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a b s t r a c t

We report a detailed compositional characterization of a bio-crude oil and aqueous by-product from
hydrothermal liquefaction of Nannochloropsis salina by direct infusion Fourier Transform Ion Cyclotron
Resonance Mass Spectrometry (FT-ICR MS) in both positive- and negative-ionization modes. The FT-
ICR MS instrumentation approach facilitates direct assignment of elemental composition to >7000
resolved mass spectral peaks and three-dimensional mass spectral images for individual heteroatom clas-
ses highlight compositional diversity of the two samples and provide a baseline description of these
materials. Aromatic nitrogen compounds and free fatty acids are predominant species observed in both
the bio-oil and aqueous fraction. Residual organic compounds present in the aqueous fraction show dis-
tributions that are slightly lower in both molecular ring and/or double bond value and carbon number
relative to those found in the bio-oil, albeit with a high degree of commonality between the two
compositions.

! 2013 Published by Elsevier Ltd.

1. Introduction

Among current candidate biofuel feedstock, marine microalgae
attract attention because their production requires neither arable
land nor fresh water [1,2]. Microalgae have a high photosynthetic
efficiency which results in fast growth rates and high area-specific
yields compared to terrestrial lignocellulosic biomass [3,4]. Because
microalgae can utilize nitrogen and phosphorus nutrients from
aqueous waste streams and remove heavy metals (e.g. As, Cd and
Cr) from wastewater [5], the possibility of microalgal production
coupled with waste water treatment programs also appears viable
[6]. The marine microalga Nannochloropsis sp. in particular have

shown potential as a bio-diesel feedstock due to high lipid content
and growth rate [7–9]. Rodolfi et al. [10] screened thirty microalgal
strains for lipid production potential and reported three members
of Nannochloropsis sp. exhibited the best combination of biomass
productivity and lipid content. Nannochloropsis salina has received
considerable attention as a biofuel production candidate with scal-
able production of N. salina (CCMP 1776) biomass in closed photo-
bioreactors over a 2.5 year period showing an average lipid
production of 10.7 m3 ha"1 yr"1 and a peak value of 36.3 m3 ha"1

yr"1 [11].
Lipid-only based biodiesel production utilizes only a portion of

available algal biomass and cultivation strategies that employ
stress-induced lipid accumulation often result in diminished bio-
mass productivity. Therefore, thermochemical fuel production
schema that utilize whole algal biomass are of interest and process
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optimization for these routes is underway [6,12]. Thermochemical
conversion processes for microalgal biofuel production include
pyrolysis [13,14] and gasification [15,16] both of which convert
dry biomass to bio-oil. However, due to the high mass percentage
of water in microalgal growth medium (>99%) and the associated
energy expense of concentration, dewatering and drying, these
conventional thermochemical processes are not feasible at scale.
Wet processes like hydrothermal liquefaction (HTL) and hydro-
thermal gasification appear more suitable for biofuel production
from microalgae feedstock [12]. During hydrothermal liquefaction,
wet biomass is subjected to elevated temperature (280–370 "C)
and pressure (10–25 MPa) in the presence of water to decompose
and reform biomass into a bio-oil, aqueous fraction, gases and solid
by-products [3].

Fourier transform ion cyclotron resonance mass spectrometry
(FT-ICR MS) has been widely used for the compositional descrip-
tion of petroleum crude oils owing to ultra-high mass resolving
power (i.e. m/Dm50% = 400,000 at m/z 400, where Dm50% is the
mass spectral peak width at half-maximum peak height) and sub
part-per-million mass measurement accuracy, both of which are
required for analysis of mixtures of that complexity [17,18]. For
example, FT-ICR MS has been used to successfully observe tens
of thousands of compounds simultaneously in petroleum crude
oil [19–24]. In addition, bio-oils derived from fast pyrolysis of var-
ious biomass feedstock have also been characterized by this tech-
nique [25,26] and we have recently used this approach to describe
the composition of complex algal lipid extracts as well [27]. Here,
we apply that approach to the characterization of bio-crude oil and
water soluble organics derived from hydrothermal liquefaction of
N. salina by both positive- and negative-ion electrospray ionization
FT-ICR MS to provide a baseline description of the composition of
these materials. These data illustrate heteroatom and functionality
distribution to provide a means for process optimization and selec-
tion of appropriate upgrading strategy.

