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ARTICLE INFO ABSTRACT

Keywords: Bio-oils produced from the pyrolysis of lignocellulosic biomass are rich in oxygen, which causes instability and
Gas Chr?mamgraphy corrosion problems. Therefore, dedicated post-pyrolysis treatments such as hydrotreatment are required to in-
Pyrolysis crease the H/C ratio of the products to be used as fuel or chemicals. Here, a characterization method based on
lélctJ-XOéI(s: two-dimensional gas chromatography (GCxGC) was developed to highlight the evolution of the volatile fraction

during hydrotreatment. Six samples obtained at different times of the hydrotreatment were analyzed. In this way,
information on catalyst deactivation was obtained. The combination of information from normal and reversed
phase GCxGC analysis provides a detailed characterization of the hydrotreated bio-oils. Furthermore, the use of
soft photoionization (PI), in addition to conventional electron impact ionization (EI), yields a better under-
standing of the compound structures present in the sample. Identification and semi-quantification of the sample
components indicate that the concentration of paraffins, cycloalkanes, and monoaromatics have largely
decreased during hydrotreatment, while the concentration of oxygenated species and polycyclic aromatic hy-
drocarbons have increased. Using complementary GC methods highlights changes in the molecular composition
of volatile species that correlate with catalyst performance. This approach can be used to follow the decrease in
hydrodeoxygenation activity as a function of time on stream to estimate the catalyst aging during the hydro-
treating process.

1. Introduction

As the energy transition continues, the search for new energy re-
sources for producing transportation fuels with similar performance to
petroleum-based fuel remains a primary challenge. The widespread
availability of biomass logically makes it a good candidate for meeting
alternative transportation fuel demands with lower greenhouse gas
emissions to reduce global warming. Thermochemical conversion pro-
cesses, including pyrolysis, can be used to convert biomass into biofuels
[1].There are several types of pyrolysis processes that can be differen-
tiated by process conditions and the use of catalysts, such as fast py-
rolysis [2] and catalytic fast pyrolysis [3]. Both are characterized by
high heat transfer rates and short residence time. However, bio-oils

produced from conventional thermal and catalytic biomass pyrolysis
contain a high concentration of oxygenated components that are reac-
tive and thermally unstable, negatively impacting the physiochemical
properties of the produced bio-oils. The chemical composition of such
bio-oils can be significantly modified by adding a reactive gas, such as
hydrogen, during the catalytic pyrolysis process to promote selective
hydrodeoxygenation (HDO) and reduce char formation [4-6]. The
reactive catalytic biomass pyrolysis process yields bio-oils that generally
contain less oxygen and significantly more hydrocarbons than the
thermal or catalytic bio-oils [7] using the same biomass feedstock,
however, oxygen-containing molecules are not completely eliminated.
Therefore, to produce biofuels, similar to petroleum-based fuels, from
bio-oils requires an additional upgrading step to remove residual
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refractory oxygen compounds. HDO is commonly used to reduce the
oxygen content of bio-oils, resulting in lower acidity and improved
thermal stability [8,9]. In this process, oxygenated molecules are con-
verted to aliphatic and aromatic compounds using high-pressure
hydrogen in the presence of a catalyst.

Developing efficient upgrading processes requires a comprehensive
understanding of the chemical composition of the complex bio-oil in-
termediates, which can only be achieved using advanced analytical
techniques. The many techniques reported in the literature for charac-
terizing bio-oils [10,11] can be divided into two classes according to the
information that they generate: (i) molecular and structural information
can be obtained using mass spectrometry (MS), liquid chromatography
(LC), and gas chromatography (GC) methods while (ii) functional skel-
etal information can be obtained using Fourier transform infrared
spectroscopy (FTIR) and nuclear magnetic resonance (NMR) methods.
At the molecular level, direct infusion high-resolution MS (HRMS) is
widely used to characterize the non-volatile and high molecular weight
compounds in bio-oils [12]. The characterization of volatile compounds
is carried out by coupling (HR)MS to GC, which is currently the most
widely used technique, providing qualitative and quantitative
information.

