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ABSTRACT: Bulk property measurement, simulated distillation, gas chromatography mass spectrometry (GC-MS), and ultra-
high-resolution Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR MS) are utilized for direct description
and comparison of the chemical composition of raw and hydrotreated biocrude samples from pine, microalgae (Chlorella sp.),
and sewage sludge. With hydrotreatment, the nitrogen, oxygen, and sulfur content as well as viscosity, density, and moisture
content of all biocrudes decreased to yield a more desirable product. For upgraded biocrudes, simulated distillation and GC-MS
data reveal that the microalgae and sewage sludge products comprise a high proportion of n-alkanes, which distill between 260
and 350 °C, whereas the pine hydrotreated biocrude product has a lower concentration of n-alkanes and is more
compositionally diverse with an abundance of saturated cyclic compounds. FT-ICR MS analysis of the raw biocrudes showed
predominantly O, species, whereas raw microalgae and sewage sludge biocrudes comprise primarily N,O, species. After
hydrotreatment, FT-ICR mass spectra of all three biocrudes revealed a significant reduction in mass spectral complexity
(observed as the loss of O, N, and N,O, species) and the formation of hydrocarbon compounds, as expected. The
hydrodeoxygenation and hydrodenitrogenation reactions of hydrotreatment convert higher (>2) heteroatom-containing species

to a variety of hydrocarbon and lower heteroatom-containing species.

B INTRODUCTION

The identification of renewable liquid transportation fuels is of
enormous public interest in recent years, and a heavy focus has
been devoted to biomass as a partial replacement for
petroleum crude oil. Hydrothermal liquefaction (HTL) has
developed as one of the most promising thermochemical
processes for the conversion of wet biomass into transportation
fuels.' > Through HTL, increased temperature (250—375 °C)
and pressure (4—22 MPa) convert a biomass slurry (~5—35%
solids in water) into a hydrocarbon-rich product.’ Because
HTL requires a pumpable biomass slurry, HTL is especially
advantageous (economically) for the conversion of wet
biomass because there is limited need for water removal
prior to biomass conversion.”* In some cases, water recovery
and/or recycle makes HTL of low moisture feeds (e.g.,
lignocellulose) feasible.' Therefore, a range of biomass
feedstocks (e.g., lignocellulose, algae, waste products) can be
subjected to HTL processes to generate potential biofuels.” ™"’

Biocrudes generated by HTL have generally high heter-
oatom content, a property that causes HTL biocrudes to be
immiscible with typical petroleum crude oils and therefore
incompatible with conventional petroleum refinery equipment
and processes. Furthermore, the high heteroatom content (and
the presence of metals in some cases) of raw HTL biocrudes
poisons catalysts used for denitrogenation/desulfurization and
catalytic cracking of petroleum crude oils. Consequently, raw
HTL biocrudes must undergo some form of upgrading before
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they can be used as a feasible amendment to conventional
petroleum crude oil refinery inputs.

Biocrude upgrading through catalytic hydrotreatment is
promising for the conversion of polar compounds into
hydrocarbon-rich mixtures with fewer heteroatom-containing
species. During hydrotreatment, hydrogen (35—170 bar H,)
and heterogeneous catalysts (e.g., sulfided Co—Mo, Ni—Mo)
are used to upgrade raw biocrude at high temperature (300—
450 °C) and at a liquid hourly space velocity of 0.2—10 h™.""
Catalytic hydrodeoxygenation, hydrodesulfurization, and hy-
drodenitrogenation are required to remove the high oxygen
(5—18 wt %), sulfur (0.5—1.0 wt %), and nitrogen contents
(0.3—8 wt %) characteristic of the biocrudes produced by
certain feedstocks such as microalgae and waste products.’
Hydrotreated HTL biocrudes may be fractionated to boiling
fractions analogous to those of gasoline, diesel, and/or fuel oil
and blended with petroleum products or further refined to
create a neat on-spec fuel.

Mass spectrometry has been extensively utilized to identify
the compounds within conventional and nonconventional
crude oils. Low molecular weight, volatile organics are
accessible to gas chromatography mass spectrometry (GC-
MS) and can be easily identified by GC-MS techniques.'”~"*
However, the complexity exhibited by higher molecular weight,
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nonvolatile organic species often requires the mass resolving
power and high mass accuracy afforded by Fourier transform
ion cyclotron resonance mass spectrometry (FT-ICR MS) to
obtain a more comprehensive picture of the chemical makeup
of crude oils.”” ™' Online and offline separation of organic
species can further enhance the information obtained through
FT-ICR MS analyses.”””>* The data obtained through FT-ICR
MS analysis have created the field of petroleomics, which can
be used to predict both value and behavior of crude
oils.">'*7**7%7 Previously, a petroleomics approach has
been used successfully to determine the chemical composition
of raw and upgraded HTL biocrudes and to identify trouble
compounds during upgrading.”’** Here, we apply the
petroleomics approach combined with the data obtained
from bulk property measurement, simulated distillation, and
GC-MS to give a comprehensive analysis of the chemical
composition of raw and hydrotreated HTL biocrudes from
pine, microalgae, and sewage sludge to interrogate the
feasibility of each feedstock as a potential alternative fuel
source. We choose biomass feedstocks that are of recent
interest to the field (i.e., lignocellulosic, microalgae, sewage
waste) to provide analysis of hydrotreated biocrudes from
feeds with variable composition and economic value.'***~*

