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A B S T R A C T

Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR MS) is utilized for direct comparison of
the chemical composition of biocrudes generated from the hydrothermal liquefaction of 100% pine, 100% algae,
75:25 pine:algae, and 50:50 pine:algae feedstocks. This analysis reveals that the composition of the 72:25 and
50:50 pine:algal HTL biocrudes is essentially a composite of the two parent feeds (i.e., pine and algae) with a
lower relative abundance of Ox species and a higher relative abundance of nitrogen-containing species than the
pine HTL biocrude. Alternatively, the biocrude blends have a lower relative abundance of nitrogen-containing
species where N > 2 than the algal HTL biocrude. The 75:25 pine:algal HTL biocrude has more elemental
formulae in common with the pine HTL biocrude than the 50:50 blend; however, both blends have more ele-
mental formulae in common with the algal HTL biocrude. Interestingly, > 20% of the elemental formulae as-
signed to monoisotopic peaks within the 75:25 and 50:50 biocrude blends are species not present in either the
pine or algal HTL biocrudes. The highest relative abundance of these new species belong to the N2O4-6 classes,
which correspond to heteroatom classes with a moderate number of nitrogen atoms and higher number of
oxygen atoms per molecules than the species within the pure algal HTL biocrude. Compositionally, the novel
species have the same structural motif but are of higher DBE and carbon numbers than the species within the
algal HTL biocrude. These original species are most likely generated from reactions between molecules from
both feeds, which results in compounds with higher oxygen content than typically seen in the algal HTL biocrude
but also higher nitrogen contents than observed in the pine HTL biocrude.

1. Introduction

Hydrothermal liquefaction is an effective process for conversion of
wet biomass feedstocks to oil [1–3]. Among feedstock choices, micro-
algae has been studied as an HTL candidate feed through the recent
interest in that material for biofuel development [4–8]. Harvested algal
cultures are well-suited as HTL feedstock because they do not require
significant sample preparation, can contain relatively high lipid content
and additional water is not needed to generate a pumpable slurry [1].

Nonetheless, the availability of algal biomass for biofuel production
is limited by seasonal harvest variability (among other cultivation
challenges), with higher summer productivity than that of winter [3].
Techno-economic analysis reveals that the under-utilization of equip-
ment during winter results in significant costs penalties for production
economics [3]. In fact, feedstock costs limit the viability of commercial-
scale HTL biocrude production regardless of feedstock and single

biomass sources are not available in sufficient quantity to support a
large-scale HTL operation, let alone a cost-effective upgrading unit.

Mixed-biomass HTL addresses feedstock supply limitations and al-
lows for development of regionally significant biomass sources. The use
of multiple biomass sources provides a means to tailor feedstock com-
position to maximize throughput and mitigate production issues.
Hydrothermal liquefaction of mixed microalgal species and/or micro-
algae mixed with other biomass has been shown to improve the eco-
nomic prospect of HTL operations [9]. Chen et al. generated HTL bio-
crude from mixed swine mature/algae blends to determine the
feasibility of mixed feeds [10]. The abundant nutrients within swine
manure were used to enhance the growth of algae and co-liquefaction
was determined to be economically advantageous [10]. Brilman et al.
studied the co-liquefaction of microalgae, wood, and sugar beet pulp
[11]. Similarly, Madsen et al. preformed quantitative analysis on
composition of HTL biocrudes from lignocellulosic, macroalgae,
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microalgae, residues, and mixtures of the later [12]. Results from both
studies show that biocrudes generated from mixed lignocellulosic/mi-
croalgal feedstocks differed from the calculated values (linear average
for neat feeds) and suggest the need for further research on the co-
liquefaction of mixed feeds [11,12].