2. Materials and methods

2.1. Production of HTL bio-oil

N. salina biomass was provided by Solix Biosystems. After har-
vest, the sample was centrifuged to #20–25% solids and frozen
immediately. Gravimetrically-determined lipid content of the
whole algae was 33 wt% (ash-free dry weight, AFDW) for a Folch
extraction [28]. Table 1 shows results of elemental analysis and
ash determinations of the whole-algae feedstock and the resulting
HTL bio-oil.

For bio-oil production, a continuous-feed reactor system was
used (Fig. 1) that consists of a high-pressure pump feeding system,
preheater, oil jacketed (stirred tank) and plugged-flow reactor
stages, solids separator and product liquid collectors. The solids
separator is primarily for mineral separation (very little char mate-
rial is produced with algal feedstock). The bio-oil and aqueous
products are recovered in alternating 1-L high-pressure vessels.
The system size was operated at a throughput of 1.5 L of algal slur-
ry per hour and over a test period of 10 h.

The pumping subsystem consists of a modified Isco 500D pump
(Teledyne, Lincoln, NE). Slurry feed rate is measured directly from
the screw drive of the positive displacement syringe pump and

algal slurry is pumped without additional preparation. Incoming
slurry is heated in an oil-heated jacketed tube in shell heat exchan-
ger prior to being heated to a reaction temperature of 350 "C in a
1-L stirred tank reactor that is equipped with internal stirring
propellers. System pressure was 20.3 MPa. The reactor function
as a continuous-flow, stirred-tank reactor and additional reaction
time is provided by a heated plug-flow portion of process tubing
thereafter. This reactor configuration is based on experiences
processing lignocellulosic feedstock. As part of the liquefaction
process, inorganic components such as calcium phosphate precip-
itated as solids. A separator vessel was placed in the process line
following the reactor to capture and remove the solids near the
reaction temperature (#345 "C). The design of the separator was
a simple dip leg vessel where solids fell to the bottom of a vessel
and liquid passed overhead through a filter to the reactor. The
solids could be removed by batch from the bottom of the vessel
and this in-line system provides a solids-free bio-oil product that
readily separates from the water fraction.

After exiting the solids separator, the products were conducted
to a two-tank liquid collecting system where condensed liquids are
collected at pressure. Here, system flow is periodically directed
from the first to the second collection vessel and in this way the li-
quid product collection vessels are alternately filled and drained.
Gas byproducts were vented overhead through a back-pressure
regulator to the process vent where it was metered and sampled
for offline gas chromatographic analysis (primarily CO2 and water
vapor). Liquid product was drained from the collectors into sample
holding jars where a lighter oil and heavier aqueous fraction form
spontaneously and are readily separated by cooling the sample and
pouring the water from the oil.

2.2. Sample preparation and FT-ICR mass spectrometry

An HTL bio-oil stock mixture was prepared by dissolving the oil
in 1:1 chloroform: methanol to a concentration of 1 mg/mL. For po-
sitive ion mode mass spectral analysis, the stock mixture was fur-
ther diluted to 0.5 mg/mL in an electrospray ionization solution of
1:2:4 chloroform:methanol:2-propanol containing 0.1% formic
acid as an electrospray ionization modifier (for observation of basic
compounds). For negative ion mode analysis, the initial oil stock
mixture was further diluted to 0.1 mg/mL with 1:2:4 chloro-
form:methanol:2-propanol containing 0.1% ammonium hydroxide
(for observation of acidic compounds). Addition of modifiers to the
spray solution facilitates protonation or deprotonation in each ion-
ization mode.

