N

N
N

HAL

open science

The fate of bio-carbon in FCC co-processing products

Gabriella Fogassy, Nicolas Thegarid, Y. Schuurman, Claude Mirodatos

» To cite this version:

Gabriella Fogassy, Nicolas Thegarid, Y. Schuurman, Claude Mirodatos. The fate of bio-carbon in FCC co-

processing products. Green Chemistry, 2012, 14, pp.1367-1371. <10.1039/c2gc35152h). <hal-00725786)

HAL Id: hal-00725786
https://hal.science/hal-00725786v1

Submitted on 27 Jul 2021

HAL is a multi-disciplinary open access archive
for the deposit and dissemination of scientific re-
search documents, whether they are published or not.
The documents may come from teaching and research
institutions in France or abroad, or from public or pri-
vate research centers.

L’archive ouverte pluridisciplinaire HAL, est des-
tinée au dépot et a la diffusion de documents scien-
tifiques de niveau recherche, publiés ou non, émanant
des établissements d’enseignement et de recherche
francais ou étrangers, des laboratoires publics ou
privés.

Distributed under a Creative Commons CC BY 4.0 - Attribution - International License


https://hal.science/hal-00725786v1
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr

The fate of bio-carbon in FCC co-processing products

Gabriella Fogassy, Nicolas Thegarid, Yves Schuurman and Claude Mirodatos

A promising alternative to the first generation of bio-fuels is to produce mixed bio- and fossil fuels by
co-processing mixtures of biomass pyrolysis oil with crude oil fractions obtained from distillation in a
conventional oil refinery. This was demonstrated to be technically feasible for fluid catalytic cracking
(FCC), which is the main refinery process for producing gasoline. However, co-processing leads to more
coke formation and to a more aromatic gasoline fraction. A detailed understanding is necessary on how
the oxygenated moieties effect the reaction mechanism to further improve the process/catalysts. Moreover,
for technical and marketing reasons, it is absolutely required to accurately determine the proportion of
renewable molecules in the commercialized products. The carbon-14 method (also called radiocarbon or
'4C) has been used as the most accurate and powerful method to discriminate fossil carbon from bio-
carbon, since fossil fuel is virtually "*C-free, while biofuel contains the present-day “natural” amount of
'4C. This technique has shown that not all FCC products share bio-carbon statistically. The coke formed
during a FCC cycle and to a lesser extent the gases are found richer in '*C than gasoline. This result gives
valuable information on the co-processing mechanism, supporting that the bio-oil oxygenated molecules
are processed more easily at the expenses of the crude oil hydrocarbons, favouring the bio-coke and the

bio-light gases production.

Introduction

In the next decades to come, due to market and environmental
concerns supported by international regulations, alternative
resources will progressively, but partly, substitute fossil crude oil
for the production of fuels and chemicals. Among the main can-
didates are natural gas, coal and biomass, while only fuels pro-
duced from biomass can secure the energy supply in the long
term, since they are renewable. In addition, they do not contrib-
ute to an increase of the global CO, emission,' as no transform-
ation of stored fossil carbon takes place.

In 2003, the European Commission has issued a directive for
sustainable transportation fuels in addition to the European
objectives for primary energy (i.e., electricity and heat). Accord-
ing to the directive, the target for the share of biofuels is 2% in
2005, increasing to 5.75% in 2010, and possibly to even higher
shares in 2020 (i.e., 10% is suggested).?

In order to meet these regulation constraints for transportation
fuels, several strategies have been explored, one of which is the
blending of fossil fuels with pure bio-fuels such as FAME or
bio-ethanol. A promising alternative is to produce hybrid bio/
fossil fuels by co-processing mixtures of pyrolysis oil (produced
from biomass)>* and crude oil fractions (obtained from distilla-
tion) in a standard oil refinery. Such a scenario permits adjusting
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the content of renewable carbon in the produced fuels (gasoline
or diesel) according to the regularly evolving regulations in the
domain.’

