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A B S T R A C T   

The catalytic co-processing of bottom fuel oil (BFO) with refinery vacuum gas oil (VGO) using a commercial fluid 
catalytic cracking (FCC) zeolite equilibrium catalyst was carried out to ascertain its potential as a source for 
biofuels. The BFO used was the distillation residue from biodiesel transesterification process using waste fats and 
oil; being a mixture of saturated and unsaturated fatty acid methyl esters. The catalytic cracking experiments 
were performed in a laboratory fixed bed micro activity test (MAT) reactor at 516 ◦C and atmospheric pressure. 
As well as the VGO and BFO, three different blends were used with BFO to VGO mass ratios of 10:90, 20:80 and 
50:50, and catalyst-to-oil (C/O) ratios of 3.0 – 5.7. The synergistic effect of BFO in VGO blends includes the yield 
of gasoline, and LPG being higher than predicted for the blends of 10 wt% BFO in VGO. Also, the formation of 
more CO2 with the increase in BFO blend level suggests CO2 production through decarboxylation reactions as a 
possible route. The compositions of the produced gasoline for pure VGO and 10 wt% BFO are similar as well. The 
cracking of 10 wt% BFO gives a higher fraction of aromatics, alkenes and naphthenes than other blends. 
However, some deterioration was observed when higher substitution levels of BFO were used, resulting in a 
decrease in the gasoline yield and higher yields of LCO, HCO and coke as predicted. Overall, co-processing BFO 
with VGO may be economically attractive because the BFO is obtained from waste oils and fats which are one of 
the under-exploited sources of biodiesel feedstocks and add value to waste management.   

1. Introduction 

Renewable and sustainable energy sources are much in demand 
because of the deteriorating effect of burning fossil fuels; emitting 
greenhouse gases (GHGs) and causing global warming [1]. Disastrous 
consequences related to GHGs emissions have caused the U.S about 
$1.975 trillion [2], and the UK, between £1.3 and £1.9 billion [3]. One 
favourable source of alternative energy is liquid biofuel (obtained from 
bio-oil), which can address the environmental issues of GHGs emissions, 
particularly CO2, connected with fossil fuels. However, for biofuels to be 
accepted as a substitute for fossil fuels they must meet certain stringent 
regulations employed by policymakers. European Union (EU) underpins 
sustainability criteria including the negative direct impact that the 
production of biofuels may have due to indirect land-use change (ILUC) 
[4]. Targets were also set by the EU for a 10% cut of renewables in the 
transport sector and 20% energy from renewables by 2020 [5]. 

One major challenge of bio-oil is that, unlike fossil oil which is 

predominately hydrocarbon in nature, it is a complex mixture of hy-
drocarbons, anhydrous sugars, aldehydes, ketones, and phenols, organic 
acids and high oxygen content [6]. The high concentration of oxygen-
ates in bio-oil [7] makes their direct use as biofuels difficult; the high 
water content lowers their heating value; they polymerize when heated, 
and have high acidity leading to their instability during storage and high 
polarity making them immiscible with fossil oil. Therefore, upgrading 
bio-oil is a necessity for it to be utilized in processes that produce drop-in 
fuel. 

Catalytic pyrolysis [8–10] and hydrotreating have been proven to 
reduce the oxygen contents of bio-oils. The former uses a zeolite catalyst 
that enables both pyrolysis and bio-oil upgrading to take place in a single 
run [11], and the latter uses hydrogen in the presence of a metal catalyst 
where almost all the oxygen in the bio-oil can be removed when suffi-
cient hydrogen amounts are used [12]. However, the use of costly 
hydrogen from petroleum oil alongside additional capital expenditure 
makes the process unattractive. 
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A better and more sustainable way would be to utilise the existing oil 
refinery infrastructure and use it to produce biofuels from renewable 
resources [13–16] and so potentially avoid high capital costs for con-
structing new plants. For example, bio-oils could be blended with vac-
uum gas oil (VGO) in fluid catalytic cracking (FCC) units. Here there is 
the potential to lower oxygen contents through decarboxylation, 
decarbonylation and dehydration reactions in the form of CO2, CO and 
H2O [17]. However, this comes with negative consequences including 
poor yields of hydrocarbons and a high coke yield. The heat of the 
endothermic reaction is provided by burning the coke on the catalyst, 
which may affect the heat balance of FCC reactions. Fig. 1 shows the 
biomass and waste oils valorization routes including; catalytic fast py-
rolysis, fast pyrolysis, hydrotreating, and transesterification and their 
link with the FCC unit. A potential feed is bottom fuel oil (BFO) residue; 
a heavier component produced during the continuous distillation pro-
cess of biodiesel production from waste vegetable fats and oils and this 
could be co-processed with VGO in the FCC unit to produce biofuels. 