Conventional one-dimensional (1D) GC can be used to characterize
volatile compounds in bio-oil [11,13-16]. However, this method has
limitations due to the limited peak capacity. Several co-elution phe-
nomena can occur, resulting in inaccurate quantification and less ac-
curate and less comprehensive sample characterization. Advanced GC
techniques, such as two-dimensional GC (GCxGC), is one of the most
efficient techniques to analyze complex organic mixtures and it has
become one of the most promising analytical approaches for compre-
hensive bio-oil analysis [17]. The combination of two different columns
provides an additional dimension of chromatographic separation [17,
18] compared to conventional 1D GC. Higher peak capacity, enhanced
sensitivity, and well-structured 2D chromatograms are obtained
enabling a more in-depth molecular characterization. A comprehensive
discussion of the use of GCxGC in the field is out of the scope of this
paper, but readers are directed toward two recent reviews [18,19].

According to the nature of the combined GC stationary phases,
GCxGC column sets can be configured in the normal or reversed phase
[18]. Typically, the normal phase configurations consist of a non-polar
or weakly polar column in the first dimension and a much shorter
polar column in the second dimension. This configuration effectively
separates saturated and aromatic compound classes. Conversely,
reversed-phase configurations consist of a polar column installed in the
first dimension and a non-polar column in the second dimension for
better separation of saturated compounds and polar oxygenated com-
pounds [18,20-22].

Omais et al. tested four-column combinations in both normal and
reversed phases to characterize hydrotreated bio-oils [23]. They showed
that the best separation of oxygenated and hydrocarbon compounds was
achieved using 100 % polyethylene glycol and phenyl/PSPS (50/50) in
the first and second dimensions, respectively. However, this column
combination leads to some bleeding at higher temperatures. In another
study, Djokic et al. reported significant co-elution of aldehydes, ketones,
and furans when characterizing thermal bio-oil and its hydrotreated
effluents using the normal phase configuration, which was subsequently
improved using the reversed-phase configuration [20].

The combination of both electron impact ionization (EI) and
photoionization (PI) sources with both normal and reversed phase 2D
GC provides complimentary measurements, leading to more detailed
characterization with improved species identification. Accurate struc-
tural information for the analysis of complex hydrocarbon mixtures
using PI has been reported in the literature [24,25]. Lazzari et al.
recently reported the great potential of using GCx GC-PI-time-of-flight
(TOF) MS and GC-vacuum ultraviolet (VUV) detection for the chemical
analysis of recycled plastic pyrolysis oils [26].

The aim of this study is to evaluate the HDO process for upgrading
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reactive catalytic fast pyrolysis bio-oil by utilizing qualitative and semi-
quantitative approaches to characterize six hydrotreated effluents
collected at different time points. The first part will focus on the opti-
mization method using one effluent to highlight the important contri-
bution of comprehensive GCxGC for the characterization of volatile
molecules. In the second part, the detailed chemical characterization of
the six HDO effluents from the same HDO process collected at different
treatment times using the GCx GC method will be compared to highlight
the evolution of the chemical compositions as the HDO catalytic activity
decreased.

2. Materials and methods
2.1. Bio-oil production and upgrading

Samples were supplied by RTI International, North Carolina, United
States. Bio-crude oil was obtained from the reactive catalytic fast py-
rolysis (RCFP) of loblolly pine [4,5]. The process was performed under
80 vol% hydrogen in a laboratory-scale pyrolysis reactor (2.5 in diam-
eter fluidized bed reactor) with molybdenum-based catalyst, at an
average temperature of 500 °C and biomass feed rate of about 4-5 g per
minute. The RCFP bio-crude obtained was subsequently hydrotreated
continuously for 144 hours in RTI’s pilot-scale hydroprocessing unit at
2000 psi of hydrogen pressure and a liquid hourly space velocity (LHSV)
of 0.35/hr over a sulfided hydrotreating catalyst. The average reactor
bed temperature was 300 °C, with 9.0 kg of RCFP bio-crude feed pro-
cessed. Six samples were recovered at different time points: ~36.5, 48.5,
72.5, 96.5, 124.5, and 143.5 hours and were namely HDT-RCFP #1 to
#6 respectively [5].