Here, Pacific Northwest National Laboratory (PNNL) has generated
several HTL biocrudes from a mixture of pine waste and microalgal
feedstocks in variable ratios to determine the yields and biocrude
quality that result from HTL of mixed lignocellulosic/algal feedstock.
We utilize one of the most advanced mass spectrometers in existence, a
custom-built 9.4 Tesla Fourier transform ion-cyclotron resonance mass
spectrometer (FT-ICR MS) at the national FT-ICR user facility at the
National High Magnetic Field Laboratory, to map compositional dif-
ferences for HTL biocrudes generated from 100% pine, 100% algae,
75:25 pine:algae, and 50:50 pine:algae feeds. The FT-ICR MS analysis
identifies thousands of compounds simultaneously within complex
mixtures [13] and has been successfully applied to the analysis of HTL
biocrudes from various feedstocks [5,14–21]. In general, FT-ICR MS
analysis of biocrudes generated from lignocellulosic sources reveal
oxygenated species (degradation of carbohydrates) are present in the
highest relative abundance whereas biocrudes generated from algal
sources contain higher relative abundances of nitrogen-containing
species (degradation of protein) [5,14–20]. To our knowledge, this
study represents the first analysis of mixed lignocellulosic/algal feeds
by FT-ICR MS. Ultimately, the detailed molecular fingerprint of each
mixed feed biocrude allows direct comparison of chemical composition
for biocrudes derived from different feed make-up and can be used to
predict and determine upgrading strategies and decipher thermo-
chemical processes with occur during the HTL process.

2. Methods

2.1. Biocrude production

Biocrude samples were prepared using bench-scale, continuous HTL
process equipment that has been previously described [2]. The 50:50
pine:algae and 100% algae tests used a system configuration with tube-
in-tube plug-flow reactors only. The continuous stirred tank reactor
(CSTR) was bypassed. For the 100% pine test, the CSTR was added
between the preheater and main tubular reactor as insurance against
plugging in the main reactor but the feed was heated to 320 °C in the
tubular preheater at a high axial velocity. This was a proof-of-principle
test of axial velocity as a means of preventing plugging during heating
of a lignocellulosic feedstock from ambient to reaction temperature.
The 75:25 pine:algae test used a configuration with a tube-in-tube re-
actor for feed preheating, but the reaction time at temperature was
accomplished in a 1-L CSTR. The target reaction temperature for all
tests was 350 °C at a pressure of 20MPa to maintain the water in a
condensed liquid phase. The biocrude samples were recovered as a
gravity-separable organic phase from the largely aqueous product, no
solvents were used for product recovery. Feedstock properties and HTL
processing conditions are summarized in Table 1. The pine feedstock
obtained from Idaho National Laboratory was a wood flour that was
free of bark and branches and was milled to<0.5mm. Chlorella sp.
feedstock was obtained in a dried form from Global Algae Innovations
(http://www.globalgae.com). The feedstock blend ratios were calcu-
lated on dry, ash-free (daf) mass basis. The 100% pine feedstock slurry
contained 1 wt% Na2CO3 as a buffer. The 50:50 pine:algae blend was
prepared using excess pine slurry with dried algae flakes and DI water.
Thus, the 50:50 pine:algae feedstock contained 0.6 wt% Na2CO3 in the
final slurry. The 75:25 pine blend was prepared from dried pine and
algal feedstock and no carbonate was added. The target concentration
for dry, ash-free (daf) solids in the two blends was 15 wt%. The 100%
pine feedstock solids concentration was constrained by conservative
estimates of pumpability and the 100% algal feedstock concentration
was prepared to meet a nominal target for algal feedstocks of 20 wt%

solids (daf).

2.2. Analysis of biocrude properties

Elemental analyses for feed, liquid, and solid phases were performed
using ASTM D5291/D5373 (for carbon, hydrogen and nitrogen), ASTM
D5373, modified (for oxygen), and ASTM D1552/D4239 (for sulfur). In
biocrude oil samples, moisture was determined by the Karl Fischer
technique using Method ASTM D6869, Total Acid Number (TAN) was
measured following ASTM D3339, the percentage of filtered oil solids
was 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.