One of the main reactions in the FCC reactor is the cleaving aliphatic 
C–C of bonds to help produce high-octane gasoline. Aromatics are more 
stable, cracking only their aliphatic side chains which also leads to coke 
formation that deactivates catalysts [18]. Other reactions that 
contribute to the product’s yield and quality include hydrogen transfer, 
dehydrogenation of cycloalkanes and isomerization of intermediate 
carbenium ions [19]. Huber [14] suggested that the transformation of 
oxygenate compounds from bio-oil in the FCC reactor occurs mainly via 
a sequence of five classes of reactions including; cracking of oxygenates, 
dehydration, condensation reactions, hydrogen-producing and 
hydrogen consuming reactions. Also, there may be hydrogen formation 
through decarbonylation, and dehydrogenation of the bio-oil. Hydrogen 
may be consumed by transfer to a dehydrated molecule through 
hydrogen transfer, hydrogenation and decarbonylation reactions [20] 
between two hydrocarbons which take place on acid sites. Decarboxyl-
ation and decarbonylation reactions also occur in the co-processing re-
action. Through decarbonylation, aldehydes and ketones produce CO to 
form an upgraded product with a higher hydrogen/carbon (H/C) ratio. 
Acids react through decarboxylation to form CO2 and a product with an 
improved H/C ratio. These reactions can both consume and produce 
hydrogen by internal hydrogen transfer [21]. Hydrogen transfer, 
decarbonylation and hydrogenation are the main H/C enriching re-
actions of the products. Hydrogen transfer involves a hydrogen donor 
(naphthene) and a hydrogen acceptor (alkene) and when processing bio- 
oil with predominantly low naphthene an alternative source of 
hydrogen is required that can improve the H/C ratio of the products 
[22]. However, some additional reactions have to be considered when 
CO2 and CO are produced. Methanation involves the removal of CO2 and 

CO through their separate reactions with hydrogen to produce methane 
and water, and water–gas-shift involves a reaction between CO and 
water vapour to produce CO2 and hydrogen [14,21,22]. Also, steam 
reforming of dehydrated products occurs in cracking reactions to form 
CO and hydrogen. Consequently, it is difficult to conclude with certainty 
whether the oxygen removal route is either decarboxylation or 
decarbonylation. 

Several reviews, from different perspectives, address the use of 
oxygenated species in petroleum refineries[13,16,23–31]. While some 
research was conducted on model compounds of bio-oil [22,32–36], 
others explored routes with different bio-oils containing 13 to 61% ox-
ygen for co-processing in FCC including waste cooking oil [37–41], fast 
pyrolysis oil [42–48], catalytic pyrolysis oil [12 49,50], hydro-
deoxygenated oil [15,51–54], and hydrothermal liquefaction oil [55]. 
But, none of the routes could be concluded to be the best choice as it 
depends on the objective of the co-processing route. Though the results 
showed that up to 10 – 20% bio-oil could be blended in the FCC unit 
without much deterioration in the products. 

In this study, the potential of using a BFO residue from a trans-
esterification process, without any pre-treatment, to produce biofuels 
and their synergistic effect in co-processing with VGO is evaluated using 
a micro activity test (MAT) set-up and a commercial FCC equilibrium 
catalyst. The level to which BFO could be incorporated into the FCC 
reactor by co-processing with VGO was investigated using three bio-oil 
blends and cracking severity was carried out at three different catalysts 
to oil ratios. The co-processing results in terms of product yield distri-
bution and conversion are equated with those from the cracking of in-
dividual feeds (BFO, VGO). 

2. Experimental 

2.1. Feed properties 

The VGO was collected based on the standard for sampling industrial 
chemicals (ASTM E300) [56] from a commercial refinery. The BFO used 
was supplied by the Argent energy. The BFO was stored in a freezer to 
maintain its stability and was later used in the reactor as received 
without any pre-treatment. Three blends of 10, 20 and 50 wt% BFO in 
VGO were used. 

The feedstocks were characterized by simulated distillation (SIMDIS) 
according to ASTM D2887 and by elemental analysis, using Carlo Elba 
Leco CHNS628, to determine the contents of C, H, N, and S, where the O 
content is obtained by difference. The distributions of the chemical 
components in both the VGO and BFO were obtained using GC–MS 
Agilent (7890B GC; 5977A MSD). To easily identify the compounds with 
lower concentrations that might not be resolved, the feedstocks were 
separated into aliphatics, aromatics and polar fractions by the modified 
open column chromatographic method (ASTM 2549). The high heating 
values (HHV) were determined using the IKA C5000 bomb calorimeter 
(IKA LABORTECHNIK), while viscosity measurement was carried out 
using Brookfield DV-II + Pro viscometer at 50 ◦C and 100 ◦C. Properties 
of the feedstocks are given in Table 1 and their detailed compositional 
analysis is in the Supplementary Information Table S1. 