Fluid catalytic cracking (FCC) is the most important conver-
sion process used in petroleum refineries, since over 50% of the
refinery’s heavy petroleum goes through the FCC unit for pro-
cessing. Its principal aim is to convert high molecular weight
hydrocarbons obtained from crude oil distillation into more valu-
able products, mainly gasoline. The co-processing technique
adapted to FCC was demonstrated to be technically feasible at
lab- and pilot-scale.*'* Thus, the gasoline produced by co-pro-
cessing of hydrodeoxygenated pyrolysis oil (HDO-oil) with con-
ventional vacuum gas oil (VGO) in a labscale FCC unit was
shown in our group to lead to gasoline yields and qualities quite
close to the products obtained by processing pure VGO feed-
stocks.”!® However, a key feature not been addressed till now is
how to determine accurately the proportion of renewable mol-
ecules in the targeted products to be commercialized, i.e., the
gasoline fraction. As a matter of fact, if all or most of the co-pro-
cessed bio-carbon coming from the bio-oils is released as CO,
or light gases, which means absent or depleted from the pro-
duced gasoline, the marketing of “bio-fuels” may be a commer-
cial challenge. Furthermore, the fate of the bio-carbon during the
co-processing cycle is of utmost importance to understand the
mechanism of the co-processing cracking step, when both the
oxygenated molecules coming from the bio-oil and the hydro-
carbon molecules coming from the VGO feedstock are admitted
together onto the FCC catalysts to be cracked into lighter
products.
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The radiocarbon method has been known for decades to
provide an unequivocal means to distinguish between carbon-
aceous material of biological and fossil in origin.!" Eventually,
concerning the biobased contents of natural range materials, the
method has been developed to a standardized level'>'® — accel-
erator mass spectrometry (AMS) as one of the measuring tech-
niques providing high precision and reliability.

In this study, the radiocarbon method by AMS has been used
to determine the bio-carbon contents in the products obtained
from the FCC co-processing of VGO and HDO-oil, according to
a protocol developed in our group that we previously reported in
ref. 9. This study is complementing a mechanistic approach of
the co-processing step, recently reported in ref. 10.

Radiocarbon analysis

Samples for radiocarbon dating are prepared for use in an accel-
erator mass spectrometer (AMS-PSI/ETH facility in Zurich'*) by
converting them into a solid graphite form. This is done by con-
verting the samples into carbon dioxide through combustion
then to carbon monoxide in the presence of zinc. Via a catalytic
reaction with iron, carbon monoxide is further reduced into
graphite. Combustion of the samples to convert them via CO,
into graphite, however, also introduces other elements into the
sample like nitrogen."*

Graphite samples and reference materials are pressed onto a
metal disc and then mounted on a target wheel so they can be
analyzed in sequence. Ions from a cesium gun are then fired at
the target wheel, producing negatively ionized carbon atoms.
These negatively ionized carbon atoms pass through focusing
devices and an injection magnet before reaching the tandem
accelerator where they are accelerated to the positive terminal by
a voltage difference of two million volts.

At this stage, other negatively charged atoms are unstable and
cannot reach the detector. The negatively charged carbon atoms,
however, move on to the stripper (a gas or a metal foil) where
they lose the electrons and emerge as the triple, positively
charged carbon atoms. At this stage, molecules that may be
present are eliminated because they cannot exist in this triple
charged state. The carbon atoms with triple positive charges
further accelerate away from the positive terminal and pass
through another set of focusing devices where mass analysis
occurs. In mass analysis, a magnetic field is applied to these
moving charged particles, which causes the particles to deflect
from the path they are travelling. If the charged particles have
the same velocity but different masses, as in the case of the
carbon isotopes, the heavier particles are deflected least. Detec-
tors at different angles of deflection then count the particles.'>"*

Determination of the bio-carbon content

The radiocarbon contents are expressed as pMC (percent
Modern Carbon).'* The fossil fuel samples are assumed to give
a realistic figure of the process background and they are thus
exploited to correct the background of the raw radiocarbon con-
tents. The uncertainties are estimated based on the law of error
propagation and are given by 1o confidence.