For the analysis of water soluble organics, the aqueous fraction
was diluted 200-fold and 1000-fold in positive- and negative-ion
modes, respectively in the electrospray ionization solutions listed
above. All solvents were HPLC grade and purchased from Sigma–
Aldrich (St. Louis, MO). Final prepared solutions were filtered
through Acrodisc CR 13 mm syringe filters with 0.2 lm PTFE mem-
branes (Pall Corporation, Ann Arbor, MI) prior to FT ICR-MS analy-
sis to remove any suspended particulate materials.

High-resolution FT-ICR mass spectrometry was performed with
a hybrid linear ion trap FT-ICR mass spectrometer (LTQ FT, Thermo
Fisher, San Jose, CA) equipped with a 7 Tesla superconducting mag-
net. Mass resolving power was m/Dm50% = 400,000 at m/z 400
(time-domain transient length was 3 s). Direct infusion of the sam-
ples was performed with an Advion Triversa Nanomate (Advion,
Ithaca, NY). A total of 450 and 350 time-domain transients were
ensemble averaged for each sample in positive and negative ion
modes, respectively prior to fast Fourier transformation and fre-
quency to mass-to-charge ratio conversion.

Mass spectra were internally mass calibrated to provide sub-
part-per-million mass measurement accuracy which facilitates
direct assignment of elemental composition from measured m/z

Table 1
Elemental analysis and ash content for N. salina HTL feedstock and produced bio-oil.

Source C (%) H (%) O (%) N (%) S (%) Ash (%)

Whole algae 55.9 8.3 23.7 4.1 0.6 7.4
HTL bio-oil 77.9 10.2 5 4.6 0.42 0.1
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value. This procedure utilizes signals from a homologous series of
known compounds (i.e. species that differ in elemental composi-
tion by multiples of CH2) to perform frequency to m/z conversion.
Peak lists were generated to include signals observed at S/N > 6.
Elemental compositions assigned for #95% of all observed peaks
for both HTL bio-oil and aqueous fraction in the positive ion mode
and #75% of all observed peaks for negative ion mode spectra. The
mass measurement accuracy for all assigned elemental composi-
tions is 0.260 ppmrms and 0.187 ppmrms for the HTL bio-oil and
the aqueous fraction, respectively.

Tandem mass spectrometry (collision induced dissociation, CID)
was performed for several major species observed in abundant het-
eroatom classes and for abundant Kendrick series thereof to corre-
late elemental compositions with possible molecular structures
where possible. Ions of interest were isolated and fragmented to
obtain MS2 and MS3 spectra, however isolation of some peaks from
the broadband mass spectra was impossible due to the high com-
plexity of the samples and limited selection specificity of the linear
ion trap CID process. Compounds were identified from MSn spectra
by manual inspection and matching to reference spectra where
possible.

3. Results and discussion

The hydrothermal liquefaction process converted 64% (AFDW)
of the algal biomass to organic fraction bio-oil and 69% of the car-
bon present in the algae feedstock was incorporated in the bio-oil.
Broadband ESI FT-ICR mass spectra (two ionization modes) for HTL
bio-oil and the reaction aqueous fraction are shown in Fig. 2. The
observed mass spectral complexity requires FT-ICR mass spec-
trometry to resolve several thousand ion signals per mass
spectrum. The positive-ion ESI FT-ICR mass spectrum of HTL bio-
oil is more compositionally complex than the aqueous fraction
(#4600 versus #3370 mass spectral peaks). However, the opposite
trend was observed for negative-ion ESI FT-ICR spectra where the
aqueous fraction shows higher complexity than the HTL bio-oil

(#2770 versus #1740 peaks, respectively). The observed mass-
average molecular masses are 431 and 319 Da, for positive ion
and negative ion mode, respectively. Interestingly, we observe
minimal contribution from small molecules (i.e. less than m/z
#150) and have verified that observation through electrospray ion-
ization analyses with a linear ion trap mass spectrometer, for
which ion transmission is appreciably less mass-selective than
our FT-ICR system (especially at low m/z). Signal magnitudes ob-
tained are proportional to solution phase concentration for infu-
sion solutions but response factors for each compound are
unknown. Therefore the comparative analysis shown here repre-
sents a detailed qualitative, rather than quantitative, description
of these materials.