2.2. Catalyst properties 

A commercial FCC zeolite equilibrium catalyst (E-cat) was used. The 
catalyst originally supplied by BASF has a Lewis and Bronsted acidity of 
2.51 and 0.2 (µmol/m2) respectively. The catalyst was dried in an oven 
at 105 ◦C for 4 h and thermally calcined in a tube furnace to burn off the 
carbonaceous deposits. The surface area, pore volume and average pore 
size of the calcined catalysts were analysed based on isothermal 
adsorption of nitrogen using the Micro metrics TriStar instrument with 
samples degassed at 200 ◦C for 3 h. The standard Brunauer-Emmett- 
Teller (BET) and Barret-Joyner-Halenda (BJH) methods were used to 
calculate the surface area and pore size distribution of the catalysts [57]. Fig. 1. Biomass and waste oils valorisation routes for co-processing in FCC.  
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The matrix surface area was calculated using the t-plot method, while 
the zeolite surface area was calculated by taking the difference between 
the BET surface area and the matrix surface area. Table 2 shows the 
textural properties of the catalyst. 

2.3. FCC reactor and procedure 

The cracking reactions were conducted in a fixed-bed micro activity 
test (MAT) reactor that was placed in an electric furnace as shown in 
Fig. 2, according to the ASTM D-3907/D5154 method [58,59]. The 
reactor was made of quartz and has a height of 35 cm and a diameter of 
1.6 cm. During each experiment, 4 g of the catalyst was placed inside the 
reactor supported by a glass wool bed and the reaction took place under 
atmospheric pressure. Before starting the experiment, nitrogen gas was 
used to purge the reactor at a rate of 40 ml.min− 1 for 20 min to remove 
residual oxygen. After that, a certain quantity of standard gas oil feed-
stock was injected using a plunger syringe pump into the hotbed of the 
catalyst. Each reaction cycle takes 75 s of cracking at 516 ℃ and 15 min 
of stripping under nitrogen flow. This condition is controlled using 
proportional integral derivative (PID) temperature control with ther-
mocouples placed inside the furnace positioned within the internal wall 
and another thermocouple positioned just above the catalyst bed to 
measure inside reactor temperature. The thermal vapours then contact 
the catalyst where cracking is induced on the vapour by the catalyst bed 
which is supported by glass wool. During the experiment, nitrogen gas 

was used to remove the reaction vapour into the condensing system 
cooled at 5 ◦C where condensable volatiles are collected as the liquid 
product in a glass receiver, then stored in a sealed vial and refrigerated 
for later analysis. The non-condensable gases are collected with the aid 
of a 1 Litre gas-tight bag for immediate analysis, while the deactivated or 
coked catalyst is collected from the reactor after cooling down. 

Five sets of experiments were carried out over the FCC equilibrium 
catalyst using the two feedstocks and by three catalyst-to-oil (cat/oil) 
ratios, so thirteen experiments were carried out, each one in triplicate.  

(i) 100 wt% VGO catalytic cracking using cat/oil ratios of 3.1, 4.7 
and 5.6  

(ii) 10 wt% BFO in VGO co-processing using cat/oil ratios of 3.0, 4.1 
and 5.1  

(iii) 20 wt% BFO in VGO co-processing using cat/oil ratios of 3.0, 4.1 
and 5.4  

(iv) 50 wt% BFO in VGO co-processing using cat/oil ratios of 2.6  
(v) 100 wt% BFO catalytic cracking using cat/oil ratios of 3.0, 4.2 

and 5.7 

The C/O ratios were obtained by keeping the amount of catalyst 
constant and changing the amount of oil pumped into the reactor; to 
vary the level of conversion. The quality of the test was determined by 
calculating the mass recoveries which fell in the range of 90–101 %. 
Individual hydrocarbons were grouped based on the standard FCC 
procedure and using simulated distillation (SIMDIS) test method D2887: 
dry gases (C1 – C2), liquefied petroleum gas (LPG: C3 – C4), gasoline (C5 – 
C12), light cycle oil (LCO: C13 – C20), heavy cycle oil (HCO: C20+) and 
coke. In refining industries, conversion is defined as a sum of the yields 
of more desirable products including; dry gas, LPG, gasoline and coke. 

Yield of ith product =
mass of ith product

mass of oil feed  

Conversion = Yield of (dry gases + LPG + gasoline + coke)

Mass balance(recovery) =
∑

all products
mass of oil feed

X100% =
output
input

X100% 

Liquid products were analysed utilizing an Agilent GC–MS (7890B 
GC; 5977A MSD), with a single quadrupole mass spectrometer and an 
electron impact ionization detector (EI). The GC injector was kept at 
280 ◦C, and the injection split ratio and the injection volume were 10:1 
and 1 μL, respectively. The condensable products were separated with a 
DB-1701 MS column (60 m × 0.25 mm i.d. × 0.5 μm film thickness). The 
liquid compositions were identified by comparing all chromatogram 
spectra to the national institute for standards and testing (NIST) mass 
spectral search program and the Wiley mass spectrum library. 