B METHODS

Samples. Biocrude samples were obtained from the hydrothermal
liquefaction of a clean pine, microalgae (Chlorella sp.), and sewage
sludge performed at Pacific Northwest National Laboratory (PNNL).
Biocrude samples were prepared using bench-scale, continuous-flow
process equipment that has been previously described.”*” The organic
biocrude samples were recovered as a separate phase from the
aqueous product. No solvents were used for product recovery. The
clean pine feedstock was obtained as wood flour from Idaho National
Laboratory. Chlorella sp. feedstock was obtained from Global Algae
Innovations (http://www.globalgae.com). The sewage sludge bio-
crude sample was prepared from primary sewage sludge provided by
Metro Vancouver wastewater treatment plant.3 38

The separated biocrude samples were hydrotreated in a continuous
trickle-bed reactor previously described by Elliott et al.*” following the
sulfiding and testing procedure described in Jarvis et al.* Briefly, a
catalyst composed of 3.4—4.5% cobalt oxide and 11.5—-14.5%
molybdenum oxide on alumina purchased from Alfa Aesar (Ward
Hill, MA, USA; product no. 45579) was employed. The hydrotreat-
ment was conducted at nominally 400 °C and 1500—1540 psig total
pressure. Similar to the work of Jarvis et al,*® a guard bed of the
catalyst in the as-received form of 2.5 mm Trilobe extrudates was
employed in the reactor above the catalyst bed. The catalyst bed was
composed of catalyst sized to +20/—40 mesh below the guard bed.
Table 1 contains the size of the beds as well as the flow rates of the
biocrude and H, fed to the reactor during hydrotreatment for each of
the processed organic biocrudes.

Analysis of Biocrude and Hydrotreated Product. ALS
Environmental (Tucson, AZ) conducted elemental analyses for the
biomass feed as well as the raw and hydrotreated biocrude liquid

Table 1. Parameters Employed for the Hydrotreatment of
Pine, Microalgae, and Sewage Sludge Biocrudes

sewage
pine microalgae sludge

top bed (2.5 mm Trilobe 6 (2.7) 23 (13.1) 6 (3.70)
extrudates), cm®(g)

bottom bed 39 (25.0) 28 (186) 18 (10.8)
(+20/—40 mesh), cm® (g)

biocrude flow rate, cm®/h 8.02 5.06 4.01

H, flow rate, cm® H,/cm® biocrude 1230 1276 1276

according to ASTM DS5291/D5373 (for carbon, hydrogen, and
nitrogen), ASTM DS373, modified (for oxygen), and ASTMD1552/
D4239 (for sulfur). In biocrude oil samples, moisture was determined
by the Karl Fischer technique using method ASTM D6869, and total
acid number (TAN) was measured following ASTM D3339. The
filtered oil solids were measured using ASTM D7579-09, and density
and kinematic viscosity measurements were performed at 40 °C using
an Anton Paar SVM3000 Stabinger viscometer. Analyses for ash, dry
solid content, and product weight were performed gravimetrically.
The hydrotreated organic products were analyzed via simulated
distillation according to ASTM D2887 and total sulfur analysis
following ASTM D5453. The constituents of the hydrotreated organic
phases were also analyzed by GC-MS using an Agilent 6890 GC with
a 5973 MSD. A 0.1 yL neat sample was injected into a split injector at
280 °C with an 800:1 split ratio using He as a carrier gas at a constant
flow of 35 cm/s. ADBI 10 m X 0.1 mm X 0.17 ym column was used.
The oven was set at 35 °C with a 2 min hold, followed by a ramp of
10 °C/min to 280 °C with a 5 min hold. The MSD was operated in
70 eV EI mode with a 230 °C source temperature scanning from 16 to
200 m/z until 1.8 min into the method, followed by a scan of 40—600
m/z for the remainder of the method. The GC-MS fragment ion mass
spectra were searched against the NIST library for identification of
known volatile and semivolatile compounds.

Sample Preparation and lonization for FT-ICR Mass
Spectrometry. Biocrudes were dissolved in 1:1 chloroform/
methanol (HPLC grade, JT Baker, Phillipsburg, NJ) to create 1
mg/mL stock solutions. Stock solutions were diluted to a final sample
concentration of 100 yg/mL in 90:10 methanol/toluene (biocrudes)
for positive-ion atmospheric pressure photoionization.