2.3. Sample preparation for FT-ICR MS

Biocrudes were dissolved in 1:1 chloroform:methanol (HPLC grade,
JT Baker, Phillipsburg, NJ) to create 1mg/mL stock solutions. Final
samples were further diluted in methanol (HPLC grade, JT Baker,
Phillipsburg, NJ) to 250 µg/mL with either 1% formic acid (Fluka
Analytical, St. Louis, MO) for positive-ion electrospray ionization (ESI)
or 0.0625% (v/v) tetramethylammonium hydroxide (TMAH) solution
(25 wt% in MeOH, Acros Organics, Fair Lawn, NJ) for negative-ion ESI.
For positive-ion atmospheric pressure photoionization (APPI), stock
solutions were diluted to a final sample concentration of 100 µg/mL in
90:10 methanol:toluene (biocrudes).

2.4. Ionization

For electrospray ionization, a syringe pump delivered the dilute
sample solutions to a microelectrospray ionization source at a rate of
0.5 µL/min. Voltage (∼2 kV) was applied to the ESI needle for elec-
trospray. Atmospheric pressure photoionization was performed with an
Ion Max APPI source (ThermoFisher Corp., San Jose, CA). Samples were
introduced to the source through a fused silica capillary at a rate of
50 μL/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 (N2) and is passed under a
krypton VUV lamp producing 10 eV photons (120 nm), thus allowing
photoionization to occur at atmospheric pressure. Toluene was added to
the samples to increase ionization efficiency through dopant-assisted
photoionization.

Table 1
Feedstock properties and processing conditions.

Property Units 100% Pine 75:25
Pine:Algae

50:50
Pine:Algae

100%
Algae

C wt% 47.5% 49.4% 46.5% 47.0%
H wt% 5.9% 6.1% 6.2% 6.6%
O wt% 41.4% 35.3% 35.5% 27.0%
N wt% 0.2% 2.1% 3.5% 6.3%
S wt% 0.00% 0.20% 0.29% 0.55%
Dry solids wt% 11.2% 15.3% 16.3% 22.1%
Ash in dry

solidsa
wt% 14.3%a 5.2% 9.6% 14.1%a

Dry, ash-free
solids

wt% 9.6% 14.5% 14.7% 19.0%

Feed rate L/h 5.985 1.500 1.995 2.042
LHSV L/L/h 5.2 1.5 4.0 4.1
Sample Period h 0.67 3.0 0.67 4.0
Temperature °C 347 346 345 340
Pressure MPa 19.9 19.4 20.5 20.4

a Ash in as-prepared pine feedstock is primarily added Na2CO3. The ash content in the
pine flour is 0.65 wt% on a dry basis.
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2.5. Mass spectrometry

Samples were analyzed with a custom-built 9.4 T Fourier transform
ion cyclotron resonance mass spectrometer [22]. Data collection was
facilitated by a modular ICR data acquisition system (PREDATOR) [23].
Ions generated at atmospheric pressure were introduced into the mass
spectrometer via a heated metal capillary. Ions were guided through the
skimmer region (∼2 torr) and allowed to accumulate in the first octo-
pole (rf-only) for ESI [24]. Ions were sent through the quadrupole (mass
transfer mode) to a second octopole where the ions were collisionally
cooled for 1ms with helium gas (∼4–5×10−6 torr at gauge) before
passage through a transfer octopole to the ICR cell (open cylindrical
Penning trap [25]). For APPI, ions were allowed to pass directly
through the first octopole and quadrupole for accumulation in the
second octopole prior to transfer to the ICR cell.

Fifty individual time-domain transients were co-added, Hanning-
apodized, zero-filled, and fast Fourier transformed prior to frequency
conversion to mass-to-charge ratio [26] to obtain the final mass spec-
trum. For positive- and negative-ion ESI, time domain length was 7 s,
which results in mass resolving power of ∼1.2M at m/z 400 in mag-
nitude mode. For positive-ion APPI, the magnitude mode resolving
power was ∼8M (m/z 400, 4.6 s time-domain transient length).

2.6. Data analysis and visualization

Data were analyzed and peak lists generated with PetroOrg© soft-
ware [27]. Internal calibration of the spectrum was based on homo-
logous series whose elemental compositions differ by integer multiples
of 14.01565 Da (i.e., CH2) [28].