Table 1 Elemental composition of VGO and HDO-oil

Composition (wt%) VGO HDO-oil
Sulphur 2.02 —
Nitrogen 0.07 —
Hydrogen 12.4 10
Carbon 854 69
Oxygen — 21

Radiocarbon contents of the fuel mixture is formed according
to the '*C balance equation

PMChixture = FbiopMChio + (1 - Fbio)pMCfossil (1)

where pMCixwre 18 the measured 14C content of the fuel
mixture, pMCy;, and pMCyy are the 14C content of the
biomass derived and fossil components in the mixture, respect-
ively, and Fy;, the fraction of the biomass derived carbon. The
eqn (1) can be rearranged to obtain the bio-carbon fraction

pMCmixture - pMC fossil

Frio =
PMCi, — PMC fossil

(2)

Thus the bio-carbon fraction can be determined based on prior
knowledge of pMCgy; and pMCy;, and by measuring the
PMChixture: We assume pMCrysii = 0, since fossil fuel does not
contain any radiocarbon and pMC,;, is obtained by measuring
the '*C content of the biofuel used in the mixture.

Co-processing experiments

Co-processing experiments using 10 wt% HDO-oil and 90 wt%
VGO experiments were performed in a fixed-bed quartz reactor
(ID = 12 mm, L = 340 mm) equivalent to a micro activity test
(MAT) reactor.

The physico-chemical properties of the HDO-oil and VGO
feedstocks and the experimental results of processing (pure
VGO) and co-processing (VGO + HDO-oil) have been described
and compared in detail for various conversions.>'® The HDO-oil
was obtained by flash pyrolysis of pine wood residue. The
filtered bottom phase fraction of the pyrolysis oil was hydrogen-
ated at 290 bar and 330 °C over a carbon supported ruthenium
catalyst. The elemental composition of the VGO and HDO-oil
are given in Table 1.

A reaction cycle, mimicking a FCC cycle, consists of 1 min
cracking at 500 °C, 18 min of stripping under argon flow at
500 °C, 40 min regeneration under 20 vol% of O, in Ar at
650 °C and 11 min purge. For each experimental condition 4
cycles were run. 1 gram of equilibrated FCC catalyst was used.
This industrial catalyst contains 15 wt% Y-zeolite, 2.5 wt% rare
earth oxides, 240 ppm of Ni and 870 ppm of V. 0.33 gram of the
liquid reaction mixture introduced into the reactor, giving a cata-
lyst-to-oil ratio (C/O) of 3. During the cracking and stripping
steps, the liquid product was collected in a glass receiver located
at the exit of the reactor and kept at —50 °C. Meanwhile, the
gases were collected in a gasbag. Argon was used as a carrier
gas (flow of 100 ml min™").

The gases collected in gasbags during the cracking/stripping
cycles were analyzed using an Agilent 3000A micro gas
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chromatograph equipped with three columns (molecular sieve
S5A (10 m x 0.32 mm), PoraPLOT-U (8 m x 0.32 mm), OV-1
(8 m x 0.15 mm % 2 um)) and a thermal conductivity detector
for H,, C1-C6 hydrocarbons. He was used an internal standard.

Carbon containing products (CO and CO,) obtained during
catalyst regeneration were analyzed on-line by mass spec-
trometry for evaluating the coke deposition at each cycle. The
mass spectrometer (VG-Prolab with a closed ion source) was
regularly calibrated for CO and CO, and He was used as an
internal standard. Thermal gravimetric analysis on some samples
gave similar coke yields. The error in the coke yield is estimated
as less than 5%.

Liquid samples collected over a series of FCC cycles were
analyzed on a HP6890 gas chromatograph equipped with an
ASTM-2887 system and analyzed according to their boiling
point range. In refinery practice the product distribution is given
in terms of groups mainly determined by their boiling point
range: dry gas (H,, CO, CO,, C1-C2 hydrocarbons), liquefied
petroleum gas (LPG: C3-C4 hydrocarbons), gasoline
(C5-221 °C boiling point), light cycle oil (LCO: 221-370 °C
boiling point), bottom fraction (boiling point > 370 °C) and
coke. The conversion is defined as the sum of the yields of dry
gas, LPG, gasoline and coke.

The '*C content has been determined of four samples, corre-
sponding to the initial 10 : 90 HDO-0il-VGO liquid sample, the
produced gas fraction, the liquid fraction and the solid spent cat-
alyst. The gas fraction components (mixture of C,—Cy4, Hy, CO,)
were adsorbed on a column of zeolite X. The four samples were
pretreated by the AMS sample pre-treatment procedure reported
by Hajdas et al.'*

Results

As reported in ref. 9 and 10 co-processing of HDO-0il-VGO
mixtures by catalytic cracking (with up to 20% of bio-oil) lead
to practically similar gasoline yields, but to more coke, carbon
dioxide and water production, with less hydrogen compared to
processing of pure VGO.