Atmospheric pressure photoionization (APPI) was performed with
an Ton Max APPI source (ThermoFisher Corp., San Jose, CA).
Samples were introduced to the source through a fused silica capillary
at a rate of 50 yL/min. Nitrogen was used as a sheath gas (60 psi) and
auxiliary gas (4 L/min). Inside the heated vaporizer of the source
(~300 °C), the sample is mixed with a nebulization gas (N,) and is
passed under a krypton VUV lamp producing 10 eV photons (120
nm). Toluene was added to the samples to increase ionization
efficiency through dopant-assisted photoionization.

FT-ICR Mass Spectrometry. Samples were analyzed with a
custom-built 9.4 T Fourier transform ion cyclotron resonance mass
spectrometer at the national FT-ICR MS user facility at the National
High Magnetic Field Laboratory.* Data collection was facilitated by a
modular ICR data acquisition system (PREDATOR).*' Ions
generated at atmospheric pressure were introduced into the mass
spectrometer via a heated metal capillary. Ions were guided through
the skimmer region and quadrupole (mass transfer mode) for
accumulation in the second octopole. Finally, ions were collisionally
cooled with helium gas (~(4—5) X 107® Torr at gauge) before
passage throu%h a transfer octopole to the ICR cell (open cylindrical
Penning trap4 ).

Multiple (50) individual time-domain transients were coadded,
Hanning-apodized, zero-filled, and fast-Fourier-transformed prior to
frequency conversion to mass-to-charge ratio* to obtain the final
mass spectrum. The time domain signal acquisition period was 5.6—
6.9 s. All observed ions were singly charged, as evident from unit m/z
spacing between species, which differs by *C. versus *C,'*C__,.

Data Analysis and Visualization. Mass spectral lists were
generated with PetroOrg software.** Internal calibration of the
spectrum was based on homologous series whose elemental
compositions differ by integer multiples of 14.01565 Da (i.e,
CH,).* Data are visualized by relative abundance histograms for
heteroatom classes with greater than 1% relative abundance and from
isoabundance-contoured plots of double bond equivalents (DBE =
number of rings plus double bonds to carbon) versus carbon number
for members of a single heteroatom class. The relative abundance
scale in isoabundance-contoured plots is scaled relative to the most
abundant species in the mass spectrum unless denoted otherwise.

Within the isoabundance-contoured plots, species with DBE > 4
(i.e., benzene ring has a DBE value of 4) are typically considered
aromatic, and increases in DBE are correlated to increasing
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Table 2. Properties of Raw and Hydrotreated HTL Biocrudes Derived from Pine, Microalgae, and Sewage Sludge Feedstocks

pine microalgae sewage sludge
raw hydrotreated raw hydrotreated raw hydrotreated

carbon (wt %) 83 87 79 86 77 84
hydrogen (wt %) 6.7 11 11 15 10 15
oxygen (wt %) 10 2.0 3.1 1.2 8.4 1.2
nitrogen (wt %) 0.18 <0.05 S.S <0.05 4.3 0.05
sulfur (wt % or ppm) <0.03 46 ppm 0.6 17 ppm 0.63 23 ppm
H/C (mol ratio) 0.97 1.6 1.6 2.1 1.6 2.0
TAN (mg KOH/g oil)” 53 N/D" 53 N/D 65 <0.01
density (g/mL) 1.1 0.90 0.96 0.78 1.0 0.79
viscosity (cSt@40 °C) >10000 4.5 295 22 571 2.5
moisture (wt %) 169 <03 12.0 <02 13.0 <0.1
ash (wt %) 0.07 N/D 0.47 N/D 033 N/D
filterable solids (wt %) 0.04 N/D 0.36 N/D 0.18 N/D

“Oxygen determined by difference. *Not determined.

aromaticity (ie., additional aromatic rings increase by 3 DBE).
Double bonds and rings also increase DBE value, so it is possible that
increases in DBE do not correspond to increasing aromaticity.
However, from what is known about the chemical structure and
reaction chemistry of biocrudes,* it is unlikely for compounds to not
contain aromatic rings, ergo increases of DBE 3 or more are often
correlated within increasing aromaticity as it is unlikely that all the
DBEs are saturated rings and double bonds. Additionally, increases in
carbon number for any particular DBE value can be associated with
increasing alkylation of a core structure (or several different core
structures).