Data are visualized by relative abundance histograms for het-
eroatom classes with a sum greater than 1% relative abundance and
from isoabundance-contoured plots of double bond equivalents
(DBE=number of rings plus double bonds to carbon) vs. carbon
number for members of a single heteroatom class. The relative abun-
dance scale in isoabundance-contoured plots is scaled relative to the
most abundant species in that class. For APPI data, radical and proto-
nated compounds are plotted together, with the neutral molecular
formula represented and its corresponding relative abundance is a
summation of the radical and protonated ions.

2.7. Multivariate statistical analysis

Principal component analyses (PCA) was performed with
PetroOrg© software [27]. The deconvolution method applied was the
nonlinear iterative partial least squares (NIPALS) algorithm [29]. The
sum of the relative abundances for all the heteroatomic classes were
entered as variables in the input data matrix. Zero-filling was applied to
the matrix for missed variables [30].

3. Results and discussion

3.1. Biocrude yield, composition, and properties

Each of the HTL tests yielded gravity-separable biocrude and the
overall mass balance during the sampling window ranged from 99 to

105%. Table 2 contains mass and carbon yields with associated mass
balances. Reported yields are normalized to the mass balance percen-
tage, which is computed by the mass (overall or by element) of products
out divided by the mass of feed input. The highest yield is noted for the
50:50 pine:algal blend, with 0.46 g biocrude/g feed (dry, ash free). This
result suggests that blends may improve overall yields to products due
to the synergistic effect of amine chemistry on lignocellulosic biopoly-
mers. Further testing is necessary to confirm the result. The solvent
properties of cyclic nitrogen compounds formed from protein decom-
position are well known and may lead to enhanced liquefaction of the
pine feedstock [11]. In addition to enhanced liquefaction, nitrogen
nucleophiles (amines, amides, imides, cyano groups) from the algal
HTL processes are available to participate in condensation or sub-
stitution reactions with carbonyl or carboxyl groups from the pine
feedstock and thereby increase the net mass and complexity of the
formed biocrude. We discuss the observation of this type of addition,
specifically of one or more nitrogen atoms added to high oxygen-con-
taining structures, below and in the mass spectrometry results section.

Biocrude elemental compositions and properties are given in
Table 3. With increased proportion of algae, the biocrude molecular
oxygen content decreases while molecular nitrogen and sulfur content
both increase. The viscosity and density both decrease with increasing
algal content, with a significant decrease (10×) in viscosity observed
between the 50:50 pine:algae blend and 100% algae biocrude. For
100% pine and both blends, the density at 40 °C is greater than 1 g/cm3

and the biocrude was collected as the more-dense phase. Ash and fil-
terable solids both increase as algal content increases, which corre-
sponds to increased ash in the feedstock. The low amount of ash and

Table 2
Biocrude mass and carbon yields normalized to mass balance.

Property Units 100% Pine 75:25 Pine:Algae 50:50 Pine:Algae 100% Algae

Material balance and normalized yields
Biocrude Mass Yield (N) gbiocrude/gfeed(daf) 0.33 0.33 0.46 0.43
Overall Mass Balance % 100% 105% 99% 101%
C Yield to Biocrude (N) gC,biocrude/gC,feed(daf) 0.58 0.53 0.66 0.60
C Mass Balance % 91% 98% 103% 106%

Table 3
Biocrude composition and properties.

Property Units 100% Pine 75:25
Pine:Algae

50:50
Pine:Algae

100%
Algae

Elemental compositions on a dry biocrude basis
C wt% 83% 82% 80% 79%
H wt% 6.7% 8.6% 9.4% 10.6%
O wt% 10.0% 6.3% 5.8% 3.7%
N wt% 0.2% 2.8% 3.8% 5.5%
S wt% 0.0% 0.2% 0.2% 0.6%
H:C ratio mol

