mainly depend on fossil fuels without any ap-
plicably introducing of alternative fuels or renewable energy sources,
higher fuel will be consumed leading to dramatical higher CO2

emissions. As a result, total or partial substitution of fossil fuels with
renewable and alternative fuels is a must [1–3].

Due to the fact that global reserves of fossil-based fuels are limited,
great efforts were made to find alternative carbon sources for producing
fuels [4,5]. Waste cooking oil (WCO) has the capability to be refined
and treated to produce fuel, natural triglycerides transfer into hydro-
carbons in the range of diesel, namely the so called “green- or bio-
diesel”, has gained much interest in the last fifteen years [6–10]. Hy-
droprocessing of WCO is a promising alternative upgrade compared to
natural triglycerides transesterification with methanol leading to me-
thyl esters mixture of fatty acids, known as “biodiesel”. The hydro-
cracking of natural triglycerides resulting to the so called “liquid or-
ganic product”, which is a hydrocarbon mixture formed from green
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gasoline, green kerosene and green diesel, which can be easily sepa-
rated by distillation [7,11].

Another source of hydrocarbon is waste lubricating oil, which
consists mainly of base lubricating oil in addition to additives, water,
oxidation products and contaminants such as: metal, carbon soot and
dust. Waste and used crankcase and industrial oils can be re-refined to
reproduce base oil or fuel. Firstly, contaminants are removed by phy-
sical separation such as: filtration of solids, water removal by distilla-
tion and steam stripping of light ends. Secondly, waste oil can be re-
refined using vacuum distillation and solvent extraction to produce re-
refined base oil or hydroprocessed over hydrocracking catalyst such as
(Ni–W/SiO2–Al2O3) loaded with hydrotreating catalyst such as
(Ni–Mo/Al2O3) to produce hydrocarbon mixture can be separated by
distillation into gasoline, kerosene and light and heavy diesel.

Hydroprocessing is widely implemented in the refinery to crack
larger molecules and/or to remove sulfur (S), nitrogen (N) and metals
from petroleum fractions feed stocks namely, straight run gasoil, heavy
vacuum gasoil and heavy oil [12,13]. Hydrocracking catalyst such as
(Ni–W/SiO2– Al2O3) and the catalyst of hydrotreating such as (Ni –Mo/
Al2O3) are normally used in their active form. Similar catalysts could
also be used for deoxygenation of triglyceride and fatty acid molecules
in the oils from vegetables and animals such as animal based fats, tall
oil, waste cooking oil, jatropha oil, algae oil etc. into pure hydro-
carbons. Such a process would result in fuels with desired viscosity, low
oxygen and impurities content and improved atomization and lubricity
[14–17]. It can also contribute to meet increased demand for clean fuels
throughout the world. Hydroprocessing of renewable produced oils is
not yet a common practice in the petroleum refineries.

In the last two decades, many scientific studies related to hydro-
processing of alternative hydrocarbon feeds were published. Fresh ve-
getable oils, used vegetable oils, nonedible oils and waste lube oils are
the most alternative feeds studied either alone or blended with each
other. Some researchers prefer to study mixture of these feeds with
conventional hydrocarbon feeds especially gasoil fractions. In 2009,
hydrocracking of vacuum gas oil and vegetable oil mixture was studied
by S. Bezergianni giving promised gasoline and diesel yields. WLO
hydrocracking was studied and evaluated by T. K. Dewi in 2011, liquid
products distilled to gasoline, kerosene and gasoil. Catalyst to feed ratio
was briefly studied in this research. In another study performed by S.
Hanafi (2015) hydrocracking of waste chicken fat at different tem-
peratures was studied to evaluate reaction kinetics. In 2016 another
research by F. Wang studies co-hydrotreating of used engine oil and
bio-oil mixture was examined under different catalysts to study hy-
drodesulfurization (HDS), hydrodenitrogenation (HDN) and hydro-
deoxygenation (HDO) efficiencies [18–21].