The HDT-RCFP-1 recovered at 36.5 hours was used for analytical
condition optimization and to create a characterization template to
apply to the other samples. All HDT-RCFP samples were injected
without previous dilutions. RCFP bio-crude has not been analyzed by GC
due to the presence of a significant amount of high boiling point com-
pounds identified in an earlier analytical screening [27].

2.2. GCxGC analysis

The HDT-RCFP samples were analyzed using two independent
GCxGC-MS systems equipped with different ionization modes (EI and
PI). Details on the instrumentation and conditions are described below.

2.2.1. GCxGC-EI-QTOF MS Instrumentation

The GCxGC-EI-QTOF MS instrument combined an Agilent 7890 A
gas chromatography with a PTV injector (Agilent Technologies, Inc, CA,
USA) and a ZOEX ZX2 cryogenic modulator (Houston, TX, U.S.A.)
interfaced with an EI ion source coupled to the QTOF mass spectrometry
detector (7250 Agilent). With this system, two column sets were
investigated: a normal phase (non-polar x mid-polar) and a reverse
phase (mid-polar x non-polar). The detailed information on column
characteristics and GCxGC analytical conditions used for both column
sets are listed in Table 1.

The modulation loop was made using a deactivated silica column
(1 m x 0.25 mm i.d.). In the QTOF MS the interface and ion source
temperatures were set at 250 and 225 °C, respectively. A mass range of
m/z 45-450 was collected with an acquisition rate of 50 spectra/s.

2.2.2. GCxGC-PI-TOF MS Instrumentation

The soft ionization GCxGC measurements were conducted using an
Agilent 7890B GC equipped with an OPTIC-4 injector (GL-Sciences BV,
Eindhoven, The Netherlands) and a ZX2 cryogenic modulator (Zoex
Corp. Houston, TX, U.S.A.). interfaced with a PI/EI combination ion
source coupled to the TOF MS detector (JMS-T200GC “AccuTOF GCx-
plus”, JEOL Ltd., Tokyo, Japan. A deuterium lamp was the source of
118 nm photons to achieve soft (10.78 eV) single-photoionization.
Further technical details on the PI are described elsewhere [28]. A
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Table 1
Chromatography conditions used for normal and reversed GCx GC-EI-QTOF MS
analysis.
Feature Normal Reversed
GCxGC-EI-QTOF MS GCxGC-EI-QTOF MS
1st column TG-5HT- Thermo Fisher ZB-35HT inferno —
Scientific Phenomenex
(60 m x 0.25 mm i.d. x (30 m x 0.25 mm i.d. x 0.25
0.25 pm dp) pm dp)
2nd column DB-17HT (Agilent J & W RXI-1 ms - Restek
technology) Corporation
(2m x 0.25mm i.d. x 0.25 (2m x 0.1 mmi.d. x 0.1 pm
pm df) dp)

Oven program

70°C (1.5 °C min~ 1) to 320
°C

70°C - 5 min (1.5 °C min™ ')
to 320 °C

120 °C (100 °C.min" 1) to 200 °C (200 °C.min"Y) to 350 °C
0.5 uL (1:300) 0.5 L (1:300)

PTV inlet program
Injection size and
split ratio
Carrier gas flow
Modulation period

He (1.5 mL min’l)
6.5 s (hot jet 0.6 s)