H:mol C
0.97 1.25 1.39 1.60

%Nbiocrude:%
Nfeed

ratio 1.19a 1.37 1.10 0.88

HHV MJ/kg 35.9 38.1 38.5 39.6

Properties and composition on a whole (wet) biocrude basis
TAN mgKOH/

goil
53 52 56 53

Density @
40 °C

g/cm3 ∼1.10b 1.08 1.05 0.96

Viscosity @
40 °C

cSt ∼10,000b 8535 3241 295

Moisture wt% 16.9% 6.1% 6.3% 12.0%
Ash wt% 0.07% 0.00% 0.25% 0.47%
Filterable
solids

wt% 0.04% 0.01% 0.30% 0.36%

a Limited significance as both biocrude and feed have low levels of nitrogen.
b Density and viscosity for 100% pine biocrude was not measured as high viscosity

risked damage to the instrument. Values estimated from comparable historical samples.
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filterable solids in the 100% pine feedstock may be due to the added
sodium carbonate as the pine feedstock was otherwise free of ash. The
energy content of the fuel increases with increasing algal content as
measured by the H:C ratio and the calculated HHV [31]. Evidence for
the reaction of nitrogen functional groups with pine biocrude com-
pounds may be interpreted from the ratio of biocrude nitrogen content
to feedstock nitrogen content for each case. The blends have a higher
biocrude nitrogen content than their feedstocks. Algal biocrude ni-
trogen content is 88% of that of the algal feedstock. Biller and Ross [32]
reported a biocrude nitrogen/feedstock nitrogen ratio of 0.48–0.72 for
four species of algae. Leow et al. [33] reported a biocrude nitrogen/
feedstock nitrogen ratio 0.726 ± 0.194 for nannochloropsis cultured
to have varying biochemical compositions. For algal feedstocks, the
biocrude nitrogen content is found to be lower than that of the feed.
Since the pine:algae blends have a biocrude nitrogen/feedstock ni-
trogen ratio> 1, we propose that nitrogenous compounds from the
algae react with and are incorporated into compounds that are sub-
stantially derived from the liquefaction of pine.

3.2. Heteroatom distribution

Fig. 1 shows the heteroatom class distributions (> 1% relative
abundance) derived from positive-ion APPI FT-ICR mass spectra of
pine/algal HTL biocrude blends (i.e., 100% pine, 75:25 pine:algal,
50:50 pine:algal, and 100% algal). The pine HTL biocrude mass spec-
trum is dominated by O1-9 and N1O1-7 signals whereas algal HTL bio-
crude nitrogen-containing compounds range from N0-5O0-5 with N > 1
present in the highest relative abundance. Pine HTL biocrude has a
higher oxygen content (∼10wt%) and lower nitrogen content
(< 0.2 wt%) than the algal HTL biocrude (O < 4wt% and N > 5wt
%). For the blended feedstock oils, the heteroatom contents within
these biocrudes are chiefly a composite of the parent feeds (i.e., lower
oxygen and higher nitrogen content than the pine HTL biocrude and
higher oxygen and lower nitrogen contents than the algal HTL biocrude
(see Tables 1 and 3)) as illustrated by APPI-derived heteroatom class
distributions for 75:25 and 50:50 pine:algal HTL biocrudes. Compounds
observed for the 75:25 blend range from N0-4O0-9 whereas those of the
50:50 blend range from N0-5O0-7. The 75:25 blend has a higher relative

abundance of nitrogen-containing compounds where N < 2 and lower
relative abundance of nitrogen-containing compounds where N > 2
relative to the 50:50 blend, which is not unexpected given the nitrogen
contents of the feedstocks. Additionally, all the raw biocrudes contain a
low relative abundance (< 1%) of inherent hydrocarbon species due to
the high heteroatom content of the feeds. The hydrocarbon content of
the biocrudes can be increased through upgrading processes which
generate hydrocarbon species from the abundance of heteroatom-
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containing species. Overall, similar trends are observed for heteroatom
class distributions derived from the positive- and negative-ion ESI mass
spectra of the pine/algal HTL biocrude blends (Figs. S1 and S2).