In this study, waste cooking oil (WCO) and waste lubricating oil
(WLO) were investigated to obtain hydrocarbon mixtures in range of
gasoline, kerosene as well as diesel, and to identify their contribution in
shaping the quality of the fuel produced from VGO hydrocracking
under different temperatures and feed composition. Technically, pro-
mising results are obtained, that show improvements in conversion,
gasoline yield, kerosene yield, diesel yield and their specifications for
selected mixtures at different examined temperatures against pure
VGO. Economically, experiments show that higher conversion is ob-
tained at the same temperature that gives a chance for process opti-
mization, also WCO and WLO are less expensive than VGO as feedstock
because they are considered as waste. Also, these wastes are available
all over the world with reasonable quantities. Environmentally, using
WCO and WLO as co-feedstock with VGO has good environmental
impact by reducing pollutants comes from spilling these wastes to en-
vironment.

2. Experimental

2.1. Materials

Waste cooking oil (WCO) feedstock was acquired and collected from
daily home use. WCO is heated to 120 °C under atmospheric pressure
for 2 h to reduce water content. Waste lubricating oil (WLO) feedstock
was acquired from Suez Oil Processing Company (SOPC) in Suez, Egypt.
Free water, metal and sediments in WLO was firstly reduced by filtra-
tion and settling, then emulsified water and light ends evaporated by
heating to 120 °C under atmospheric pressure in Suez Oil Processing
Company (SOPC) processing units. Vacuum gasoil (VGO) feedstock was
acquired from Middle East Oil Refinery (MIDOR) in Alexandria, Egypt.
DHC-8 (commercial distillate hydrocracking catalyst) and TK-711
(commercial hydrotreating catalyst were used as pre-treater for hy-
drocracking catalyst) are designed and manufactured for VGO hydro-
cracking by UOP.

2.2. Characterization

2.2.1. WCO, WLO and VGO characterization
The elemental composition of WCO was determined using an ele-

mental analyzer and spectrometer (Table 1). The physical and chemical
properties of WCO, WLO, VGO and their mixtures feedstocks were
measured according to the American Society for Testing and Materials
(ASTM) methods (Table 2 and Table 3). The mixtures feedstocks are
Mix 1, Mix 2, Mix 3 and Mix 4 which are respectively (VGO
80% + WCO 20%), (VGO 80% + WLO 20%), (VGO 80% + WCO
10% + WLO 10%), and (VGO 70% + WLO 20% + WCO 10%) all
expressed in weight percentage. WLO metal content is determined using
(Atomic Absorption Spectrometry) according to (IP-470) test method
(Table 4).

2.2.2. Catalyst characterization
DHC-8 is a hydrocracking catalyst consisting of non-noble hydro-

genation metals (NiO-WO3) on an amorphous silica alumina support.
This catalyst is used in industrial hydrocracking unit processing pure
VGO. The major properties of the catalyst are shown in (Table 5).

2.2.3. Process description
Hydroprocessing reactions of pure VGO, WLO, WCO and their

mixtures were performed in pilot plant consists of Injection feed pump,
Hydrogen cylinder, Reactor with heating jacket, Condenser, Separator
and Storage vessel. The injection pump is piston and cylinder positive
displacement pump with adjustable stroke volume to control flow rate.
The reactor is stainless steel surrounded by electrical adjustable heating
jacket. It is downflow fixed bed cylindrical reactor, 100 cm3 actual
volume (L = 51 cm, ID = 2 cm), fulfilled with DHC-8 and TK-711
catalysts supported by ceramic balls as shown in (Fig. 1). The catalyst
bed consists of both catalysts mixed with inert material (ceramic chips)
at 1:1 vol ratio to act as heat carrier, reduce axial dispersion and reduce
wall effects.

Feed is pumped under flow control to the reactor using feed pump.
Feed is mixed with hydrogen before entering the reactor. The combined
feed is heated to the reaction temperature by means of electrical heater
surrounding the reactor body. The reactor contains two catalytic beds
of pre-treatment catalyst as well as hydrocracking catalyst, guarded by
upper and lower ceramic balls layers. The reactor effluent is cooled and
condensed in the condenser then routed to the separator. Vapor from

Table 1
Elemental composition of WCO, wt.% (ASTM D4294).