He (1 mL min’l)
12 s (hot jet 0.6 s)

normal phase (non-polar x mid-polar) column set was used. The p
column was Rxi-5MS (30 m x 0.25 mm i.d. x 0.25 pm Restek Corpo-
ration) and the 2D column was Rxi-17Sil MS (1.5m x 0.25 mm i.d. x
0.25 pm df, Restek Corporation). The modulation loop was made using a
deactivated silica column (1 m x 0.25 mm i.d.) and the modulation
period was 12 s with a hot jet of 0.4 s. Other optimized conditions were
as follows. The hot injection temperature was 280 °C, with an injection
of 1 uL in a split mode (split ratio 1:80). Helium was used as carrier gas at
a flow rate of 1 mL min~'. The GC oven temperature was set at 40 °C
(0.2 s), then increased to 280 °C (hold 2 min) at 3 °C min~!. Interface
and ion source temperatures were set at 200 °C and 300 °C, respectively.
A mass range of m/z 45-450 was collected with an acquisition rate of 50
spectra/s.

2.2.3. Qualitative and semi-quantitative analysis

Data produced were processed using GC Image® v 2.3 (Zoex Corp.)
and ChromSpace® (SepSolve, Peterborough, U.K), including tools to
generate extracted ion current chromatograms (EIC). EIC filters were
used to facilitate the vizualization of different chemical classes in the 2D
chromatogram. The tentative identification of compounds was achieved
by combining the EI and PI spectrum data. Spectrum from EI, at 70 eV,
were compared to the NIST library database, and a minimum of 70 %
spectral match quality was considered for compound identification. On
the contrary, PI spectra were used to confirm the molecular ion and the
tentative identifications performed with the EI system. A semi-
quantitative approach (percent area %) was described for each chemi-
cal class by summing the area of the peaks belonging to a specific
chemical class and comparing it to the total area of the sample peaks.

3. Results and discussion

Due to the complexity of the sample, exploiting complementary GC
column combinations and structural information determined using soft
and hard ionization methods can make comprehensive sample charac-
terization less challenging. Conventional normal (non-polar x mid-
polar) and reversed (mid-polar x non-polar) column sets were both
used to perform GCx GC separations, and TOF MS with soft (PI) and hard
(EI) ionization were implemented to identify the volatile compounds in
the HDT-RCFP samples and create an identification template to apply to
the remaining samples.

3.1. Exploring molecular composition of HDT-RCFP #1

Analytical methods were optimized using HDT-RCFP #1 as the
benchmark sample.
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3.1.1. GCxGC-TOF MS using a conventional normal phase set-up

Initially, a normal phase column set with high thermal stability (TG-
5HT vs DB-17HT) was selected due to the high boiling points of many
components in the HDT-RCFP samples.

3.1.1.1. Use of EI ionization source. Fig. la shows the separation by
GCxGC-EI-TOF MS using a conventional normal phase set-up for the
HDT-RCFP #1. The 2D plot obtained with this configuration shows the
complexity of the sample. The EIC shown in Fig. 1b, 1c, 1d, and le were
used to assign the chemical classes to the analytes present. Specific
fragments for each chemical class were chosen according to the infor-
mation currently available in the scientific literature. For example,
Shimoyama and Yabuta [29,30] and Alam et al. [31] have used m/z 69,
83, 97, and 111 for the identification of the one-ring cycloalkanes
family, and m/z 67, 81, and 95 for the identification of the two-ring
cycloalkanes. For the aromatics and diaromatics families, m/z 91 and
m/z 128 were used for their identification. Finally, m/z 107, 122, 136,
150, and 164 were selected for the phenol group type.

Fig. 1b shows the EIC for the cycloalkanes family. Regarding the
elution pattern of the different chemical groups, the cycloalkanes elute
in two distinct elution bands. The first one shows the elution of the one-
ring cycloalkanes, and the second one the two-ring cycloalkanes. Both
are ordered by the degree of branching and the length of the alkyl group
attached to the ring.

