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Abstract

We investigated non-isothermal (fast) and nominally isothermal hydrothermal liquefaction (HTL) of Nannochlorop-
sis sp. microalgae for the production of biocrude. Biocrude yields ranged from 36 wt % to 45 wt % (dry weight),
with fast HTL with low mass loading giving the highest yield. This condition also gave the biocrude with the
lowest heating value, which indicates there are compromises to be made between biocrude quantity and qual-
ity. The aqueous phase and biocrude product fractions were characterized using elemental analysis and Fourier
Transform lon Cyclotron Resonance Mass Spectrometry (FT-ICR MS). This detailed level of analysis identified
more than-30,000 unique molecular products. The aqueous phase products included compounds with the same
molecular formulae as known herbicides, which may inform efforts in genetic engineering of algae and/or bacteria
for cultivation on the aqueous phase. This detailed molecular-level characterization provides some clues regarding

thetypes of reactions that may take place during HTL.
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Introduction

Microalgae are attracting attention as a biomass feedstock for renewable fuels due to their high photosynthetic

2 among other qualities. Hydrothermal liquefaction (HTL) is a

efficiency’ and versatility of growth conditions,
biomass conversion process that takes place in high-temperature, high-pressure water, which obviates the drying
required for other biomass conversion processes (e.g. pyrolysis).

Most of the literature on HTL discusses results from experiments lasting for several minutes with a majority

‘

of the reaction carried out in an isothermal state. We refer to such conditions as “isothermal” HTL. In contrast,
“fast” HTL is defined as an HTL reaction with rapid heating and primarily non-isothermal operation. The reaction
lasts for, at most, a few minutes. Shorter reaction times require smaller reactors, which could reduce the capital
cost of industrial-scale HTL processes. Since the initial report on fast HTL by Faeth et al.,3 it has been applied
to macroalgae* and various microbes.®

The methods used to characterize products from HTL include elemental analysis, simulated distillation, total
organic and inorganic carbon analysis, and ammonia analysis, none of which provide information about the
molecular composition of the HTL products. Some studies investigating isothermal HTL reported molecular
characterization of product fractions using gas chromatography with a mass spectrometric detector (GC-MS), but
this method. provides information only about the more volatile compounds that can elute from the GC. Fourier

Transform.lon Cyclotron Resonance Mass Spectrometry (FT-ICR MS), on the other hand, provides a much

more complete molecular characterization of the products. FT-ICR MS has been used to characterize petroleum

6-12 13-24

crudeoils, some products of biomass conversion processes, and the processing water from oil sands®® in
molecular.detail:
To the best of our knowledge, analysis of the biocrude and/or aqueous phase products from HTL of microalgae

1415 and Sanguineti et al.,'® though

using FT-ICR MS has been reported previously only by Sudasinghe et a
Levine et al./used FT-ICR MS to characterize the aqueous phase co-product from hydrothermal carbonization of
microalgae.®® This present study is the first to apply FT-ICR MS characterization to the products of fast HTL
and it is also the first to provide a detailed characterization and comparison of products from fast and isothermal
HTL reaction conditions. Herein we characterize the biocrude and aqueous phase product fractions from both
isothermal and fast HTL using FT-ICR MS and elemental analysis. These data provide new information about the

composition of these complex mixtures and illustrate the potential advantages and disadvantages of each biomass

conversion process for the production of biocrude from microalgae.
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Materials and Methods

Materials

Nannochloropsis sp., was purchased as a paste from Reed Mariculture Inc. The algae were from the same lot
as.reported.in previous work,® and therefore contain 32.5 wt % solids in the paste and 6.25 4 0.23 wt % ash in
the dry' solids. All chemicals were purchased from the same sources and are identical to those used in previous
work.3:26:-Reactors were constructed from 1/2 in. Swagelok® 316 stainless steel port connectors. A 1/2 in.
cap sealed one end of the port connector, and a 1/2 to 1/8 in. reducing union sealed the other side. The 1/8
in. “end of the reducing union was connected to 8.5 in. of 1/8 in. stainless steel tubing and a High Pressure
Equipment Co. high pressure valve. The internal reactor volume, including the gas valve assembly, was 4.6 mL.
After assembly, reactors were conditioned before use. To do this, reactors were loaded with deionized water such
that95 % of the reactor volume would be occupied by liquid water at reaction conditions, sealed, and submerged
in a preheated Techne IFB-51 fluidized sandbath with a Eurotherm 3216 PID controller at 350 °C for one hour.
Then the reactors were cooled and cleaned. This procedure removed any residual material inside the reactors

prior to use in HTL reactions.

Experimental Methods

Either 0.25 or 1.54 g of algae slurry (32.5 wt % solids) were loaded into a pre-conditioned reactor. An additional
0.29 or.1.74 mL of deionized water was added to dilute the slurry to 15 wt % solids. Reactor loadings are reported
in Table S1 in the Supplementary Information (SI). Both loadings were used in fast HTL experiments and only
the higher loading was used in isothermal HTL. The low loading resulted in 10 % of the reactor volume being
occupied by ‘water at ambient conditions and the high loading corresponded to 60 %. The headspace contained
ambient air, which was sealed inside the loaded reactor. Loaded, sealed reactors were submerged in a preheated
fluidized sandbath, set at 300 °C for isothermal HTL and 600 °C for fast HTL. The reaction time was defined to
start as.soon as the reactor was submerged in the sandbath. Reaction times were 20 min for isothermal HTL and
1 min forfast HTL.