Carbon Hydrogen Sulfur Nitrogen Oxygen

73.78 12.58 0.0075 0.011 11.26

M.S. El-Sawy, et al. Fuel 269 (2020) 117437

2



separator consists mainly of hydrogen in addition to CO, CO2, methane,
ethane, LPG and traces of heavier hydrocarbons. Liquid from separator
is collected in the storage vessel till the end of each run as shown in
(Fig. 2). This process sequence repeated for 19 runs, started with pure
VGO then Mix 1, Mix 2, Mix 3, Mix 4, pure WLO and pure WCO re-
spectively. Each pure feed is tested only at 400 °C and each feed mixture
tested ascendingly at 380, 400, 420 and 440 °C. Before starting to
collect reaction products, each run takes 12 hr. running at its pre-de-
termined and specified operating conditions to ensure reaction stabili-
zation.

2.2.4. Hydrocracking activity test
Prior to the hydrocracking reaction, the catalyst was activated with

cyclohexane-dimethyl disulfide (DMDS, 2 wt%) as a sulfiding agent,
with a flow rate of 150 ml/min under 3.0 MPa H2 pressure and reaction
temperature 260 °C for 3 hr., and then 360 °C for another 3 hr. After
catalyst activation, the reactor was cooled to room temperature, pres-
surized with H2 to 7 MPa, and then heated to 400 °C.

Subsequently, pure VGO and hydrogen were fed to the reactor with
keeping fixed liquid hourly space velocity (LHSV) at 1.5 hr.-1 and H2/
(HC)feed ratio at 400 Nm3/m3 for 48 hr. to ensure that catalyst activity
is stable and in steady state condition. After catalyst stabilization, the
pilot plant is ready for starting test runs.

2.2.5. Analysis of products
The product mixtures obtained from hydrocracking reactions were

separated to gas phase, water and liquid product yield (LPY). The hy-
drocracking reaction conversion and distillate yields (gasoline, kero-
sene in addition to diesel yields) were evaluated by distillation under
atmospheric pressure up to 350 °C according to the ASTM D86 stan-
dard. The classification of LPY fractions is: fraction at liquid product
initial boiling point (LPY’s IBP): 170 °C is gasoline range hydrocarbons,
fraction at 170:250 °C is kerosene range hydrocarbons, fraction at

250:350 °C is diesel range hydrocarbons and residue>350 °C which is
unconverted oil.

3. Results and discussion

3.1. Conversion

As all of the VGO, WLO, WCO contain heavy molecules, it is im-
portant to evaluate heavy molecules conversion into lighter and more
useful ones. Conversion is ratio between converted or consumed
number of heavy molecules (with boiling point exceeding 350 °C) in the
feedstock and number of heavy molecules (with boiling point exceeding
350 °C) in the same feedstock. Conversion can be calculated from the
feed distillation data and associated products [22–25] as follows:

=
+ − +

+

Conversion
product

X(%)
feed( 350) ( 350)

feed( 350)
100

where feed (+350) and product (+350) are the weight percent of the
feed and product respectively which have a boiling point higher than
350 °C. The conversion achieved from the hydroprocessing of pure
VGO, WLO, WCO and their mixtures over the temperature range of
380–440 °C is given in (Table 6 and Table 7) and (Fig. 3). Obviously,
the highest conversion is for Pure WCO feedstock, which reaches
99.8%. It is observed that Mix 2 feedstock which contains 20% WLO,
exhibited the lowest conversion at all different studied temperatures.
On the contrary, Mix 1 (VGO 80% + WCO 20%) shows the highest
conversion at the same studied temperatures. Temperature seems to get
the higher positive effect on all feedstock conversion. All of VGO and
WLO is a complex mixture of aliphatic, aromatic, and naphthenic hy-
drocarbons that undergo hydrocracking directly proportional to

Table 2
Physical and chemical properties of VGO, WLO, and WCO feedstock.