As reported for similar analyses of petroleum, assigned elemen-
tal compositions are sorted based on heteroatom content, molecu-
lar rings/and or double bonds (double bond equivalents, DBE) and
carbon number. In particular, three-dimensional mass spectral
images of DBE versus the carbon number (with relative abundance
expressed as color) are useful to visualize broad trends and compo-
sitional variation in terms of degree of alkylation (carbon number)
and aromaticity (DBE). These analyses simplify the complex nature
of the data and facilitate comparative analysis between samples.
The distribution of heteroatoms is shown for both the HTL bio-oil
and the aqueous fraction for negative ion (Fig. 3, top) and positive
ion mode class analyses (Fig. 3, bottom). For simplicity, only com-
pound classes that comprise 95% of the total ion abundance are
shown. Although both 32S and 31P were considered in the elemen-
tal composition assignment process, heteroatom classes containing
sulfur or phosphorous exhibit less than 0.4% relative abundance in
either sample.

3.1. Negative ions (acidic species)

The heteroatom class distribution for HTL bio-oil and aqueous
fraction negative-ion ESI FT-ICR MS (Fig. 3) show that acidic
compounds in the bio-oil are primarily comprised of O2 species.

Fig. 1. Process flow configuration for microalgal hydrothermal liquefaction.
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The aqueous fraction contains a more diverse distribution of acidic
compound classes including oxygenates with up to 10 oxygen
atoms and N1"2Ox species, with O2 being the most abundant class
observed. This broad range of oxygenated compounds can arise
from the decomposition of cellulose or other carbohydrates during

the HTL process [29]. As reported for petroleum, oxygenated func-
tional groups increase water solubility for acidic nitrogen species
[30]. The negative-ion FT-ICR MS class distribution demonstrates
that non-basic nitrogen-containing compounds are soluble in
water only if they contain an oxygenated functional group. The

(a) HTL Bio-Oil (+) ESI FT-ICR MS

(b) Aqueous Fraction (+) ESI FT-ICR MS

(c) HTL Bio-Oil (-) ESI FT-ICR MS

m/z

3366 peaks 
at S/N > 6

4593 peaks 
at S/N > 6

2768 peaks 
at S/N > 6

1736 peaks 
at S/N > 6

328.1 328.3328.2

328.1 328.3328.2

273.3273.2273.1

273.3273.2273.1

(d) Aqueous Fraction (-) ESI FT-ICR MS

100 200 300 400 500 600 700

100 200 300 400 500 600 700

Fig. 2. Broadband ESI FT-ICR mass spectra of N. salina hydrothermal liquefaction products (a) positive-ion mode mass spectrum of HTL bio-oil (b) positive-ion mode mass
spectrum of aqueous fraction (c) negative-ion mode mass spectrum of HTL bio-oil (d) negative-ion mode mass spectrum of aqueous fraction.
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presence of oxygenated functional groups enhance the water solu-
bility of nitrogen heterocyclics with higher DBE and higher carbon
number (e.g. carbazole) which are otherwise only slightly soluble
in water due to their high aromaticity [29,31]. Previous work has
demonstrated that basic nitrogen containing compounds (e.g.
pyridinic compounds) are selectively ionized by positive-ion ESI,
[24,32] whereas acidic nitrogen containing compounds (e.g. pyrro-
lic compounds) are selectively ionized by negative-ion ESI [22,33].
Similarly, the distributions of observed N1Ox species observed here
are likely pyrrole, indole and carbazole derivatives with oxygen-
ated functional groups.