Gases generated during the experiments were immediately analysed 
on a Clarus 580 gas chromatograph (GC) fitted with a flame ionization 
detector (FID) and thermal conductivity detector (TCD) operating at 
200 ◦C. Five millilitres (mL) of gas sample was introduced to the GC for 
hydrocarbon and non-hydrocarbon analysis. The hydrocarbon gases 
were analysed by injecting 100 µL of gas samples (split ratio 10:1) onto 
the FID with separation performed on an alumina plot fused silica (30 m 
× 0.32 mm × 10 µm) column, with helium as the carrier gas. The oven 
temperature was programmed from 60 ◦C (13 min hold) to 180 ◦C (10 
min hold) at 10 ◦C min− 1. The non-hydrocarbon gases (H2, H2S CO and 
CO2) were analysed by injecting 500 µL onto the TCD. Separation was 
performed on a Haysep N6 packed column (60–80, 7 × 1/8_sulfinert), 
using Argon as the carrier gas. 

3. Results and discussion 

3.1. Repeatability 

The yields of coke, liquid and gases obtained from all the 

Table 1 
Properties of the VGO and BFO.    

VGO BFO 
Kinematic viscosity (cst) at 50 ◦C 25.4   

at 100 ◦C 6.73  
Elemental analysis (wt.%)    
Carbon  85.6 76.3 
Hydrogen  12.4 11.9 
Nitrogen  1.3 2.4 
Sulfur  0.3 0.2 
Oxygen (by difference)  0.5 9.2 
Composition (wt.%), ASTM 2549    
Aliphatics  71.9  
Aromatics  15.8  
Polar  12.3  
HHV (MJ/kg)  43.0 40.3 
H/C  1.7 1.6 
GCMS method (area %)    
Octadecenoic acid methyl ester  21.0  
Octadecanoic acid methyl ester  17.2  
Eicosenoic acid methyl ester  6.9  
Tetracosanoic acid methyl ester  9.9  
9-Octadecenamide  13.8  
Octadecanamide  7.4  
Myristamide  6.2  
Cholesterol  4.6  
Simulated distillation (◦C), D2887    
Initial boiling point  204 331 
10%  302 369 
25%  365 423 
50%  426 522 
70%  462 570 
90%  519 600 
Final boiling point  600 700  

Table 2 
Properties of the FCC equilibrium catalyst.  

Catalyst properties Equilibrium catalyst 

BET total surface area (m2/g) 131 
t-plot (matrix surface) micropore area (m2/g) 93 
Zeolite surface area (m2/g) 38 
t-plot micropore volume (cm3/g) 0.036 
BJH mesopore volume (cm3/g) 0.109 
Average pore diamter (nm) 4.97  
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experiments are presented in Figure S1 in the Supplementary Informa-
tion. For triplicate tests for each experiment, the test with the highest 
recovery of products is presented, but the recovery of all products from 
the initial feed is at least 90 wt% in all cases. Similarly, the mean values 
of product yields are shown in Figure S2 in the Supplementary Infor-
mation. Each bar represents a single product while the error bars 
represent the standard deviation of each combined yield calculated over 
three trials. The standard deviations for the liquid and coke yields were 
within the ranges of 0.3 – 5.5 % and 0.1 – 1.3 % on a feed basis, 
respectively. However, there is a larger standard deviation for the gas 
yields which are within the range of 2.8 – 15.3 % which was due to losses 
during the storage period. 

3.2. Distribution of catalytic cracking product yields 

As shown in Fig. 3, the overall conversions of pure VGO, BFO and 
their blends increase with an increase in catalyst to oil (C/O) ratios. Pure 
BFO was used in its raw form without any pre-treatment, hence, its 
conversion is distinctly lower than pure VGO, and their blends. While 
the addition of BFO reduces the conversion at all C/O ratios, a maximum 
conversion of 63.6 % and 60.4 % was achieved for the 10 and 20 wt% 
BFO blends at a C/O of 4.1 respectively, which represents an increase of 
2.6 % and a decrease of 1 % from the conversion obtained using pure 
VGO. Furthermore, a minimum conversion of 39.3 % was achieved for 

Fig. 2. Catalytic cracking micro activity test set-up.  

Fig. 3. Conversion as a function of the catalyst to oil ratio for the different feed 
blend ratios. 
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the pure BFO at a C/O ratio of 4.1, representing a decrease of 22 % from 
the value obtained using pure VGO. 