Property VGO WLO WCO

Density at 15 °C (kg/m3) 923.4 894.7 921.41
Total sulfur content (ppm) 27,200 5781 75
Total nitrogen content (ppm) 2751 1238 110
Flash point (°C) 164 194 213
Pour point (°C) 6 −12 7
Water cont. Wt.% NIL NIL 0.25
Kinematic viscosity (mm2 /s) 21 @ 135 °C 165.1 @ 37.8 °C 48.8 @ 37.8 °C
Distillation range (°C):
IBP 311 260 238
10 vol% 369 430 412
50 vol% 438 497 508
90 vol% 506 565 511
95 vol% 517 585 521

Table 3
Physical and chemical properties of VGO, WLO, and WCO mixtures.

TEST METHOD Units VGO80 %+ WCO20% (Mix 1) VGO80%+
WLO20%
(Mix 2)

VGO80%+
WCO10%+
WLO10%
(Mix 3)

VGO70%+ +WLO20%+
WCO10%
(Mix 4)

Density @15 °C ASTM
D-1298

kg/m3 923 917.66 920.33 917.46

Sulfur Cont. ASTM
D-4294

mg/Kg 21,775 22916.2 22345.6 20203.7

Pour point ASTM
D-97

°C 6 6 6 6

Nitrogen Cont. ASTM
D-4629

mg/Kg 2222.1 2448.2 2335.6 2184.3

Flash point ASTM
D-93

°C 165 166 168 166

Table 4
Metal content in WLO.

METAL CONT. METHOD Units WLO

Zink IP − 470 mg/kg 111.3
Chromium 0.58
Iron 3.12
Lead 0.45

Table 5
Physical and chemical properties of DHC-8 catalyst.

Physical
properties

Bulk density (kg/
m3)

Chemical composition (wt.%)

Size
(mm)

Shape Dense
loaded

Sock
loaded

Alumina and
Silicates

Tungsten
oxide

Nickel
oxide

1.56 sphere 744.6 703.6 89.9 8.3 1.8
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temperature. So, the reaction conversion increases by increasing reac-
tion temperature for all studied feed mixtures. As an illustration, fresh
and used vegetable oils have totally converted over bi-metallic catalysts
at temperature near 350 °C due to the abundance of easily hydro-
processed compounds such as (C]C) double bonds in unsaturated tri-
glyceride and (C]O) in free fatty acids. Firstly, at 150 °C saturation of
unsaturated free fatty acids occurs producing wax like material.

Secondly, at 250 °C de-oxygenation, de-carbonylation and de-carbox-
ylation reactions of triglyceride and fatty acids occurs producing liquid
hydrocarbon carbon monoxide, carbon dioxide and water as shown in
(Scheme 1). Thirdly, at 350 °C hydrocracking and isomerization of
normal paraffins produced by de-oxygenation, de-carbonylation and
de-carboxylation reactions producing LPG, gasoline, kerosene and
diesel fuels. For hydrocarbons in VGO and WLO, hydroprocessing

Fig. 1. Catalyst beds configuration in the experimental reactor.

Fig. 2. Experimental process block flow diagram.
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reactions started from 280 °C and due to the complexity of its chemical
composition and thermodynamic limitations the complete conversion
temperature or degree of conversion at specified temperature is not
easily expected [26].