The EIC shown in Fig. 1c is for monoaromatics identified by moni-
toring the tropylium ion (m/z 91), a well-known fragment for molecules
with one carbon atom attached to a benzene ring. The elution pattern of
the monoaromatics is a function of the number of carbons, the degree of
branching, and the presence of unsaturation of the alkyl group attached
to the benzene nucleus.

Different PAH compounds found in HDT-RCFP #1 were identified by
characteristic molecular ions at m/z 128, 166, and 178 for naphthalene,
fluorene, and phenanthrene/anthracene, respectively. Diaromatic
compounds, including alkylated derivatives of naphthalene, are high-
lighted in Fig. 1d. The EIC of the fluorene, its derivatives, and phenan-
threne/anthracene compounds are shown in Figure S1.

Finally, the EIC of the ions m/z 107, 122, 136, 150, and 164 facili-
tated the identification of the chemical class of the phenols, as shown in
Fig. le. A clear cluster based on the number of carbons of the alkyl group
attached to the phenol nucleus (i.e., C1 to C7 phenol isomers) was
identified. This group of compounds coeluted with the diaromatic class
but can be easily identified using the specific fragment ions.

3.1.1.2. Insights on PI spectra for bio-oil qualitative screening using con-
ventional normal phase set-up. In this work, PI was used to confirm the
identification of chemical classes. Indeed, PI is considered a soft ioni-
zation technique that reduces fragmentation and preserves the parent
molecular ion compared to EI, where greater fragmentation and the loss
of molecular ions result in more complicated and potentially ambiguous
species identification. Fig. 2 compares mass spectra using EI vs. PI for
several groups of compounds. Please note that even if the authors
decided to use two different column sets and oven program tempera-
tures in the two experiments (PI vs. EI), no major differences were
observed in the 2D chromatograms. The 2D color plots shown here are
an expansion of the EICs shown in Fig. 1. Although the two column set-
ups are different, the identification of the compounds is possible thanks
to the mass and the well-structured 2D chromatograms. As expected, the
molecular ion (M"*) was the dominant peak in the PI spectrum, while
some chemical classes did have certain fragment patterns that were
different from those observed in the EI spectra.

For cycloalkanes (Fig. 2a), the resulting PI mass spectrum showed
the presence of characteristic ring fragment ions, m/z 96 and 110 [28],
and dominant molecular ions. Using the information determined from
the PI, congeners of C5-cyclohexanes with alkyl substituents were
grouped under a molecular ion at m/z 154, while two-ring
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Fig. 1. (a) GCxGC-EI-TOF MS total ion chromatogram (TIC) of the HDT-RCFP #1, showing the separation of the conventional normal (non-polar x polar) column
set-up under optimized conditions. Extracted ion chromatograms of HDT-RCFP #1 from GCxGC-EI-TOF MS using conventional normal (non-polar x polar) column
set-up, illustrating the detection of (b) cycloalkanes (¢) mono-aromatics, (d) di-aromatics and (e) alkyl-phenols.

C5-cyclohexane congeners were assigned to the molecular ion at m/z
152. It is also noteworthy that the cycloalkane structures identified are
different from those typically found in petroleum-based products. Un-
like fused cyclohexane rings that share two carbons, the lignin-based
cycloalkanes mainly belong to the bi-cyclohexyl alkane family, where
bridge aliphatic alkane connects two cyclohexane rings [32]. The ring
fragments that appear in the PI spectra (m/z 96 and 110) are also
consistent with this cycloalkane type of structure. PI may not be ener-
getic enough to cleave two fused rings, as reported by Giri et al. in a base
oil analysis [28]. These authors show PI spectra for three different
groups of fused bicyclic alkanes, and in none of them were ring frag-
ments detected as in the present study.

The intensity of the monoaromatic parent ions was enhanced using
PI (Fig. 2b) making it easier to group the compounds according to the
length of the unsaturated carbon chain attached to the benzene ring. The

molecular ion at m/z 148 confirmed the aliphatic (branched) chain
congeners of C5-benzene, and the assignment of the unsaturated
(branched) chain congeners of C5-benzene was also confirmed by the
molecular ion at m/z 146.