3.1.1. O2 compounds
The abundance-contoured three dimensional mass spectral

images constructed for acidic O2 compounds for HTL bio-oil and
aqueous fraction show similar distribution of compounds in terms
of DBE and carbon number (data not shown). Both samples show
primarily O2 species with carbon numbers of 14–20 and DBE
values of 0–3, which correspond directly to the distribution of
free-fatty acids expected from the known acyl-hydrocarbon distri-
bution for this species [6,34]. Tandem mass spectrometry confirms
the identification of abundant O2 compounds as free fatty acids,
dominated by palmitic and palmitoleic acid. These long chain free
fatty acids may exist in the aqueous fraction as micro-emulsions
due to their hydrophobic character [26]. Some O2 compounds with
higher DBE (i.e. DBE = 5,6) were also observed for both samples and
among those compounds, high relative abundances were observed
for eicosapentaenoic acid (EPA) (#1.2% and #0.6% relative
abundance for HTL bio-oil and aqueous fraction, respectively)
and arachidonic acid (#0.8% and #0.4% total relative abundance
for HTL bio-oil and aqueous fraction, respectively). In addition,
several O2 species with lower carbon number (C7–C13) and higher
DBE (DBE 5) were detected only in the aqueous fraction. Those
compounds were identified as aromatic carboxylic acids by
tandem mass spectrometry.

3.1.2. O4 compounds
Predominant O4 class compounds detected in the negative-ion

ESI FT-ICR MS correspond to di-carboxylic acids formed as a result
of polymerization of fatty acids (Fig. A.1, supplementary material).
Not surprisingly, the most abundant O4 compound in HTL bio-oil is
DBE = 2 and contains 32 carbon atoms. These long chain di-acids
were also observed in the aqueous fraction, but with very low
abundance. In addition, several abundant saturated di-carboxylic
acids with low carbon number (C4–C12) were observed in the aque-
ous fraction (confirmed by MS/MS experiments) and were not
detected in the HTL bio-oil. Linear ion trap MS/MS fragment ion
spectra for di-carboxylic acids with carbon number = 4 and 5
observed in the aqueous fraction are shown in Fig. A.2 (supplemen-
tary material) [53,54].

3.2. Positive ions (basic species)

The predominant compound classes observed in positive ion
mode for both samples are basic nitrogen compounds with 0–3
oxygen atoms (Fig. 3, bottom). The most abundant class observed
in both the HTL bio-oil and aqueous fraction contains two nitrogen
atoms per molecule and no oxygen atoms. Generally, for a given
number of nitrogen atoms, abundance decreases with an increase
of oxygen number.

3.2.1. Basic N1 compounds
Degradation of amino acids during the HTL process can produce

a variety of N1 compounds. For example, decarboxylation, dehy-
drogenation, dehydration and loss of ammonia can result various
alkyl and aromatic amines, nitriles and imines whose structures

depend on the nature of the amino acid [35]. Abundance-con-
toured plots of DBE versus carbon number for basic N1 compounds
observed in both samples are shown in Fig. 4. The primary N1 com-
pounds in HTL bio-oil have double bond equivalent values of 4–13
and contain 12–27 carbon atoms. However, we do not observe a
broad distribution of DBE and carbon number for major N1 com-
pounds observed in the aqueous fraction. The regions of highest
abundance for aqueous fraction show a shift to lower carbon num-
ber compared to those in the HTL bio-oil although they exhibit the
same DBE (for example DBE = 6 and DBE = 9). For further clarifica-
tion, carbon number distribution plots for the ‘‘hotspots’’ at
DBE = 6 and DBE = 9 for both samples are shown in Fig. 5.