3.2. Gasoline-range carbon yield

Gasoline range hydrocarbons cut is distilled out from liquid product
at boiling temperature range from LPY’s IBP-170 °C. Gasoline yield in
the liquid product is ranging from 2.78% to 27.8% at all studied re-
action temperatures and feed composition as shown in (Table 6 and
Table 7) and (Fig. 4). As illustrated in (Table 6 and Table 7) and (Fig. 4)
increasing reaction temperature leads to increase gasoline yield, so the
highest gasoline yield is obtained at the highest examined temperature
for all feedstocks. This is expected and forecasted from the previous
paragraph, which shows that increasing the temperature leads to in-
creasing the conversion and increasing the conversion means more
lighter products which are mainly gasoline and LPG. Also, it is observed
from (Table 5 and Table 6) and (Fig. 4) that the presence of WLO with
20% in the mixture feedstock Mix 2 and Mix 4 reduces the temperature
effect to increase gasoline yield. On the other hand, the presence of
WCO in mixture feedstock leads to higher conversion and consequently
to higher gasoline yield. For pure feedstock hydroprocessing at 400 °C,
the WCO has the lowest gasoline yield compared to pure VGO and pure
WLO this may be due to the high conversion competency to form ker-
osene rather than gasoline at this temperature.

3.3. Gasoline-range carbon yield quality

The combustion performance of gasoline engines is measured using
Research Octane Number (RON) antiknock performance under different
operating conditions. Gasoline quality and price is a directly affected by
RON. Gasoline range hydrocarbons separated at each run is GC ana-
lyzed to accurately calculate its RON. As illustrated in (Table 8 and
Table 9) and (Fig. 5), minimum reported RON is 64.54 for gasoline
produced from pure WCO hydroprocessing at 400 °C, while the

maximum reported RON is 73.37 for gasoline produced from Mix 2
(VGO80% + WLO20%) at 440 °C. Mix 2 (VGO80% + WLO20%)
produce gasoline fractions with the highest RON at each examined
temperature, while Mix 1 (VGO80 % + WCO20%) gives the lowest
RON compared to other mixture tested at the same temperature. It has
something to do with the fact that, WCO rich in triglycerides, which
converted to corresponding straight paraffin. Straight paraffin has the
lowest RON compared to naphthene, olefin, iso-paraffin and aromatic
with the same number of carbon atoms. Aromatics on the other hand is
considered as the highest RON chemical species compared to corre-
sponding olefin, naphthene, iso-paraffin and n-paraffin. Also, (Table 8
and Table 9) and (Fig. 5) shows that for all examined mixtures, in-
creasing reaction temperature causes direct increase in RON of gasoline
fraction. It stems from the fact that; aromatic saturation reaction is
highly exothermic reaction and thermodynamically equilibrium shifted
to reverse direction at higher temperature. Consequently, aromatic
content increase in reaction products with increasing reaction tem-
perature, leading to higher RON.

3.4. Kerosene-range carbon yield

The 170–250 °C kerosene range hydrocarbons cut from the liquid
product is studied and evaluated. As illustrated in (Table 6 and Table 7)
and (Fig. 6), kerosene yield in the liquid product is ranging from
25.15% to 65.35% depending on corresponding reaction temperature
and feed composition. For all mixture feedstocks, the higher kerosene
yield is achieved at 380 °C reaction temperature this may be due to the
slight conversion which lead to produce hydrocarbons at the kerosene
boiling range. However, Mix2 rich in WLO shows deviation induced by
cracking of heavy stable hydrocarbons presented in WLO which need
severe reaction conditions applied at 440 °C.

In addition, Mix2 has the lowest kerosene yields at different studied
temperatures related to the absence of WCO. This means that, as the
WCO percentage in the feed mixture increases, kerosene yield increases
as shown in (Table 6 and Table 7) and (Fig. 6). Accordingly, it is at-
tributed to higher acidity of the reaction mixtures (Mix1, Mix3 and
Mix4) rich in fatty acids during the hydrogenolysis of WCO triglycerides
to corresponding hydrocarbons, leading to slightly higher cracking ac-
tivity for above mentioned mixtures than pure VGO and pure WLO
[27,28]. Pure feedstocks hydroprocessing at 400 °C, shows that WCO
has the highest kerosene yield compared to pure VGO and pure WLO.
Pure WLO and Pure VGO approximately have the same kerosene yield
at this temperature.