3.3. Principal component analysis

Principal component analysis (PCA) was utilized to illustrate
abundance change for heteroatomic classes within the positive-ion APPI
mass spectra and to establish the relationship between pure and
blended feedstock biocrudes. The first and second principal components
(PC1 and PC2) from this analysis account for 99.4% of the total ex-
plained variance. The score plot of PC1 vs. PC2 (Fig. 2) demonstrates
the applicability of PCA to distinguish biocrude blend ratio. Note the
linear correlation observed mainly for the projection presented on PC1.
Biocrudes derived from feedstock with higher algal content have a
higher PC1 value, while the samples with higher pine contents have a
lower PC1 value. Similar to the findings of Brilman et al. [11], the
mixed pine:algal feeds show a higher proportion of algal-derived ma-
terials based upon their closer proximity to the neat algal biocrude than
the neat pine biocrude in PC1. Analysis of the loadings plot (Fig. S3)
reveals classes that are responsible for PC1 and PC2 trends. Classes at
the top, left quadrant (purple oval) are more dominant in the pine HTL
biocrude whereas classes in the top, right quadrant (green oval) are
more dominant in the algal HTL biocrude. Classes present in the bottom
quadrants are typically more dominant in the pine:algal blended bio-
crude (blue oval) with the relative abundance of the classes in pine
decreasing and the relative abundance of the classes in algal increasing
going to the right along PC1. In general, an increase in the relative
abundances of the N1O2-3 and N2O1-6 classes and a decrease in the re-
lative abundances of the O2-8 and N1O4-7 classes governs the trend in
PC1, whereas PC2 is governed by the opposite trends (i.e., increase in
O2-8 and decrease in N1O2-3 and N2O1-6).

3.4. Compositional space coverage

Differences in observed compositional space between the pine/algal
HTL biocrude are visualized by isoabundance-contoured plots of DBE
vs. carbon number for the members of the O3, N1O3, and N2O3 classes
(positive-ion APPI mass spectra, Fig. 3). The O3 species within the pine
HTL biocrude range from C11-49 and DBE 2-28 (outlined in red) whereas
the species within the algal HTL biocrude range from C16-46 and DBE 1-
9 (outlined in green). The 75:25 and 50:50 pine:algal HTL biocrudes are
a composite of the parent pine and algal HTL biocrudes with O3 species
ranging from C14-37 and DBE 1-21 in the 75:25 blend and from C14-47

and DBE 1-20 in the 50:50 blend. The 75:25 blend has more species in
common with the pine HTL biocrude (red outline) whereas the 50:50
blend has more of the low DBE, high carbon number species from the
algal HTL biocrude (green outlines). In total, the 75:25 blend has 269
and 87 O3 species in common with the pine HTL biocrude and algal HTL
biocrudes whereas the 50:50 blend has 238 and 101 O3 species in
common with the pine and algal HTL biocrudes.

Similar trends are observed for the N1O3 and N2O3 species from the
pine/algal HTL biocrude blends (Fig. 3). The N1O3 species range from
C15-48 and DBE 1-25, C13-50 and DBE 2-27, C14-54 and DBE 0-25, and C14-

56 and DBE 0-17 in the pine, 75:25 blend, 50:50 blend and algal HTL
biocrudes whereas the N2O3 species range from C18-33 and DBE 6-16,
C15-57 and DBE 5-31, C15-54 and DBE 2-27, and C14-62 and DBE 0-21 in
the same biocrude. In general, more algae added to the blend generates
species with higher carbon numbers and lower DBE values than the
species generated from the biocrude where pine is the only feedstock.
Again, the 50:50 blend has more species in common with the algal HTL
biocrude (green outline) than the 75:25 blend. In total, the 75:25 blend
has 349 and 301 N1O3 species and 54 and 337 N2O3 species in common
with the pine and algal HTL biocrudes whereas the 50:50 blend has 342
and 431 N1O3 species and 54 and 479 N2O3 species in common with the
pine and algal HTL biocrudes. Because the algal HTL biocrudes contain

greater average molecular nitrogen content and greater complexity, the
blends tend to appear compositionally more similar to the pine HTL
biocrude for species containing<2 nitrogen atoms per molecule and
more similar to the algal HTL biocrude for nitrogen-containing species
where N > 1.