Observed N1, DBE = 4 compounds in both HTL bio-oil and the
aqueous fraction are pyridine derivatives (Fig. A.3, supplementary
material), with positive-ion electrospray selectively ionizing these
basic nitrogen-containing compounds [32]. Ionization of basic pyr-
idine homologues by positive-ion ESI is expected because the lone-
pair of electrons on the nitrogen atom in pyridine are available for
protonation in the electrospray ionization process. The DBE = 5
‘‘hotspot’’ observed for the aqueous fraction and less-so in the
HTL bio-oil (Fig. 4) would indicate alkyl-substituted pyridine com-
pounds with an additional double bond in the alkyl chain. The high
abundance compounds at DBE = 6 correspond to pyridine deriva-
tives with two double bonds contained in alkyl positions and sim-
ilarly-abundant DBE = 9 compounds correspond to quinoline
derivatives with two double bonds in alkyl positions. These com-
pounds exhibit low solubility in the aqueous fraction due to in-
creased hydrophobicity of high carbon number compounds. Low
carbon number (C < 15) N1 compounds with 0–3 DBE observed in
the aqueous fraction are amines and no compounds with <4 DBE
are observed in the HTL bio-oil.

3.2.2. Basic N2 compounds
The number of molecular rings and/or double bonds for N2 com-

pounds for both HTL bio-oil and the aqueous fraction range from
one to twenty-one (Fig. A.4, supplementary material). For the
aqueous fraction, relative abundance maxima occur at three re-
gions; DBE = 4, 6 and 9. N2 species with DBE = 3 and 4 observed
in both HTL bio-oil and aqueous fraction are likely imidazole
(DBE = 3) and pyrazine (DBE = 4) derivatives with latter being more
abundant in both samples.

Fig. 6 shows abundance-contoured plots of DBE versus carbon
number for the N2 class. Major N2 compounds observed in the
HTL bio-oil show DBE = 4–15 and carbon content of 9–28 atoms.
Again the aqueous fraction shows a marked shift to lower DBE
and lower carbon number (primary compounds with DBE = 2–11
and 8–20 carbon atoms). This shift derives from improved water
solubility of N2 compounds by decreased DBE (aromaticity) and
decreased carbon number (alkylation) [36]. For the HTL bio-oil, rel-
ative abundance maxima are observed at DBE = 6, 7, 9 and 10. The
aqueous fraction shows the highest relative abundance at DBE = 6,
carbon number of 11–12. Also we observe two less abundant com-
positional regions of high abundance for the aqueous fraction at
DBE = 4, carbon number = 10 and DBE = 9, carbon number = 17–18.

The carbon number distribution for N2 class DBE = 6 com-
pounds and that for N2 DBE = 9 compounds is shown in Fig. A.5,
supplementary material. The DBE = 6 and 9 species observed in
both HTL bio-oil and the aqueous fraction (Fig. 6) are two- and
three-ring imidazole derivatives formed by the successive addition
of aromatic rings to the imidazole core (DBE = 3). The DBE = 9 com-
pounds show low abundance in the aqueous fraction compared to
the compounds with 6 DBE due to their increased aromaticity. Lin-
ear ion trap MS/MS fragmentation with FT-ICR MS detection
(Fig. A.6, supplementary material) confirms that N2 compound cor-
respond to the ‘‘hotspot’’ at DBE = 6, carbon number = 11 for the
aqueous fraction is alkylated benzimidazole derivative. These
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imidazole compounds are assumed to be present in the sample as a
result of protein decomposition [29]. Bio-oil DBE = 7 and 10 species
are indicative of quinoxaline (benzopyrazine) and phenazine (dib-
enzopyrazine) which can result by the addition of 1 and 2 benzene
rings, respectively to pyrazine (DBE = 4). These pyrazine com-
pounds are formed by the decomposition of Melanoidin-like poly-
mers formed during the Maillard reaction between amino acids
and reducing sugars [37].