3.5. Diesel-range carbon yield

During hydroprocessing, the product diesel yield in the 250–350 °C
distillation range vary between 26.3 and 60.9% at examined reaction
temperatures and feed compositions as shown in (Table 6 and Table 7)
and (Fig. 7). The highest diesel range carbon yield is between 48.19 and

Table 6
Hydrocracking of VGO, WLO and WCO product analysis (pressure: 7 MPa,
LHSV:1.5 h−1, H2/Oil: 400/400 Nm3/m3., temperature: 400 °C).

Item Feedstock

VGO WLO WCO

Conversion wt.% 90.933 90.942 99.786
OLPs distribution, wt.%:
LPG 0.226 5.21 7.172
Gasoline 24.447 18.359 12.066
Kerosene 18.037 21.425 76.336
Diesel 48.224 45.951 4.215
Unconverted, wt.% 9.067 9.058 0.214

Table 7
Effect of reaction temperature on the hydroprocessing reaction of VGO, WCO, WLO mixtures feedstock (pressure: 7 MPa, LHSV:1.5 h−1, H2/Oil: 400/400 Nm3/m3.).

Feed (Mix 1) (Mix 2) (Mix 3) (Mix 4)

comp. wt.% VGO80 %+ WCO20% VGO80%+WLO20% VGO80%+WCO10%+
WLO10%

VGO70%+ +WLO20%+
WCO10%

Reaction temp. °C 380 400 420 440 380 400 420 440 380 400 420 440 380 400 420 440

Conv. wt.% 97.8 98.4 98.6 99.98 92.31 91.91 93.18 94.68 94.3 96.03 97.2 97.61 93.6 94.64 95.46 96.27
OLPs wt.%:
LPG 0.897 0.696 3.73 4.26 0.186 1.135 1.357 1.37 0.491 1.36 0.89 1.821 0.499 0.374 1.11 1.14
Gasoline 4.78 5.702 12.67 22.9 6.26 9.59 15.95 16.83 2.78 8.67 15.92 27.8 3.8 4.89 9.14 10.48
Kerosene 65.35 44.77 31.59 42.75 25.15 20.24 23.88 26.78 48.27 41.66 48.17 38.69 52.78 36.51 45.63 45.09
Diesel 26.3 42.2 46.57 28.06 60.7 60.9 53.48 48.19 44.47 42.59 32.2 29.3 36.36 52.84 39.55 39.45
Unconverted, wt.% 2.15 6.62 5.411 2.018 7.69 8.096 5.32 6.82 3.97 5.7 2.8 2.39 6.468 5.36 4.54 3.73
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60.7 % for Mix 2 (VGO 80% + WLO 20%). Also, the higher percentage
of diesel range carbon yield is at 400 °C ranging between 42.2 and
60.9% for examined feedstock compositions. It implies that 400 °C is
the optimum temperature within studied range for obtaining the
highest diesel yield of the feedstock. Increasing reaction temperature
higher than 400 °C results in considerable increasing in lighter cracked
products (gasoline and LPG). The results show, with rectifying com-
position and properties of feedstock, the selectivity for desired products
like kerosene and diesel is enhanced, as applied in hydroprocessing of
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Fig. 3. Effect of temperature on conversion of VGO, WCO, WLO mixtures feedstock (pressure: 7 MPa, LHSV:1.5 h−1, H2/Oil: 400/400 Nm3/m3.)

Scheme 1. Possible pathways of fresh and used vegetable oils oxygen removal.
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Fig. 4. Effect of temperature on Gasoline yield from VGO, WCO, WLO mixtures hydroprocessing (pressure: 7 MPa, LHSV:1.5 h−1, H2/Oil: 400/400 Nm3/m3.)

Table 8
RON of Gasoline and CI of diesel produced from pure VGO, WCO and WLO
hydroprocessing (pressure: 7 MPa, LHSV:1.5 h−1, H2/Oil: 400/400 Nm3/m3.,
Temp. 400 °C).