B RESULTS AND DISCUSSION

Biocrude Properties. A comparison of the raw HTL
biocrude fractions with the hydrotreated organic fractions is
presented in Table 2. Generally, the bulk properties of the raw
and hydrotreated pine HTL biocrude products are dissimilar to
the microalgae and sewage sludge products, which in turn are
similar in several respects. The CHNOS elemental analyses of
the microalgae and sewage sludge raw biocrudes are relatively
high at 1.6 H/C molar ratio due to the high concentration of
lipid derivatives generated by hydrolysis of fats and oils. In
contrast, the pine raw biocrude has a lower H/C ratio (0.97)
reflective of a higher concentration of cyclic and oxygenated
aromatic (e.g, phenolic) compounds. The higher concen-
trations of cyclic structures in the pine samples are derived
from the lignin and starch in the original biomass. Lignin
decomposes to a phenolic-rich stream, whereas cellulose has
also been demonstrated to convert to oxygenated aromatics.*’
The cellulose present in the microalgae and sewage sludge
samples also converts to oxygenated aromatics, but the total
concentration of cyclics is lower due to the abundance of lipid-
derived products. Another contrast between the microalgae
and sewage sludge compared with the pine product is the
elevated level of nitrogen and sulfur present in the microalgae
and sewage sludge biocrudes. Nitrogen and sulfur in the
microalgae and sewage sludge raw biocrudes are 20—30 times
greater compared with pine due to the presence of proteins
and, in the case of sulfur, polar lipids within the microalgae and
sewage sludge feed materials. As proteins and carbohydrates
degrade during HTL, N-heterocycles form through Maillard
reactions.*®

With hydrotreatment, all three biocrudes showed similar
changes in their respective bulk properties. An increase of the
carbon content (77—83 to 84—87%) and hydrogen content
(6.7—11 to 11—15%) in the hydrotreated oils was observed

(i.e., generation of pure hydrocarbons and others with reduced
heteroatom content). A concurrent decrease in nitrogen
(0.18—5.5 to <0.5%), oxygen (3.1—10 to 1.2—2%), and sulfur
(<0.03—0.63 to <SO ppm) content indicated successful
hydrodenitrogenation, hydrodeoxygenation, and hydrodesulfu-
rization for all hydrotreated biocrudes. The density, viscosity,
and moisture content of the hydrotreated biocrudes are lower
than that of the raw biocrudes. Overall, the bulk property
changes due to upgrading cause the hydrotreated biocrudes to
have more in common with liquid petroleum liquid fuels and
make them a more viable alternative fuel blendstock for
refinery feedstock compared to their raw counterparts.
Simulated Distillation and GC-MS of Hydrotreated
Biocrudes. Simulated distillation (Figure 1) and GC-MS
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Figure 1. Simulated distillation profiles of the hydrotreated biocrudes

from pine, microalgae, and sewage sludge feedstocks with a diesel QC
sample included for comparison.

(Figure 2) of the hydrotreated samples again illustrate the
general similarity of the Chlorella sp. microalgae and sewage
sludge products and the contrast with the pine sample. From
35 to 260 °C, the distillation traces of all three products are
relatively similar, which reflects the commonality of the
naphthenic-rich light fractions in each sample. All three
samples contain alkyl-substituted cycloalkanes with some
open-chain hydrocarbons and alkyl benzenes also present.
Above 260 °C, the amount of material distilled increases
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Figure 2. GC-MS of the hydrotreated pine (a), microalgae (b), and sewage sludge (c) biocrudes.
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spectra.

sharply for the microalgae and sewage sludge products. The
greatest proportion of material distilled between 260 and 350

°C for the microalgae and sewage sludge products derives from
the high concentration of normal (n-) C15—C18 alkanes, from
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lipids in the microalgae and sewage sludge feeds (which are
shown by GC/MS to be primarily C16 and C18 lipids). The
higher concentration of even-carbon number alkanes within
the hydrotreated microalgae biocrude shows a preference for
the complete reduction of the carboxyl group (i.e., loss of 2
carbons) over decarboxylation reactions (i.e., loss of 1 carbon).
In contrast, whereas some n-C16 to n-C18 alkanes are present
in the hydrotreated pine bio-oil, the concentration is lower
overall compared to that of microalgae and sludge due to the
low lipid content of the pine feedstock. Furthermore, a wider
diversity of higher boiling compounds is present in the pine
biocrude, as illustrated by the elevated baseline observed from
4.5 to 16 min retention time. The smooth simulated distillation
profile for the hydrotreated pine biocrude also suggests the
presence of a wide diversity of compounds. In contrast, the
sharp increase in the sample recovered for the microalgae and
sewage sludge illustrates the higher concentration of fewer n-
alkanes. For the hydrotreated pine material, many of the
compounds in the diesel boiling range are multicyclic and, in
some cases, aromatic as determined by GC-MS. However, GC-
MS can only show the composition of volatile, low molecular
weight compounds; for example, FT-ICR MS has been
employed to give a more detailed picture of the nonvolatile,
higher molecular weight species present within the raw and
hydrotreated HTL biocrudes.

FT-ICR MS Analysis. Pine Biocrude. The heteroatom class
distributions derived from the (+) APPI mass spectra of raw
and hydrotreated pine HTL biocrude are shown in Figure 3a.
The species present within the raw pine biocrude range from
0,9 and N,0, o, with each individual class consisting of
<12% of the total relative abundance. During upgrading,
deoxygenation reactions convert the high-oxygen-containing
species from the parent biocrude to a more desirable product
that is dominated by hydrocarbons (>65% relative abundance

as measured by APPI FT-ICR MS) and contains <6% each of
0,, O,, and N, species.