3.2.3. N3 compounds
Three-dimensional mass spectral images of N3 compounds ob-

served in the HTL bio-oil and aqueous fraction in the positive ion
mode are shown in Fig. 7. HTL bio-oil contains more N3 com-
pounds than the aqueous fraction (288 versus. 181 individual
N3 compounds). The highest relative abundances were observed
at DBE = 10, carbon number = 25–30 and DBE = 9, carbon num-
ber = 15–20 for the HTL bio-oil and the aqueous fraction, respec-
tively. To compare the DBE and the carbon number distribution of

N3 compounds in the HTL bio-oil and the aqueous fraction, we
have highlighted the predominant compounds observed in the
aqueous fraction and overlaid the oval on that for the HTL bio-
oil. The aqueous fraction is enriched with low carbon number
(low molecular weight) and low DBE compounds compared to
the HTL bio-oil. Major N3 compounds in the aqueous fraction
range from DBE = 6–17 and carbon number C = 10–30, whereas
primary species in the HTL bio-oil span the range DBE = 8–18
and C = 17–38. Tandem mass measurement was not possible for
these compounds because they cannot be isolated from nearby
nominal mass isobars for selection/fragmentation. The proposed
molecular structures for the observed N3 compounds are alkyl-
substituted pyridyl-piperazines, alkylated amine substituted pyr-
idines and imidazoles.

3.2.4. NxOy compounds
Abundance-contoured mass spectral images for N1O1, N2O1,

N2O2 and N3O1 compounds observed in both HTL bio-oil and the
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aqueous fraction are shown in Fig. 8. Similar to the classes dis-
cussed above (i.e. N1, N2 and N3), high carbon number and high
DBE compounds are predominant in the HTL bio-oil, whereas
aqueous fraction exhibit relatively low carbon number and low
DBE species. The N1O1 compounds with 0–4 DBE and 14–24 car-
bons observed in both samples are likely fatty-amides formed by
the reaction between fatty acids and ammonia (from protein
decomposition) at high temperature [38]. N1O1 species observed
in the HTL bio-oil which span the range, DBE = 3–16 and carbon
number C = 8–30 are aromatic amides that exhibit poor solubility
in the aqueous fraction due to their high aromaticity and high car-
bon number.

Observed N2O1 and N2O2 compounds are likely oxygenated
alkyl-imidazoles and oxygenated alkyl-pyrazines (tandem mass
spectrometry confirmation was not available for these ions). The
abundance-contoured mass spectral images demonstrate similar
carbon number distributions (C6–35) for N2, N2O1 and N2O2 com-
pounds observed in the aqueous fraction. The predominant N2O1

and N2O2 compounds exhibit increased DBE and increased carbon
number compared to the N2 species; highlighting that incorporation
of oxygenated functional groups into N2 compounds enhances the

water solubility of higher carbon number compounds. In addition,
N2O2 compounds may include cyclic dipeptides such as diketopiper-
azines (DKP) formed by degradation of peptides through depoly-
merization and cyclization [35]. Note that for N2O2 species,
dipeptides with amino acids containing alkyl side chains should only
be considered. These DKPs can extend from 6 to 18 carbons and 2–10
DBE depending on the structure of the two amino acids.

N3O1 compounds observed are probably oxygenated versions of
the N3 compounds discussed earlier. Carbon number distributions
of N3 and N3O1 compounds for each sample confirm that both N3

and N3O1 species contain the same number of carbon atoms per
molecule. Interestingly, the ‘‘hotspot’’ at DBE = 10, carbon number
C = 25–30 for the N3 compounds in the HTL bio-oil is observed for
the N3O1 compounds at the same carbon number but with shifted
DBE by +1 DBE, suggesting that the oxygen atom is likely attached
to the molecule as carbonyl oxygen.