The advantage of using PI compared to EI is that PI can produce
unique fragment patterns, allowing the assignment of isomer structures
in alkyl-series compounds. This is clearly shown in Fig. 2c where the PI
mass spectra of C3-alkylphenol isomers are shown. In addition to the
molecular ion, two distinct small fragments may guide in deducing the
C3-alkylphenol isomer. The fragment at m/z 107 suggests a loss of an
ethyl group (-CoH4) from an ethyl-phenol compound. In the other
spectra, a dimethylphenol compound can be rationalized by the loss of
the methyl group (-CHs), fragment with m/z 122.
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Fig. 2. On the left side, the beginning portion (Fig. 1) of the EIC for HDT-RCFP #1 analyzed by GCxGC-PI-TOF MS using a conventional normal (non-polar x polar)
column set-up. On the right side, mass spectra comparing EI vs PI for selected (a) cycloalkanes, (b) mono-aromatics, and (c) alkylphenols.

3.1.2. GCxGC-TOF MS using reverse phase set-up

The goal of bio-oil HDO is to minimize the oxygen content while
maintaining a high carbon yield during the upgrading processes.
Therefore, the complete characterization of oxygenated compounds in
these fluids is of paramount importance. In the normal phase set-up,
oxygenated compounds coelute with neighboring peaks (i.e. mono-
aromatics such as, for example, monoalkylbenzene or dialkylbenzene),

which can mask their identity. The reverse-phase configuration modifies
the positional trends so oxygenated compounds elute at lower retention
times in the chromatogram, apart from other chemical classes, and
facilitate their identification. A configuration using a more polar column
in the first dimension and a non-polar column in the second dimension
has been shown to separate O-compounds present in a coal-derived
hydrocarbon matrix, including the first identification of diols and
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naphthalenones [33]. A reversed-phase configuration was also used to
improve the group-type analysis of O-compounds in the highly
oxygenated bio-oil matrix by Joffres et al. [34].

A high thermal stability reversed phase set with a moderately polar
column (ZB-35HT) and a second non-polar short column (Rxi-1 ms) was
evaluated to improve the characterization of oxygenated compounds in
the HDT-RCFP samples. As shown in Fig. 3, the chromatogram is
completely different from the chromatogram generated using the
normal phase configuration shown in Fig. 1. Here, the n-paraffins are
eluted in the top elution band of the chromatogram, followed by the
elution of the homologs of the cycloalkane isomers in the middle. The
separation of the mono- and polyaromatic groups was deteriorated due
to the less optimized analytical conditions and the orthogonality set-up.
However, the separation of oxygenated compounds was improved. All
peaks eluting at the bottom section of the chromatogram with retention
times < 70 min were identified as oxygenated compounds. Indeed, these
species no longer coelute with nearby families. Zooming in on the car-
bon region between n-C10 and n-C19 (Fig. 3b), the oxygenated com-
pounds were chromatographically better separated from the
hydrocarbon compounds compared to the normal phase set-up.

Chemical classes were assigned using the EIC, in the same way the
normal phase configuration data was analyzed. m/z 107, 122, 136, 150,
and 164 were selected to confirm the identification of alkylphenols
(Fig. 3c). Ten peaks were attributed to C3-phenol compared to only four
that were identified in the normal phase set-up. Additional alkylphenol
isomers were detected along with minor families identified as de-
rivatives of indanone, indenol, naphthalenol, naphthalenone, benzal-
dehydes, and dibenzofuran (structures highlighted in Fig. 3d). These
were not detected with the normal phase set-up. Finally, a nitrogen-
containing compound was also identified (number #2).