3.5. Monoisotopic elemental formulae analysis

The distribution of monoisotopic elemental formulae assigned to the
positive-ion APPI mass spectra of pine/algal HTL biocrude blends is
represented by a Venn diagram in Fig. 4. The algal HTL biocrude is the
most complex (13,191 formulae) owing largely to high nitrogen and
oxygen content (Table 3) which provides additional variability in
composition. The pine HTL biocrude is the least complex (6,400 peaks)
and the 75:25 (11,198 peaks) and 50:50 (12,713 peaks) pine:algal
blends have complexities slightly lower than that the algal HTL bio-
crude. The composition of the 75:25 and 50:50 pine:algae biocrude
blends both show a higher proportion of algal-derived species than
pine-derived species – an observation that aligns with our PCA results
and with the observations of Brilman et al. [11]

Interestingly, > 20% of the elemental formulae assigned to either
blend are not present in either the pine or algal HTL biocrudes. The
75:25 pine:algal HTL biocrude has a higher number of elemental for-
mulae that are not present in the parent biocrude (3044) when com-
pared to the 50:50 pine:algal HTL biocrude (2539). Additionally, 9.2%
and 4.2% of the elemental formulae assigned to the 75:25 and 50:50
blends are unique to each blend, respectively.

3.6. Novel species from pine/algal HTL biocrude blends

The 75:25 and 50:50 pine:algal HTL biocrude blends generate a
large number of compounds not present in either the pine or algal HTL
biocrudes. These compounds lie outside the red and green outlines in
Fig.3. In the 75:25 pine:algal HTL biocrude there are 15, 90, and 182
new compounds present in the O3, N1O3, and N2O3 classes compared to
49, 64, and 146 new compounds in the same classes from the 50:50
blend. Most of these new compounds have the similar numbers of
double bonds per carbon atom as the compounds observed in pure
feedstock HTL biocrudes, which suggests similar structural motifs. The
blend-specific compounds are of higher DBE value and higher carbon
number than those of either the pine or algal HTL biocrudes.

Fig. 5 shows detailed differences between the compositional space
coverage of N2O3-6 classes derived from the positive-ion APPI mass
spectra of the algal and pine:algal HTL biocrudes. (The pine HTL bio-
crude has few compounds that overlap with the algal HTL biocrude, and
the pine HTL biocrude is not discussed further in this section.) The
green dots represent species that are only present in the algal HTL
biocrude. Gray dots represent species which are present in both the
75:25 and 50:50 blends, the red dots representing species which are
present only in the 75:25 blend, and the blue dots representing species
which are present only in the 50:50 blend. The number of novel com-
pounds observed in the blend biocrudes correlates with an increase in
the number of oxygen atoms. For example, the number of new species
increases from 193 in the N2O3 class, to 230 in the N2O4 class, and then
again to 307 in the N2O5 class. The number of N2O6 compounds in the
blended feedstock biocrudes is relatively high (295), yet that class
covers a less diverse compositional space than that of the algal HTL
biocrude. Of the new species within the N2O3-6 classes, a majority of the
compounds (i.e., 135, 166, 227, and 214) are common to both the
75:25 and 50:50 pine:algal blends (in gray). Both the 75:25 and 50:50
blends also have species which are unique to each blend biocrude. For a
given DBE value, most of the species unique to the 50:50 blend bio-
crude are either one carbon number lower a few carbon numbers
(< 10) higher than species observed in the algal HTL biocrude and
those that are common to both blends. Additionally, the species unique
to the 50:50 pine:algal HTL biocrude are not at DBE extremes and lie
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somewhere between DBE 10-25. In contrast, the species that are unique
to the 75:25 blend are typically located at the upper right of the plots
(i.e., compounds with the highest carbon number and DBE values) and
have a DBE value>25. In total, the 75:25 pine:algal blend has more
unique species than the 50:50 blend due to the higher oxygen content
that derives from the pine feedstock.