A comparison of coke forming potential of pure VGO, BFO and the 
blends of 10, 20, and 50 wt% BFO in VGO is displayed in Fig. 4. Fig. 4 (a) 
shows an increase in coke yield with an increase in C/O ratios; even 
though there is a relatively little difference in coke production in 
cracking pure BFO, 10, 20 and 50 wt% BFO in VGO as the C/O ratio 
increases, except for the pure VGO that has the lowest coke yield as 
expected. To have a clearer view of this effect, coke yields from different 
feeds were compared with conversion (Fig. 4b). The coke yields increase 
sharply with conversion and with the level of BFO blends in VGO, where 
the VGO recorded minimum coke yield. For the lowest conversion just 
above 45 wt%, BFO resulted in the highest yield of coke, while the 10 wt 
% BFO blend gave a similar coke yield to the VGO. The coke yields in this 
paper range from 3 to 6 wt%, which is comparable to the yield of 3 – 8 wt 
% obtained from MAT reactor published literature [50,52–54,60]. 

The co-processing ability of bio feedstocks in FCC is better under-
stood by looking at the synergistic effects [61,62]. The synergy between 
the VGO and BFO can be examined by comparing product yields with 
conversion for the cracking of VGO, BFO and their different blends as 
displayed in Fig. 5. In Fig. 5 (a), the gasoline yield of all the feeds tested 
decreases with an increase in conversion, where the maximum gasoline 
yield of BFO is reached at a lower conversion of 41 wt% than the 
cracking of VGO (62 wt%) and the 10 and 20 wt% BFO (58%). 
Increasing the severity of the cracking reaction above these conversion 
levels suppresses liquid product yield and enhances the formation of 
more gaseous products. VGO cracking gives the highest gasoline yield 
which slightly reduces as the blend ratio of the co-processing with BFO 
increases from 10%, 20% and 50%. 

The yield of light cycle oil (LCO), which represents the diesel fraction 
of the feed, decreases with conversion as well as with increasing BFO 
blend ratios shown in Fig. 5 (c). As explained earlier, the BFO feed is a 
distillation residue of biodiesel production, hence its cracking gives the 
highest yield of LCO with a maximum achieved at a conversion of about 
42 wt% and for higher conversions obtained in the BFO blends and VGO. 
At higher conversion levels, the cracking of LCO to gasoline and gases is 
enhanced. A similar trend is observed in heavy cycle oil (HCO) yield 
(Fig. 5d) for the cracking of individual BFO and VGO, however, HCO 
yields for the BFO blends (10 and 20 wt%) were lower than predicted, 
again reflecting synergy in BFO cracking. The fact that the yields of 
desirable gasoline and LCO are higher compared to the HCO is an 
encouraging result that is similar to the one obtained from the literature 
[90, 97]. 

Fig. 5 (b) shows the liquified petroleum gas (LPG) yield for the cat-
alytic cracking of the BFO, VGO and their blends increases markedly 
with conversion. The LPG yield is lower from the BFO than the VGO due 
to the selectivity of deoxygenation reactions of BFO forming CO, CO2 
and dry gas. However, the LPG yield for the cracking of the 10 and 20 wt 
% BFO blends is higher than predicted. It is worthy to note that bio-oil 
compositional variations may alter the relative yield of LPG and dry 

gas in co-processing reaction and results from comparison will be 
challenging [36,49]. 

The dry gas yield in Fig. 5 (e) is higher from the BFO than the VGO 
and increases with the conversion possibly due to methane being formed 
from cracking the methyl esters. However, the dry gas yields for the 
coprocessing of 10 and 20 wt% BFO are lower than predicted, with the 
yield of 10 wt% BFO close to that for the VGO. The yields of CO2 and CO 
are shown in Fig. 5 (f) and (g). The yield of CO2 from the BFO mixtures 
increases slightly with the blend ratio compared to pure VGO, especially 
the 10 wt% BFO seems to converge with that of VGO at a conversion 
above 62 wt%. However, when the BFO blend ratio is increased to 50 wt 
% the CO2 yield increases closer to that of pure BFO. Interestingly, VGO 
has a relatively highest yield of CO than other feeds which increases with 
conversion. However, the yields of BFO blend are lower than the indi-
vidual craking of VGO and BFO. This result further suggests that deox-
ygenation of BFO follows the decarboxylation route where oxygen is 
removed in form of CO2 rather than CO, which is attractive because two 
atoms of oxygen are removed compared to one atom of oxygen as CO. 

The hydrogen gas yield (Fig. 5h) increases with conversion and BFO 
gives a higher yield than VGO. However, the hydrogen yield of the BFO 
mixtures is higher than that of either pure BFO or VGO cracking, indi-
cating that either hydrogen is not consumed in a synergistic reaction or 
hydrogen formation was favoured. 