In the GCxGC experiments using the reversed column set, the
improvement in the separation of cycloalkanes is also noteworthy and
consistent with the results of Yang et al. [32]. This column configuration
allowed a better 2D occupation space for this class, providing a higher
level of information on the sample composition of the cycloalkane
family. Although the chromatogram obtained is well structured, only
48 % of the entire 2D space is used with reverse phase configuration.
According to Yang et al. [31], this could be due to either 1) partial
correlation between the two dimensions or 2) non-optimized 2D column
conditions. On the contrary, 76 % of the 2D space was occupied using
the normal phase configuration [35,36].

It should be noted that orthogonality itself was not a target. Success
is determined by the sufficient separation of the target analytes, which
was achieved with the reversed phase approach. For example, better
separation of the one-, two-, and three-ring cyclohexanes family
(ranging between n-C11 and n-C18) is highlighted compared to the
normal phase set-up. m/z 67, 69, 81, 83, 95, and 97 were used in EIC for
their identification (Fig. 3e). The one-ring, two-ring, and three-ring
cyclohexane families are separated in one dimension, while there is a
clear order in the second dimension based on the length of the alkyl
group attached to the ring.

3.2. Composition of the hydrotreated effluents HDT-RCFP #1 to HDT-
RCFP #6 by GCxGC-EI-TOF MS

The results shown above for HDT-RCFP #1 demonstrate that for this
type of sample, the 2D reversed phase approach is the most appropriate
for identifying the volatile compounds related to catalyst efficiency and
deactivation. The approach and methods used for characterizing HDT-
RCFP #1 were applied to analyzing the other five samples obtained
during the continuous hydroprocessing of the bio-crude produced from
loblolly pine. Six hydrotreated products were collected at different times
during the 144-hour campaign. A detailed characterization of the non-
volatile compounds in these samples was reported by Chacon et al
[27]. The reverse phase set-up described in this study was used to
characterize the same six samples with a focus on the oxygenated
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compounds to investigate the change in chemical composition as the
hydrodeoxygenation activity of the hydrotreating catalyst decreases.

Fig. 4b shows the GCxGC color maps for HDT RCFP #6, effluents
collected at 144 hours of the hydrotreatment process, respectively.
Compared to the first effluent, 144 hours of hydrotreatment (HDT-RCFP
#6) produced a bio-oil with increased content of volatile oxygenated
compounds. Indeed, a higher concentration of oxygenated compounds
was observed at the bottom part of the chromatogram in the HDT-RCFP
#6. Primarily, a higher number of isomers were found for indanone,
indenol, naphthalenol, naphthalenone, and dibenzofuran compounds.
In addition, biphenyl compounds that were not present in the first
effluent were identified throughout the chromatogram.

The EIC of the alkylphenols family for HDT-RCFP #6 is shown in
Fig. 4b. m/z 107, 122, 136, 150, and 164 were selected for their iden-
tification. This figure can directly be compared to the EIC of the alkyl-
phenols family in HDT-RCFP #1 shown in Fig. 3c.

A higher concentration of oxygenated compounds in the final
effluent suggests that the HDO activity of the catalyst decreased during
the hydrotreatment process. However, the hydrocarbon fraction is also
crucial in determining the effectiveness of biofuel production. The
normal phase configuration is most appropriate for focusing on the
hydrocarbon compounds. The normal phase GCx GC results obtained for
all six hydrotreated effluents (HDT-RCFP #1 to #6) are shown in
Figure S2. The resulting 2D-color plots are all very similar, suggesting
that while the HDO activity of the hydrotreating catalyst may decrease,
the composition of the hydrocarbon fraction of the upgraded products is
not significantly affected.