METHOD VGO WLO WCO

Research Octane Number (RON) GC analyzer 67.11 72.34 64.54
Cetane Index (CI) ASTM D4737 52.09 47.84 58.88
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petroleum fractions [19,28,29].
Earlier works have pledged the fact of hydrocracking catalysts

tendency to form products lighter than diesel. Thus, these shown results
illustrate that it is possible to get throughput as desired during co-
processing with feed composition and reaction temperatures alteration
at the same time having complete triglyceride conversion. This lighter
product tendency of the catalyst is essential, when the quality of pro-
duct cannot be compromised in cetane index, density, pour point terms
etc.

3.6. Diesel-range carbon quality

Cetane index (CI) is an empirical number associated with the diesel

ignition quality and combustion delay time. Diesel CI depends mainly
on chemical composition, that Straight chain paraffin has the highest
CI, while aromatic has the lowest CI with the same number of carbon
atoms.

Diesel fractions CI is calculated according to ASTM D4737 as illu-
strated at (Table 8 and Table 9) and represented in (Fig. 8), where
values ranging from 46.47 to 58.88. Diesel from Mix 1 (VGO 80%
+WCO 20%) hydroprocessing liquid products are the highest com-
pared to corresponding diesel from other processed mixtures at the
same examined temperature. This is because WCO consists mainly of
triglycerides, which converted easily to corresponding straight paraffin,
leading to high diesel CI as shown in (Table 8 and Table 9) and (Fig. 8).

Increasing reaction temperature reduce diesel CI for any studied

Table 9
Effect of temperature on RON of Gasoline and CI of diesel produced from VGO, WCO, WLO mixtures hydroprocessing (pressure: 7 MPa, LHSV:1.5 h−1, H2/Oil: 400/
400 Nm3/m3.).

Feed (Mix 1) (Mix 2) (Mix 3) (Mix 4)
comp. wt.% VGO80 %+ WCO20% VGO80%+WLO20% VGO80%+WCO10%+

WLO10%
VGO70%+ +WLO20%+
WCO10%

Reaction temp. °C 380 400 420 440 380 400 420 440 380 400 420 440 380 400 420 440

RON 63.21 66.58 68.88 70.2 68.88 70.36 72.81 73.37 65.25 68.26 70.66 72.52 62.51 69.16 71.27 72.38
CI 49.81 51.56 51.22 50.62 48.92 48.31 47.8 46.47 49.68 49.68 49.76 48.77 49.63 48.95 48.68 47.33
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feed mixture, this is also caused by pre-mentioned aromatic saturation
thermodynamic limitations at higher temperature resulting in aromatic
content increasing and CI decreasing. Mix 1 deviates from other feed
mixtures with respect to reaction temperature response on diesel CI, CI
firstly increases with increasing reaction temperature to 400 °C, then
starts to decrease with increasing temperature. This may be because of
poor hydrogenation activity below 400 °C and after good saturation
near 400 °C, reaction restore its normal behavior.

The economic trade-off between diesel yield and quality is tem-
perature dependent that mandates optimization to achieve the in-
dustrial goal. Increasing temperature contributes to a reduced yield of
heavier molecules, because diesel molecules are cracked into lighter
ones. However, reducing the reaction temperature result in low con-
version and low-quality diesel.

4. Conclusion

In conclusion, increasing the reaction temperature increases the
degree of conversion. However, increasing WLO percent in feedstock
decreases the reaction conversion toward the formation of gasoline and
kerosene and the opposite is true for WCO. Complete conversion is
achieved for WCO at lower temperature (380 °C) but VGO and WLO
conversion significantly appears at 400 °C. Kerosene yield especially
increases with WCO presence in feedstock obtained from addition of
normal paraffin hydrocarbons results in triglycerides saturation. Diesel
yield increases with increasing WLO in feedstock resulted from addition

of normal paraffin hydrocarbons from residual base oil fractions.
Gasoline RON increase with increasing reaction temperature and WLO
content in the feed mixture, while Diesel CI reduced with increasing
reaction temperature and increased with increasing WCO content in the
feed mixture. These results illustrate that there is a wide window of
application in temperature and waste oils to blend with VGO, when
operating such feed mixtures in running refinery hydrocracking units.
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