An overview of product yields for the cracking of VGO, BFO and the 
blends is shown in Fig. 6. The yield of gasoline is highest followed by 
LCO, LPG, HCO, coke, dry gas, CO2 and CO. Similarly, the yield for the 
blends of 10 and 20 wt% BFO for LPG is higher than what would be 
expected from the additive mixture of the individual feeds (VGO and 
BFO), symbolizing the effect of co-processing synergy. Furthermore, 
there is a higher gasoline yield than expected from the additive mixture 
for the blend of BFO 10 wt% due to the synergistic effect. Therefore, co- 
processing of BFO above 10 wt% reduces gasoline yield due to the 
presence of more oxygenated compounds that are selective to deoxy-
genation reactions. The cracking of 10 wt% BFO shows that LCO and 
coke yields were purely additive and increased with the BFO blend 
levels. Conversely, the yield for all the blends in the cracking of HCO was 
lower than expected showing an antagonistic effect in co-processing 
BFO blends with VGO. The yield of CO2 for the cracking of the BFO 
blends is higher compared to that of CO, indicating the impact of 
dehydration, decarboxylation, and decarbonylation reactions of the 
oxygenated compounds when mixed with VGO. 

3.3. Liquid phase chemical composition 

The overall liquid phase product distribution involving gasoline, 
LCO, and HCO was based on a quantitative method of simulated distil-
lation. For detailed qualitative information on the chemical composition 
of the liquid phase, GC–MS analysis was performed. The compounds are 
classified into the following groups: aliphatics, mono-, di-, and tri- 
aromatics (Fig. 7). Detailed liquid product compositional analysis can 

Fig. 4. Dependency of coke yield on (a) catalyst to oil ratio and (b) conversion for 100% VGO (●), 10% BFO (▴), 20% BFO (x), 50% BFO (□) and 100% BFO (◊).  
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be found in Table S2 of the supplementary information. Likewise, the 
GC–MS chromatograms for the cracking of VGO, BFO and their blends 
are displayed in Figures S3 and S4. Figure S3 in the Supplementary In-
formation shows VGO normal distribution of hydrocarbons ranging from 

hexadecane, and pentacosane to tetratriacontane (C16 to C34) and the 
position of peaks matched to the relative retention time of each con-
stituent molecule based on their different molecular weight and struc-
ture. The relative abundance of the aliphatic fractions is more in the 

Fig. 5. Product distribution at different conversions for: 100% VGO (●), 10% BFO (▴), 20% BFO (x), 50% BFO (□) and 100% BFO (◊).  
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centre of the chromatogram which is predominantly C23 – C28. 
From Fig. 7 (a), the aromatic yield of the total liquid product de-

creases with an increase in the BFO blending ratio, while that of 
aliphatic increases (note that the zero BFO blend represents VGO 100 wt 
%.) The mono-aromatic, which comprises mainly 1,4-dimethyl benzene 
or p-xylene, 1-ethyl-3-methyl benzene, and 1,2,4-trimethyl benzene, has 
the highest yield compared to aliphatic, di-, and tri- aromatics, with a 
maximum yield for the cracking of BFO 20 wt% blend. The cracking for 
VGO has a higher yield of mono-, di-aromatic than BFO comprising 1,7- 
dimethyl naphthalene, 1,6,7-trimethyl naphthalene, and 2-methyl 
naphthalene. A similar trend is observed for the liquid product distri-
bution within the gasoline range as shown in Fig. 7 (b), with the 
exception that it does not contain di-(excluding naphthalene) and tri- 
aromatic compounds. Aromatic yield decreases with an increase in 
blending ratio, while that of aliphatic increases. Pure VGO achieved the 

maximum aromatic yield, while pure BFO reached the highest aliphatic 
yield. Similarly, 10% BFO has the highest aromatic and aliphatic yield 
including 4-methyl octane, 3-ethyl hexane, and 2-methyl decane. 

At about 61% conversion, gasoline yields are comparable for VGO, 
10% BFO, and 20% BFO and it is good to check whether the composi-
tions of the gasoline are similar as well. Table 3 breaks down the yields 
of the major composition classes of the gasoline fractions for the VGO, 
BFO and their blends into oxygenates, n-alkanes, alkenes, i-alkanes, 
naphthenes and aromatics. Generally, n-alkanes and iso-alkanes increase 
with the blending ratio, while alkenes, naphthenes and aromatics 
decrease. The yield of aromatics is higher than all other gasoline com-
ponents, followed by alkenes, i-alkanes, naphthenes, and alkanes. The 
cracking of 10 wt% BFO gives a higher fraction of aromatics, alkenes and 
naphthenes than other blends. Aromatics, alkenes and iso-alkanes are 
identified as the major products of the gasoline fraction. The main al-
kenes and iso-alkanes constituents consist of 3-octene, 2-decene and 4- 
methyl octane, while the naphthenes include methyl-, dimethyl-, and 
trimethyl- cyclohexane. One way to explain the high yield of the aro-
matics in the gasoline fraction is by understanding the composition of 
both raw VGO and BFO. During catalytic cracking, the dehydrated long- 
chain olefinic compounds undergo hydride abstraction by carbonium 
ion leading to a higher degree of unsaturation and formation of trienes. 
Once trienes are formed, they will rapidly undergo cyclization forming 
aromatic compounds [19]. Consequently, the formed aromatics 
continue to react together to form heavier hydrocarbons containing two 
or more benzene rings. 