Fig. 1 shows the product distribution for the cracking of VGO
and the co-processing of the 10:90 HDO-0il-VGO mixture.
Typically, for a conversion in the range of 66—71%, the gasoline
yield decreased from 46 to 43%, the dry gas yield is increased
from 1 to 2%, the coke yield is increased from 3 to 5%, the LPG
yield is slightly increased from 16 to 21%, the LCO and the
bottom yield decreased. In previous experiments the conversion
of the HDO-0il-VGO co-processing was similar or slightly
lower than the pure VGO processing. Here, the conversion
during co-processing is slightly higher (71 vs. 66%). The lower
gasoline yield and higher gas yield during co-processing of the
10: 90 HDO-0il-VGO mixture compared to the VGO cracking
(Fig. 1) might be partly due to some overcracking, although pre-
vious results showed that overcracking occurs at conversion
levels above 75%.

More detailed analyses of the gasoline fraction have shown
that the gasoline composition is different in the case of HDO-
0il-VGO co-processing showing the presence of alkyl-phenols
and more aromatic components.”'°

Table 2 summarizes the data of the starting materials. Fossil
fuel (VGO) is virtually '*C-free, while bio-oil (HDO-oil)
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Fig. 1 Product yields (wt%) of VGO cracking (light grey bars) and co-
processing of the 10/90 HDO-0il-VGO mixture (dark grey bars). Con-
ditions: 1 gram equilibrated FCC catalyst, C/O = 3, 500 °C.

Table 2 Bio-carbon content of the starting materials

Bio-carbon content (%)

Sample Raw data (pMC) Normalised to 100%
HDO-oil 112.93 £ 0.42% 100%

VGO 0 0

10:90 HDO-0il-VGO 9.6 +0.1% 8.5%

Table 3 Bio-carbon content of the co-processing products

Bio-carbon content (%)

Fraction Raw data (pMC) Normalised to 100%
Total liquid products 8.446 + 0.08% 7.5

Gasoline” 7.2

Coke 17.83 £0.12% 15.8

Gas 11.94 £ 0.1% 10.6

“ Calculated by subtraction of the unconverted feed assuming an bio-
carbon content of 8.5%.

contains the present-day “natural” amount of '*C. The raw data
4C content amounts to 112.93 + 0.42%, e.g., larger than 100%.
This is due to fluctuations in the '*C levels since 1950. All the
data reported here have been normalized with respect to this
value. The normalized 14-carbon fraction of the starting 10 :90
HDO-0il-VGO mixture amounts to 8.5%. By using the carbon
wt% of both HDO-oil and VGO (Table 1) this corresponds to
10.2 wt% of HDO-oil in the mixture, thus corresponding to a
correct carbon mass balance.

Table 3 presents the bio-carbon content, expressed as the per-
centage of bio-carbon over the total amount of carbon (bio +
fossil), in each fraction of the co-processing products determined
separately. The latter are divided into three groups corresponding
to the three different phases existing during the collection
process:

1. Gas phase products: CHy, C,Hg, C,Hy, CsiHg, CsHg,
C4H10, C4H8, C4H6 + C02, CO.


http://dx.doi.org/10.1039/c2gc35152h

2. Total liquid products: products from C5 hydrocarbons up to
the heaviest liquid products (gasoline, LCO and bottom), includ-
ing the unconverted liquid feed. From the known total conver-
sion (71%) the bio-carbon content of the gasoline of the FCC
run can be determined.

3. Coke: carbonaceous residues deposited on the catalyst
during the cracking step, and collected as CO, during the catalyst
regeneration step by combustion in air.