The mass scale expanded segments at m/z 400 within the
(+) APPI mass spectra of raw and hydrotreated pine biocrudes
help visualize the change that occurs to the raw biocrude due
to hydrotreatment (mass spectral peak assignments can be
found in Table S1). Of the 30 peaks present at m/z 400 (>100
rms noise) within the raw biocrude, 19 of them are
representative of O, species and 12 are representative of
nitrogen-containing species (Figure 3b, top). Upon upgrading,
the total peaks present at m/z 400 (>100 rms noise) dropped
to 17. The most abundant peaks correspond to hydrocarbon
species (S in total) that were not present in the raw pine
biocrude. Most of the abundant nitrogen-containing species
from the raw biocrude have been converted to other
compounds and are not present within the hydrotreated
biocrude. The hydrotreated biocrude mass spectrum also
contains several peaks representative of O, species. Most of
these peaks (O, species) were present in the raw biocrude but
are now present in lower relative abundance in the upgraded
oil. Finally, the hydrotreated biocrude contains a few
compounds that are representative of sulfur-containing
compounds that were not present in the raw biocrude. It is
difficult to determine if these peaks were generated during the
hydrotreatment process or if they were present in the raw
biocrude, albeit at concentrations below our limit of detection.

The isoabundance-contoured plots of DBE versus carbon
number plots for various species from the raw and hydro-
treated pine biocrude show compositional change due to the
upgrading (Figure 4). The abundance (z-axis) for each of these
plots is scaled to the most abundant species in each mass
spectrum to illustrate which compounds are the dominant
species observed in each sample. The raw biocrude shows
several O, species at high relative abundance, with the O;_,
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biocrude (+) APPI mass spectra.

classes each containing >5% relative abundance of all the
species identified in the (+) APPI mass spectrum. The O, and
hydrocarbon (HC) species are not abundant (<2%). In
contrast, the hydrotreated pine biocrude APPI FT-ICR mass
spectrum is dominated by hydrocarbon compounds that are
substantially more abundant than the few N;, O}, and O,
species that remain in the hydrotreated oil.

The hydrocarbon compounds in the raw pine biocrude
range from Cg 3, and DBE 5—20, whereas the hydrocarbon
species within the hydrotreated biocrude range from C, -,
and DBE 6—40. Thus, comparison of the compositional space
(C# and DBE) of the hydrotreated biocrude to that of the
parent raw biocrude shows that most of the species within the
HC class are new species generated through deoxygenation
reactions. Additionally, the hydrotreated biocrude shows the
creation of N species that are not present in the raw biocrude.
The hydrotreated O, species exist over a larger compositional
space (i.e,, Ci6_¢s and DBE 6—36) than the species from the
raw biocrude (i.e., C;;_3; and DBE 3—22), with most of the
new species having more aromatic character (DBE > 4) than
the species in the raw biocrude. Finally, the lower abundance
of the O, species and the higher abundance of the HC species
in the hydrotreated oil compared to the higher abundance of
the O, species (and higher O, species) and lower abundance of
the HC species in the raw biocrude demonstrates that the
majority of species within the raw biocrude have been
converted to pure hydrocarbons.

Microalgae Biocrude. The heteroatom class distributions
derived from the (+) APPI mass spectra of raw and
hydrotreated microalgae biocrude show the changes within
the heteroatom classes due to upgrading (Figure Sa). Prior to
hydrotreatment, the raw microalgae biocrude is composed
mainly of nitrogen-containing classes ranging from N;_O,_,.
None of the heteroatom classes contains >10% of the total
relative abundance. However, after hydrotreatment, the
biocrude contains mostly HC (~29%) species. The hydro-
treated oil also contains O;, O,, and O, species in >5% relative
abundance compared to the <1% relative abundance of these

species in the untreated biocrude. Interestingly, the hydro-
treated oil contains Oj species, which are not present in the
raw biocrude and were most likely generated during upgrading.
Additionally, the hydrotreated oil contains N;,_,0,_, species,
although in <1% relative abundance.

An analysis of the change in observed species at m/z 400 for
the (+) APPI mass spectra of the raw and hydrotreated
microalgae biocrude demonstrates the reduction in mass
spectral complexity that accompanies upgrading (Figure Sb).
The raw algae biocrude contains 44 peaks (>106 rms noise) at
m/z 400. Most of these peaks (37) belong to nitrogen- and
nitrogen/oxygen-containing species. Within this region, only
four peaks within the raw biocrude are representative of O,
species and another three belong to sulfur-containing species.
In contrast, the hydrotreated oil only contains 11 peaks at m/z
400. Upon hydrotreatment, the number peaks representative of
nitrogen- and nitrogen/oxygen-containing species is reduced
to a single peak within this selected mass range. Six new peaks,
which belong to hydrocarbon species, are now seen at m/z
400, indicative of hydrodenitrogenation to generate hydro-
carbon species. Additionally, the hydrotreated oil contains four
peaks which correspond to O, species, with the peak at m/z
400.35030 (C,3H,,0,"C,) being the most abundant and also
present in the raw biocrude.