Also, there is a small amount of oxygenates in the gasoline fraction 
for cracking of 50 wt% BFO, and pure BFO; including carbonic acid, 
ethyl-, methyl ester and benzyl isopentyl ether. Interestingly, no un-
converted oxygenate compounds were detectable in the gasoline frac-
tions from the 10 and 20 wt% BFO blends due to the low oxygen content 
(9.2 wt%) of raw BFO. As expected, most of the oxygenates cracked to 
contribute to higher yields of CO2. 

Fig. 6. Overview of product yields in cracking of different feeds at 516 ℃ with 
a catalyst to oil ratio of 4.1. 

Fig. 7. Aromatic and aliphatic hydrocarbon yields obtain at different BFO 
blend ratios in the (a) total liquid products and (b) gasoline fractions. 

Table 3 
Yields of gasoline range compound from the co-processing of VGO and BFO at a 
conversion of up to 61 wt% and a catalyst to oil ratio of 4.1 (wt/wt) levels.   

VGO 
100% 

BFO 
10% 

BFO 
20% 

BFO 
50 % 

BFO 
100% 

oxygenates     0.38  1.68 
carbonic acid, ethyl-, 

methyl ester     
0.38  0.27 

benzyl isopentyl ether      1.41 
n-alkanes  0.49  0.71  0.81  0.86  1.11 
C10  0.09  0.26  0.08  0.50  0.87 
C11  0.09  0.08  0.47  0.08  0.08 
C12  0.31  0.38  0.26  0.29  0.16 
alkenes  4.35  4.26  3.79  3.24  2.91 
C7  3.20  3.43  3.00  2.53  1.48 
C8  0.21  0.47  0.44  0.27  0.67 
C9  0.09  0.12  0.20  0.22  0.53 
C10  0.07  0.09  0.08  0.16  0.15 
C12  0.77  0.16  0.08  0.06  0.08 
i-alkanes  2.48  2.61  2.77  2.98  3.17 
C8  0.44  0.08  0.14  0.67  0.84 
C9  1.32  0.81  1.46  1.42  1.21 
C10  0.32  1.03  0.75  0.56  0.85 
C11  0.40  0.69  0.43  0.33  0.29 
naphthenes  0.80  0.67  0.57  0.48  0.46 
C7  0.26  0.08  0.17  0.13  0.06 
C8  0.31  0.21  0.13  0.04  0.27 
C9  0.05  0.26  0.20  0.09  0.07 
C10  0.18  0.13  0.07  0.21  0.06 
aromatics  29.71  29.21  24.78  21.77  15.37 
C7  2.72  1.87  1.35  1.35  0.16 
C8  6.64  6.85  5.87  5.56  3.54 
C9  8.84  8.44  7.03  6.74  4.21 
C10  10.03  9.94  8.16  6.84  6.04 
C11  1.48  2.12  2.38  1.28  1.42  
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4. Conclusions 

The results demonstrated that it is possible to add value to untreated 
biodiesel distillation residue by converting it to more important gaso-
line, LPG and LCO in a MAT reactor. The synergistic effect of BFO in 
VGO blends include the yield of gasoline, LPG being higher than pre-
dicted for the blends of 10 wt% BFO in VGO. Also, the formation of more 
CO2 with the increase in BFO blend level suggest CO2 production 
through decarboxylation reactions as a possible route. The compositions 
of the produced gasoline for pure VGO and 10 wt% BFO are similar as 
well. The cracking of 10 wt% BFO gives a higher fraction of aromatics, 
alkenes and naphthenes than other blends. Furthermore, BFO has been 
demonstrated to be effective in FCC as no detectable unconverted 
oxygenate in the gasoline range for the 10 and 20 wt% BFO and has the 
potential to give less coke formation when blended with VGO. There-
fore, cracking of 10 wt% BFO in VGO has the closest yield characteristics 
compared to pure VGOindicating that it is a favourable blend level that 
can be co-process under FCC conditions. 
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renewable feeds. Prog Energy Combust Sci 2018;68:29–64. https://doi.org/ 
10.1016/j.pecs.2018.04.002. 

[17] D. Castello LR. Chapter 9: Coprocessing of pyrolysis oil in refineries. Direct 
Thermochem. Liq. Energy Appl., Lasse Rosendahl; 2018, p. 293–317. 
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Integrated valorization of waste cooking oil and spent coffee grounds for biodiesel 
production: Blending with higher alcohols, FT–IR, TGA. DSC and NMR 
characterizations Fuel 2019;244:419–30. 