The experimental results reported above show that the initial
8.5% bio-carbon content of the mixed feed is not statistically dis-
tributed among the products. Thus, the gas and especially the
coke fractions contain significantly more bio-carbon than
expected from the statistical distribution (10.6% and 15.8%,
respectively). In contrast the total liquid fraction (including
unreacted feed) presents a bio carbon content lower than the
initial feed content (7.5%). After correction from the uncon-
verted liquid fraction, which represents the LCO and bottom
fraction and assuming it still contains the initial 8.5 wt% of bio-
carbon, the content of the liquid product, gasoline, is even lower
at 7.2%.

Discussion

The increase of coke formation under co-processing conditions
can essentially be related to the presence of the HDO-oil. It is
most likely formed from the condensation of bio-molecules
coming from the ligno-cellulose degradation, which can easily
polymerize (phenolic like) into polyaromatic coke precursors.
This key role of oxygenated molecules in coke formation is
confirmed by the relatively large content of bio-carbon in the co-
processing coke. However, as the coke formation is increased by
45% under co-processing conditions and as the bio-carbon con-
tribution amounts to only 16% at maximum, a significant contri-
bution to coke formation originates from the proper fossil VGO
cracking. As a matter of fact, VGO cracking is markedly
impacted during co-processing by the hydrogen deficit induced
by the reduction of oxygenates into hydrocarbons and water.'”
As a typical example, the alcohols are dehydrated into olefins
and water. This hydrogen deficit favours a higher yield of aro-
matic and polyaromatic components, thus enhancing the coke
formation.

The gas fraction increases by 35% during co-processing of a
10 : 90 HDO-0il-VGO mixture. As proposed in ref. 10, besides
the coke formation, HDO-oil macromolecules are deeply cracked
and converted into gaseous products, including a significant pro-
portion of CO, and H,O. Due to the size of the oxygenated mol-
ecules, these degradation reactions occur essentially in the
mesopores of the FCC catalyst, involving acid sites (essentially
Lewis type, typical of extra-framework alumina deposits). A
complex network of reactions, including alcohol dehydration and
acid decarboxylation to produce the observed CO, and H,O, are
involved in competition with the VGO cracking reactions (inhib-
ited by preferential site occupancy by the polar bio-molecules).
This explains the higher fraction of bio-carbon in the gaseous
products and the lower one in the liquid products, which mainly
derive from the intra-framework cracking of the fossil hydro-
carbon molecules.

Conclusions

The radiocarbon method has been used to quantify the bio-
carbon fraction in the products of the co-processing of conven-
tional vacuum gas oil with hydrodeoxygenated pyrolysis oil,
giving unique information on the co-processing mechanism. The
efficiency and accuracy of the method rank it as a powerful
complement to the large panel of characterisation methods
required to tackle this difficult domain of mixed bio- and fossil-
mixtures. '

The direct relationship between bio-carbon and HDO-oil
content allowed us to estimate the bio-carbon distribution among
the co-processing products. Thus, the bio-carbon contained in
the HDO-oil is concentrated mainly in the gas fraction (10.6%)
and in the coke fraction (15.8%), while the targeted liquid
product, gasoline, contains only around 7% of bio-carbon. Such
an uneven bio-carbon distribution is explained by changes in the
cracking routes during co-processing, arising essentially from
the competitive adsorption of polar (oxygenates) and non-polar
(hydrocarbons) molecules in the meso-porous volume of the
FCC catalyst. Thus, the increase of the gas production at the
expenses of the liquid fraction during co-processing as compared
to pure VGO processing indicates that the molecules from HDO-
oil are cracked and deoxygenated into gases, which in turn inhi-
bits the production of bottom, LCO and gasoline from VGO.
The larger coke formation, richer in bio-carbon than expected
from a statistical distribution, would come from the easy re-poly-
merisation of oxygenated lignocellulosic fragments (phenolics)
into carbonaceous deposits. Another part of the coke increase
would come from the depletion in hydrogen due to water for-
mation, leading to the preferential formation of fossil polyaro-
matic coke precursors, further accumulating as coke deposits at
the catalyst surface.

As a more general conclusion in terms of commercial and/or
environmental perspectives, it can be stressed that co-processing
of bio-oil with fossil resources like VGO leads to a bio-carbon
impoverished gasoline, but a bio-carbon enriched LPG. This
also questions the use of the ASTM D6866 protocol applied to
fuels to verify the amount of renewables processed in a (bio)
refinery. Rather the overall process needs to be taken into
account.
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