Fig. 6 illustrates the contribution of novel compounds observed in
the 75:25 and 50:50 pine:algal blends to the total relative abundance
for each class for positive-ion APPI mass spectra of the blends. The new
species are members of the O2-6, N1O1-7, N2O0-6, N3O1-5, and N4O2-4

classes. The classes which have the highest relative abundance of blend-
specific species are the N2O4-6 and N3O4-5 classes where>20% of the
total abundance arises from unique to the blends. The N2O6 class in
particular is almost entirely composed of novel species. Similar trends
are observed for the new species derived from the positive- and nega-
tive-ion ESI mass spectra of the 75:25 and 50:50 pine:algal blends (Figs.
S4 and S5). For example, almost all of the species within the positive-
ion ESI N2O5 and N3O4 classes and the negative-ion N1O4 class are only
generated when blending pine and algal feedstocks. Overall, the novel
species are a composite of the pine and algal feedstocks, containing a
median number of nitrogen atoms per molecules while incorporating
more oxygen atoms per molecule from the pine feed than typically
encountered in the algal HTL biocrude NxOy species.

4. Conclusion

FT-ICR MS analysis of the HTL biocrudes generated from pine and
algal feedstocks demonstrates the composite nature of the pine/algal
HTL biocrude blends as well as the formation of novel compounds
compared to the pure feedstock biocrudes. Both the 75:25 and 50:50
pine:algal HTL biocrudes contain heteroatom classes with lower
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oxygen/higher nitrogen contents than the pine HTL biocrude and
higher oxygen/lower nitrogen contents than the algal HTL biocrude.
Compositionally, the blends tend to appear more similar to the pine
HTL biocrude for species containing<2 nitrogen atoms per molecule
and more similar to the algal HTL biocrude for nitrogen-containing
species where N > 1. Both pine:algae biocrude blends show a higher
than expected proportion of species in common with the algal-derived
biocrude versus the pine-derived biocrude, as noted in previous studies
[11].

Simultaneous liquefaction of pine and algal feedstocks generates
novel species which are an amalgamation of the pine and algal feed-
stocks, containing a median number of nitrogen atoms per molecules
while incorporating more oxygen atoms per molecule from the pine
feed than typically encountered in the pure algal HTL biocrude. These
new species have more aromatic character, but a similar structural
motif, as the compounds from the biocrudes generated from the pure
feeds. Ultimately, the 75:25 pine:algal blend has more unique species
due to the higher portion of pine feed, which allows for the in-
corporation of more oxygen character into a variety of nitrogen-con-
taining compounds derived from the algal feed.

Ultimately, the HTL biocrudes from mixed feeds have been shown to
be characteristically similar to biocrudes generated from each un-
adulterated feed and an economically viable option to increase HTL
production. In fact, several advantages of the pine/algal HTL biocrudes
were also discovered. Lignocellulosic HTL products typically have an
acidic pH (i.e., 4–5.4) due to the hydrothermal reactions of cellulose
and hemicellulose that generate organic acids (e.g., formic and acetic
acid) [1,34]. The acidic conditions generated during HTL of lig-
nocellulosic biomass can lead to detrimental effects such as corrosion or
polymerization [34,35]. Therefore, Na2CO3 is often added into lig-
nocellulosic slurries prior to HTL to help buffer the pH and keep it from
going below 4, but often results in high Na concentrations in the HTL
products [34]. However, the pH of microalgal-derived HTL products is
typically basic (i.e., pH 7–9) [36] with nitrogenous compounds acting
as a buffer that elevates pH and counters the presence of organic acids
[2,36]. The addition of algal to lignocellulosic feedstocks generates
products which are naturally more buffered to against pH extremes and
eliminates the need for Na2CO3 buffers.

Additionally, blending lignocellulosic feeds with algal feeds can also
help reduce some of the more detrimental effects due to the higher
nitrogen, sulfur, and trace metal contents of microalgal feeds. High
nitrogen and sulfur contents can lead to harmful NOx and SOx emis-
sions, and have to be removed during upgrading [1,2], whereas trace
metals in microalgal have also been shown to cause problems during
upgrading of microalgal-derived HTL biocrudes [37]. Lignocellulosic
feeds have been shown to have lower nitrogen, sulfur, and trace metal
contents, which can decrease the impact of these harmful heteroatoms
during HTL and upgrading processes.
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