[42] Pinho ADR, De Almeida MBB, Mendes FL, Ximenes VL, Casavechia LC. Co- 
processing raw bio-oil and gasoil in an FCC Unit. Fuel Process Technol 2015;131: 
159–66. https://doi.org/10.1016/j.fuproc.2014.11.008. 

A.M. Haruna et al.                                                                                                                                                                                                                             

https://doi.org/10.1016/j.fuel.2022.124973
https://doi.org/10.1016/j.fuel.2022.124973
http://refhub.elsevier.com/S0016-2361(22)01815-4/h0015
http://refhub.elsevier.com/S0016-2361(22)01815-4/h0015
https://doi.org/10.1021/acs.energyfuels.9b01527
https://doi.org/10.1021/ie901629r
https://doi.org/10.1021/ie901629r
https://doi.org/10.1021/ie901204n
https://doi.org/10.1021/acs.energyfuels.5b00339
https://doi.org/10.1021/acs.energyfuels.5b00339
https://doi.org/10.1016/B978-0-444-63289-0.00013-2
https://doi.org/10.1002/anie.200604504
https://doi.org/10.1002/anie.200604504
https://doi.org/10.1016/j.apcatb.2010.01.033
https://doi.org/10.1016/j.pecs.2018.04.002
https://doi.org/10.1016/j.pecs.2018.04.002
https://doi.org/10.1016/j.molcata.2008.06.014
http://refhub.elsevier.com/S0016-2361(22)01815-4/h0095
http://refhub.elsevier.com/S0016-2361(22)01815-4/h0095
https://doi.org/10.1021/acs.energyfuels.9b01133
https://doi.org/10.1021/acs.energyfuels.9b01133
https://doi.org/10.1007/s11244-008-9159-z
https://doi.org/10.1016/j.jcat.2007.01.023
https://doi.org/10.1002/jctb.5758
http://refhub.elsevier.com/S0016-2361(22)01815-4/h0120
http://refhub.elsevier.com/S0016-2361(22)01815-4/h0120
http://refhub.elsevier.com/S0016-2361(22)01815-4/h0120
http://refhub.elsevier.com/S0016-2361(22)01815-4/h0125
http://refhub.elsevier.com/S0016-2361(22)01815-4/h0125
https://doi.org/10.1016/j.jclepro.2018.10.147
https://doi.org/10.1016/S1387-1811(99)00225-5
http://refhub.elsevier.com/S0016-2361(22)01815-4/h0140
http://refhub.elsevier.com/S0016-2361(22)01815-4/h0140
http://refhub.elsevier.com/S0016-2361(22)01815-4/h0140
https://doi.org/10.1016/j.rser.2016.12.001
https://doi.org/10.1002/bbb.2163
http://refhub.elsevier.com/S0016-2361(22)01815-4/h0160
http://refhub.elsevier.com/S0016-2361(22)01815-4/h0160
http://refhub.elsevier.com/S0016-2361(22)01815-4/h0160
https://doi.org/10.1016/j.apcatb.2012.08.030
https://doi.org/10.1016/j.apcatb.2012.08.030
https://doi.org/10.1016/j.fuel.2019.01.168
https://doi.org/10.1016/j.renene.2013.04.017
http://refhub.elsevier.com/S0016-2361(22)01815-4/h0180
http://refhub.elsevier.com/S0016-2361(22)01815-4/h0180
http://refhub.elsevier.com/S0016-2361(22)01815-4/h0180
http://refhub.elsevier.com/S0016-2361(22)01815-4/h0185
http://refhub.elsevier.com/S0016-2361(22)01815-4/h0185
http://refhub.elsevier.com/S0016-2361(22)01815-4/h0185
http://refhub.elsevier.com/S0016-2361(22)01815-4/h0190
http://refhub.elsevier.com/S0016-2361(22)01815-4/h0190
http://refhub.elsevier.com/S0016-2361(22)01815-4/h0190
http://refhub.elsevier.com/S0016-2361(22)01815-4/h0190
https://doi.org/10.1016/j.renene.2019.03.072
https://doi.org/10.1016/j.renene.2019.03.072
https://doi.org/10.1016/j.renene.2017.08.084
http://refhub.elsevier.com/S0016-2361(22)01815-4/h0205
http://refhub.elsevier.com/S0016-2361(22)01815-4/h0205
http://refhub.elsevier.com/S0016-2361(22)01815-4/h0205
http://refhub.elsevier.com/S0016-2361(22)01815-4/h0205
https://doi.org/10.1016/j.fuproc.2014.11.008


Fuel 327 (2022) 124973

9

[43] Wang C, Venderbosch R, Fang Y. Co-processing of crude and hydrotreated 
pyrolysis liquids and VGO in a pilot scale FCC riser setup. Fuel Process Technol 
2018;181:157–65. https://doi.org/10.1016/j.fuproc.2018.09.023. 
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