Oxygenated functional groups improve the water solubility of
nitrogen compounds with low DBE and high carbon number. For
example, note the presence of N2O1 and N3O1 compounds with
0–2 DBE and #20–40 carbons in the aqueous fraction with high
abundance, which are less abundant or absent in the HTL bio-oil.
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Fig. 6. Color-coded abundance-contoured plots of DBE versus the carbon number for N2 compounds for HTL bio-oil (left) and aqueous fraction (right) derived from positive-
ion ESI FT-ICR MS.
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Fig. 7. Color-coded abundance-contoured plots of DBE versus the carbon number for N3 compounds for HTL bio-oil (left) and aqueous fraction (right) derived from positive-
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4. Conclusion

The detailed compositional analysis shown here for bio-oil and
the aqueous HTL fraction of N. salina provides baseline description
for several thousand chemically unique compounds present in
these two HTL products. We observe a range of heteroatom-
containing chemical compounds including oxygenated species
and various nitrogenous compounds with extensive carbon
number distributions in both samples. Oxygenated compounds
are likely formed by the degradation of lipids and carbohydrates
whereas protein decomposition (and cross reaction of other
products) yield numerous nitrogen heterocyclics (e.g. pyrroles,
pyridines, pyrazines, imidazoles and their derivatives).

Thorough compositional analysis of HTL bio-oil is essential for
feedstock selection and process optimization. The commonly used
analytical methods for the characterization of bio-oil include gas
chromatography/flame ionization detection (GC-FID) [6] and gas
chromatography coupled with mass spectrometry (GC–MS) [39–
41]. Chromatography techniques lack both the resolution and
selectivity for direct speciation of these mixtures, particularly with
respect to nitrogen-containing compounds characteristic of bio-
crude oil. Highly oxygenated species present in the bio-oil are also
not well-addressed by chromatographic techniques due to their
high polarity [26]. In addition, GC–MS is not capable of detecting
high molecular mass species which are present in these oils [42].
Several techniques that have been reported for characterization
of the fractions of bio-oil not detectable by GC include Fourier
transform infrared spectroscopy (FTIR) [39,43], high pressure
liquid chromatography [41], 1H NMR[44], 13C NMR [45] and size
exclusion chromatography [41] and gel permeation chromatography

[46]. These techniques supply bulk compositional information that
serves for partial characterization of these materials but lack
sufficient resolution to describe individual components present
in highly complex bio-crude oil. The ability to track the response
of individual constituent molecules is particularly useful for HTL
process optimization and for monitoring upgrading process
efficiency.

The potential use of algal hydrothermal liquefaction bio-oil as
feedstock for production of transportation fuel will require re-
moval of these polar species to limit corrosion, [47] fuel instability
during storage and emission of NOx compounds upon combustion,
[48] for example. Among available upgrading methods, hydrotreat-
ment appears a probable technique for treatment of these materi-
als [49,50] and optimization of that process is currently underway.
As reported for petroleum crude oil, N1 compounds are more
hydrotreatment-resistant than compounds with additional nitro-
gen or oxygen heteroatoms [51]. Within the N1 class, nitrogen con-
taining compounds with unsaturated core structures and reduced
alkyl substitution (and length) are more readily removed by hydro-
treating than those compounds which contain long alkyl moieties
[52]. Basic nitrogen compounds (e.g. pyridine derivatives) have a
higher conversion rate than the acidic or neutral nitrogen species
(e.g. pyrrole and indole compounds) [49]. Zhang et al. [52] con-
structed a criterion to predict the reactivity of the N1 compounds
during the hydrotreatment process by defining an easy-to-convert
region in terms of DBE and carbon number. The compounds that
fall within this region are reactive and thereby easily removed by
hydrotreatment. The N1 compounds observed in the HTL bio-oil
in our study extend to DBE = 17 and 37 carbon atoms per molecule.
A considerable fraction of these observed N1 compounds fall within
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Zhang’s ‘‘easy-to-convert’’ region, and should be readily converted
by hydrotreatment.

In summary, we demonstrate FT-ICR MS an effective technique
for detailed compositional characterization (at the molecular level)
of complex HTL products and by-products. We illustrate HTL bio-
oil composition for improved understanding of bio-crude and fur-
ther improvement in the HTL bio-oil production and upgrading
processes.
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