Figure S1 contains the isoabundance-contoured plots of
DBE versus carbon number for the Ny_,O,_; species derived
from the (+) APPI mass spectrum of raw microalgae biocrude.
These plots are normalized to the most abundance species
within each class to allow for easier visualization of the
compositional space coverage of each class. Due to the higher
nitrogen content of the algae feed, there are more species
present in the nitrogen-containing classes from the raw
biocrude than in the O, classes. Most of the nitrogen-
containing species range from C,y_4 and DBE 1-25.
Additionally, the species become more aromatic as the number
of nitrogen atoms per molecule increases.

Conversely, the isoabundance-contoured plots of DBE
versus carbon number for various classes from the hydro-
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Figure 6. (a) Heteroatom class distributions derived from the (+) APPI mass spectra of the raw (solid) and hydrotreated (stripes) biocrude from
sewage sludge feedstock. (b) Mass scale expanded segment at m/z 400 within the raw (solid, top) and hydrotreated (stripes, bottom) sewage

sludge biocrude (+) APPI mass spectra.

treated microalgae biocrude show vastly different composi-
tional space coverage compared to the raw biocrude (Figure
S2). The blue outlines portray the limits of compositional
space coverage present in the raw biocrude overlaid on the
plots from the hydrotreated oil for ease of comparison. For all
of the nitrogen-containing species, the compositional space
covered by the species within the upgraded oil is greatly
reduced from the raw biocrude. In the hydrotreated oil, most
of the nitrogen-containing species from the raw biocrude have
been converted, and the few remaining nitrogen species range
from Cg_,, and DBE 1-1S5. This suggests that most of the
nitrogen-containing species have undergone hydrodeoxygena-
tion and hydrodenitrogenation reactions to generate other
species. Analysis of the DBE versus carbon number plots of the
HC and O,_; species in the hydrotreated algae oil compared to
that of the raw algae biocrude shows increased compositional
space coverage within each of these classes, indicative of the
generation of new species. Similar to the nitrogen-containing
species, several of the new O, species are less alkylated than the
original species present within the raw algae biocrude;
however, the O, , species also contain a high relative
abundance of new species which range from C;,_5, and DBE
1-6, consistent with carboxylic, hydroxy, and dicarboxylic
acids. Interestingly, the largest change in compositional space
coverage occurs within the HC and O, classes. In the raw
microalgae biocrude, these classes contain only a few
compounds (mainly C;5, C,3, and C,3 and DBE 2-10).
However, in the hydrotreated algae biocrude, the HC species
range from Cj, 4 and DBE 3—40 and the O, species range
from C;y_5o and DBE 1-35. Most of these new species
generated during hydrotreatment are significantly more
aromatic than the HC and O, species from the raw algae
biocrude and possibly form from polymerization reactions.
Sewage Sludge Biocrude. The heteroatom class distribu-
tions derived from the (+) APPI mass spectra of raw and
hydrotreated sewage sludge biocrude show change due to
upgrading (Figure 6a). Prior to hydrotreatment, the raw
biocrude shows HC and N,_,Oy_s species, with all of the

classes consisting of <8% of the total relative abundance. After
hydrotreatment, the resulting oil consists mainly of hydro-
carbon species (~40% relative abundance). The hydrotreated
biocrude also contains a significant amount of N, species
(~15%) with the O,_,, N;O,_, and N,0O,_; species each
contributing <2% to the total relative abundance. These results
suggest that the higher nitrogen- and oxygen-containing
compounds present within the raw biocrude have undergone
deoxygenation and denitrogenation reactions to generate
molecules with lower heteroatom content as expected.

The mass scale expanded segments at m/z 400 for the (+)
APPI mass spectra of raw and hydrotreated sewage sludge
biocrudes depict compositional change that occurs due to
hydrotreatment (Figure 6b). The biocrude contains 38 peaks
(>100 rms noise) at m/z 400, 33 of which belong to nitrogen-
containing species, 4 that belong to O, species, and 1 which
corresponds a sulfur-containing species. In contrast, the
hydrotreated biocrude only contains four peaks (>100 rms
noise) at m/z 400. Of these five peaks, four belong to
hydrocarbon species which were not present in the raw
biocrude and the other corresponds to an O, compound that is
present within raw biocrude, as well.

Figure S3 contains the isoabundance-contoured plots of
DBE versus carbon number for the N,_,O,_; species derived
from the (+) APPI mass spectrum of raw sewage sludge
biocrude. These plots are normalized to the most abundance
species within each class. Similar to what is observed for the
raw microalgae biocrude, there are more species present in the
nitrogen-containing classes from the raw sewage sludge
biocrude than in the O, classes due to the high nitrogen
content of the feed. Most of the nitrogen-containing species
range from Cjy_4) and DBE 1-30 and are progressively more
aromatic as the number of nitrogen atoms per molecule
increases.