The compounds present in the samples were assigned to paraffins,
cycloalkanes, monoaromatics, polycyclic aromatics hydrocarbons
(PAHs), and alkylphenols. The assignment of the chemical classes to the
analytes in the samples was achieved by displaying EICs (as reviewed in
topic 3.1) and a semi-quantitative approach (percent area) was used for
comparing the six effluent samples in terms of chemical class distribu-
tion. This semi-quantitative analysis was accessed by summing the area
% of the peaks assigned, through the EIC, to the different chemical
classes and used to compare the chemical class distribution among the
effluents. A semi-quantitative analysis has been referred to instead of
quantitative since the analysis using GC-MS is more complex and,
consequently the prediction of RRF more difficult; oppositely to GC-FID
analysis. One of the main reasons for this difficulty is the large variety of
GC-MS instrument types and their greater complexity. Fig. 5 shows the
distribution of the chemical classes in terms of percent area for all HDT-
effluents, including the number of peaks detected in each sample [37].

A semi-quantitative approach was used to compare the chemical
class distribution among the effluents and the results are shown in Fig. 5.
HDT effluents show a composition predominantly of hydrocarbons and a
small part of oxygen compounds. While the identity of the hydrocarbons
is consistent from sample to sample, the relative concentrations of these
families vary based on the duration of the hydrotreatment. Among the
hydrocarbon classes, cycloalkanes showed a 3-fold decrease at longer
times on stream. Similarly, a small decrease in the relative concentration
of mono-aromatics was observed - 30 % for HDT-RCFP#1 and 20 % for
HDT-RCFP#6. Conversely, the concentration of PAHs increased from
45 % in HDT-RCFP#1-70 % in HDT-RCFP#6. The same trend was
observed for oxygen compounds that represented only 4 % in HDT-
RCFP#1 and 12 % in HDT-RCFP#6. These results suggest that as the
activity of the hydrotreating catalysts decreases as a function of time on
stream, the relative concentration of oxygenates and PAHs increase as
the relative concentration of paraffins, cycloalkanes, and mono-
aromatics decrease. It is worth noting that after 72 hours of catalyst
use (HDT-RCFP#3), the relative abundance of cycloalkanes dropped
precipitously with a sharp increase in PAHs. This observation agrees
with the work of Chacon et al. who reported the composition of the HDT-
RCFP by FTICR MS and suggested a catalyst deactivation around of
72 hours [27].
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Fig. 3. (a) GCxGC-EI-TOF MS total ion chromatogram (TIC) of the HDT-RCFP #1, using the reverse (mid-polar x non-polar) column set-up under optimized
conditions. (b) Isolated carbon region between n-C10 and n-C19. (c) Extracted ion chromatograms (EIC) illustrating the detection of alkyl phenols. (d) Examples of
structures of the oxygenated compounds identified. (e) Extracted ion chromatograms showing the detection of cycloalkanes.
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Fig. 4. GCxGC-EI-TOF MS (reverse column set-up) total ion chromatogram (TIC) of (a) HDT-RCFP #6. (b) Extracted ion chromatograms illustrating the detection of
alkyl phenols for the HDT-RCFP #6 sample.

4. Conclusions

704 HDT-RCFP #1 (1266 peaks)
HDT-RCFP #2 (1269 peaks) This study demonstrated the complementary chemical analyses that
60 - HDT-RCFP #3 (1282 peaks) can be performed using reverse and normal phase column configura-
- HDT-RCFP #4 (1176 peaks) tions in GCxGC MS for the characterization of volatile compounds in
50 - HDT-RCFP #5 (1216 peaks) upgraded pyrolysis bio-oils. Ident'ifying and sefni-qu:fmtifying 1'1ydro-
- HDT-RCFP #6 (1264 peaks) r carbon and oxygen compounds using these configurations contributed

to a better understanding of the catalyst deactivation during the
hydrotreatment process of bio-oils. A clear step change in chemical
composition was observed at a specific time during the hydrotreatment
process. The relative concentration of polyaromatic hydrocarbons
increased significantly, while the relative concentration of cycloalkanes
and monoaromatics decreased. Additionally, the amount and diversity
of oxygenated components also increased significantly over time. From
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104 an industrial point of view, these observations provide additional in-
] sights for adapting catalysts and processing conditions to improve the
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