Alternatively, the isoabundance-contoured plots of DBE
versus carbon number for various classes from the hydro-
treated sewage sludge biocrude show different compositional
space coverage compared to the raw biocrude (Figure S4).
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Figure 7. Isoabundance-contoured plots of DBE versus carbon number for the HC, N, and O,_, species derived from the (+) APPI mass spectra
of the hydrotreated microalgae (left, green) and sewage sludge (right, red) biocrudes. Plots are scaled to the most abundant peak in the mass

spectrum.

Similar to the trends seen in the upgraded microalgae
biocrude, the majority of the nitrogen-containing species
present at higher carbon numbers and DBE values in the raw
biocrude are not observed, and the few remaining compounds
range from C,y_,y and DBE 1—185. The compositional space of
the O,_; species does not change significantly between the raw
and upgraded biocrude, ranging from C5_,, and DBE 1-185.
In contrast to the hydrotreated microalgae biocrude, the HC
and O, species in the hydrotreated sewage sludge biocrude do
not extend to high DBE values and contain overall aromaticity
similar to that of the species from the other classes within the
hydrotreated oil.

Comparison of Hydrotreated Biocrudes. The isoabun-
dance-contoured plots of DBE versus carbon number for HC,
N,, and O,_, classes from the hydrotreated microalgae (left,
green) and sewage sludge (right, red) biocrudes normalized to
the most abundant species in the each spectrum are shown in
Figure 7 for direct comparison of the most abundant classes
from each hydrotreated biocrude. Both the hydrotreated algae
and sewage sludge biocrudes are dominated by hydrocarbon
species. However, the HC species present within the algae
biocrude (DBE 3—40) are much more aromatic than the HC
species present in the sewage sludge biocrude (DBE 3—20).
More aromatic O, species are also present in the hydrotreated
microalgae biocrude (DBE 1—35) relative to the sewage sludge
biocrude (DBE 1—15). The more aromatic HC and O, species
within the hydrotreated microalgae biocrude could suggest that
polymerization or condensation reactions are more prevalent
during the hydrotreatment of algae biocrudes than sewage
sludge biocrudes. On the other hand, the hydrotreated sewage
sludge contains a higher relative abundance and variety of N,
species than the upgraded microalgae biocrude. The
generation of more N, species during the hydrotreatment of
the sewage sludge biocrude could indicate a higher occurrence

of cracking reactions over polymerization reactions. In general,
the O,_, species within the microalgae and sewage sludge
biocrude cover similar compositional space, ranging from Cg_,
and DBE 1-20; however, these species appear to be more
abundant in the hydrotreated algae biocrude, possibly due to
more polymerization reactions.

The hydrotreated HC and O, species in the pine biocrude
(HC = Cy4_74 DBE 6—40; O, = Cy4_¢, DBE 6—36) cover a
compositional space that is more similar to the hydrotreated
microalgae biocrude (HC = C;3_gp, DBE 3—40; O; = Cyy_gq,
DBE 1-35) than the hydrotreated sewage sludge biocrude
(HC = Cy3_30, DBE 3-18; O, = Cy,_3,, DBE 2-16), which
exhibit aromatic compounds (DBE > 20) (Figure SS).
Interestingly, the HC species within the hydrotreated micro-
algae biocrude appear to consist of at least two separate
distributions (i.e., DBE ~ 3—20 and DBE ~ 25—40), whereas
the HC species within the hydrotreated pine biocrude
constitute a single continuous distribution of species from
DBE 6 to DBE 40. Possibly the HC species within the
microalgae biocrude are generated from degradation of
different types/structures of compounds with differing degrees
of aromaticity, whereas the HC species within the pine
biocrude are generated from more similar structures (e.g,
lignin) and result in the more compositional similar HC
species. The existence of different core structures within the
hydrotreated microalgal and pine biocrudes is further
corroborated by the presence of nonaromatic species (DBE
< 4) within the microalgae biocrudes that are not present
within the pine biocrude. Overall, the hydrotreated pine
biocrude has a more aromatic character than either the
hydrotreated microalgae or sewage sludge biocrudes, most
likely due to the higher lignin and starch content of the
lignocellulosic feed and the higher lipid content of the
microalgae and sewage sludge feeds.
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Comparison of Hydrotreated HTL Biocrudes to
Petroleum. The isoabundance-contoured plots of DBE versus
carbon number for HC and N, species derived from the (+)
APPI mass spectra of the hydrotreated pine (left), microalgae
(middle), and sewage sludge (right) biocrudes are shown in
Figure SS. These plots are normalized to the most abundant
species in each spectrum. Overlaid on the DBE versus carbon
number plots are the outlines of the compositional space
covered by Gulf of Mexico (GOM) crude oil (red) and shale
oil (green). A majority of hydrocarbon species present within
the hydrotreated pine oil lie within the compositional space
covered by the GOM crude oil. The major differences between
the compositional space coverage of HC species within the
sediment-derived oils and hydrotreated pine biocrude are (1)
the hydrotreated pine biocrude contains fewer carbon numbers
per any given DBE (i.e., less alkylated); (2) the hydrotreated
pine biocrude contains less alkylated, more condensed core
structures (i.e, compounds that lie to the left of the outlines
and closer to the polyaromatic hydrocarbon (PAH) planar
limit); and (3) the hydrotreated pine biocrude contains species
with more aromaticity than seen in the organic-sediment
derived oils (i.e., compounds above the outlines at higher DBE
values). The HC species within the hydrotreated microalgae
biocrude are less alkylated, more condensed, and more
aromatic than sediment-derived oils. In contrast, the HC
species within the hydrotreated sewage sludge biocrude are not
as aromatic as HC species from the biomass-derived sources,
containing less aromaticity than the GOM crude oil and similar
aromaticity as the shale oil. Overall, the HC species within the
upgraded sewage sludge biocrude cover similar compositional
space as the shale oil but with slightly less alkylation (i.e., fewer
carbon numbers per DBE value).

The N, species within the hydrotreated pine biocrude also
follow similar trends as the HC species, with less alkylated,
more condensed, and more aromatic compounds relative to
the organic sediment-derived oils (Figure SS). However, the
N, species from the hydrotreated microalgae and sewage
sludge biocrude cover a much less diverse compositional space
than either the upgraded pine biocrude or the organic
sediment-derived oils, with species of relatively low carbon
number (<30) and DBE values (<20).

The O, and O, species from the hydrotreated pine biocrude
and the O, species from the hydrotreated microalgae biocrude
also contain compounds which are less alkylated, more
condensed, and more aromatic relative to the species from
the organic sediment-derived oils (Figure S5). The O, species
from the hydrotreated sewage sludge biocrude are less diverse
than the GOM crude oil, ranging from C,,_;, and DBE < 20,
and contain lower carbon numbers than seen in the shale oil.
The O, species from the hydrotreated algae and sewage sludge
biocrudes contain compounds with DBE values lower than
those seen in the organic sediment-derived oils. The
nonaromatic O, species (i.e, DBE < 4) are more dominant
in the microalgae and sewage sludge biocrudes due to their
higher concentrations in these samples relative to the organic
sediment-derived oils, in which the aromatic O, species are
highlighted by (+) APPL

B CONCLUSION

Hydrotreatment of raw pine, microalgae, and sewage sludge
biocrudes shows changes in bulk properties (ie. increased
hydrogen content, decreased nitrogen, oxygen, sulfur, and
moisture content, and lower density and viscosity) that prove

that hydrodenitrogenation, hydrodeoxygenation, and hydro-
desulfurization reactions occurred to create more desirable
products. Furthermore, GC-MS analysis of the hydrotreated
biocrudes show that all three samples contain alkyl-substituted
cycloalkanes with some open-chain hydrocarbons and alkyl
benzenes also present. The hydrotreated microalgae and
sewage sludge biocrudes show a greater concentration of n-
alkanes, whereas the hydrotreated pine biocrude shows a lower
concentration of n-alkanes and an overall larger diversity of
compounds.

FT-ICR MS analysis reveals that raw pine biocrude is
dominated by O, species, whereas raw microalgae and sewage
sludge biocrudes are dominated by N,O, species. After
hydrotreatment, (+) APPI mass spectra of all three biocrudes
show a significant reduction in mass spectral complexity (i.e.,
loss of O, N, and N,O, species) and a corresponding
emergence of novel hydrocarbon species within the upgraded
oils. Compositional space analysis of the raw and hydrotreated
biocrude reveals the loss of higher (>2) heteroatom-containing
species and the concurrent generation of hydrocarbon and
lower heteroatom-containing species upon hydrotreatment,
indicative of the species with the raw biocrudes undergoing
hydrodeoxygenation, hydrodenitrogenation, and hydrodesulfu-
rization reactions. Compared to organic sediment-derived oils,
the hydrocarbons in all three hydrotreated biocrudes show
reduced compositional complexity exhibited by less alkylated,
more condensed core structures. The hydrocarbons within
hydrotreated microalgae and sewage sludge biocrudes are more
compositionally similar to shale oil, whereas hydrocarbons
within the hydrotreated pine biocrude are more composition-
ally similar to a Gulf of Mexico crude oil.

Bulk property analyses, simulated distillation, GC-MS, and
FT-ICR MS analysis of pine, microalgae, and sewage sludge
biocrudes show striking similarities between the microalgae
and sewage sludge biocrudes, which are often in contrast to the
pine biocrude. The similarities between the microalgae and
sewage sludge biocrudes can be attributed to higher
concentrations of lipids, proteins, and cellulose in the feeds
relative to the pine biocrude, which has a higher concentration
of lignin and lower concentration of lipids.
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