After the specified reaction time, reactors were immediately quenched in cold water and allowed to equilibrate
at room temperature for 15 min. Table 1 shows the reaction conditions explored in this work. Temperatures
were recorded using two thermocouple-equipped dummy reactors, constructed as described previously.® These
dummy reactors provided an estimate of the temperatures experienced by the HTL reactors. The average of
the data from these dummy reactors provided the characteristic temperature profile for that respective reaction

condition. The pressure and headspace volume fractions in Table 1 were calculated using steam tables and the
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experimental temperature data. The reaction ordinate (Ry), a single parameter that describes the reaction severity,
was calculated for the entire reaction time (not including quench), as described by Faeth et al.3

Figure 1 displays the reactor temperature profiles. The fast HTL reactors reached 186 °C, and the isothermal
HTL ‘reactors reached 279 °C. This ultimate reactor temperature for the isothermal run differs from the set point
temperature, which illustrates the importance of using a direct measurement of the reactor temperature. The
careful“reader will note that the temperature profiles in Figure 1 differ from those in our earlier work.3 This

differencerarises from the use of larger reactors in the present study.

Product Recovery and Elemental Analysis

Gaseous. products were analyzed using an Agilent Technologies model 6890 gas chromatograph (GC) equipped
with a thermal conductivity detector (TCD), as described by Brown et al.?” The nitrogen initially present in the
headspace of the sealed reactor (calculated using the ideal gas law) served as an internal standard to determine
the yields of hydrogen, carbon monoxide, carbon dioxide, methane, ethane, and ethene. Once gas analysis was
complete, the valve assembly was removed and the contents of the reactor were poured into a glass conical
centrifuge tube. The reactor was rinsed with 9 mL of dichloromethane, and the rinsings were collected and added
to the same centrifuge tube. The procedure for separating the aqueous phase, organic phase, and residual solids
was described previously and involves centrifugation and manual transfer of phases using a glass pipet.?®

The product fractions were dried under nitrogen using a Labconco® RapidVap® Vertex™ Dry Evaporator.
The solvent-free dichloromethane-soluble organic phase is identified as the biocrude. The masses of each dried
sample were recorded and divided by the mass of dry algae initially loaded in the reactor to calculate the gravimetric
yields of-each product fraction on a dry basis. All reactions were carried out in duplicate. One of the dried aqueous
phase samples and one of the biocrude samples from each set of duplicates were sent to Atlantic Microlabs, Inc.
for analysis of C, H, N, and S. O was calculated by difference. The remaining dried aqueous phase and biocrude
samples were sent to the National High Magnetic Field Laboratory for analysis by FT-ICR MS, as described in

the next subsection.

FT-ICR MS Analysis

Dried aqueous phase samples were prepared for analysis by positive and negative mode electrospray ionization
(ESI) at a concentration of 500 pg/mL 50:50 (v/v) water:methanol. Dried biocrude samples were prepared for
analysis at a concentration of 250 ug/mL 50:50 (v/v) dichloromethane:methanol. For positive mode ESI, 1 %
(v/v) formic acid was added to aid in protonation. For negative mode ESI, 1 % (v/v) ammonium hydroxide

solution (28 % in water) was added to aid in deprotonation.
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Samples were analyzed with a custom-built 9.4 T Fourier transform ion cyclotron resonance mass spectrome-
ter.?8 Data collection was facilitated by a modular ICR data acquisition system (PREDATOR).2° Multiple (75-150)
individual time-domain transients were co-added, half-Hanning-apodized, zero-filled, and fast Fourier transformed
prior to frequency conversion to mass-to-charge ratio to obtain the final mass spectrum in absorption mode.3%31
ICR frequencies were converted to ion masses based on the quadrupolar trapping potential approximation.®

Externalicalibration of the instrument is performed monthly by use of ESI tuning mix (Agilent, Santa Clara,
CA) to correct for temporal drift of the magnetic field. Internal calibration of the spectrum was possible with
the use of homologous series which repeat by 14.01565 Da (or CH; units). All of the negative mode spectra
(for both aqueous phase and biocrude samples) and the positive mode spectra for aqueous phase samples were
manually calibrated on multiple homologous series because no one series spanned the entire m/z range. However,
the positive mode spectra for biocrude samples included a homologous series that did span the entire m/z range
so these spectra were calibrated by “walking calibration” 3233 To capture the most abundant compounds in the
samples from HTL of Nannochloropsis sp., FT-ICR MS excite and detect parameters were adjusted such that ions
below 200 m/z were not collected.

[UPAC mass can be converted to Kendrick mass (Kendrick mass = IUPAC mass x (14/14.01565)) to sort
compounds that differ in mass by 14.01565 Da (mass of CH,).3* Mass spectral peaks with signal magnitude
greater than six times the baseline root-mean-square (RMS) noise level were assigned elemental compositions
with custom-built software (MIDAS). Peak assignments and data visualization were performed with PetroOrg
software.3> For all mass spectra, the achieved spectral resolving power approached the theoretical limit® over the
entire mass range: for example, average resolving power, m/Amsgy, in which Amsgy, is mass spectral peak full

width at_half-maximum peak height, was ~ 1,000,000 - 1,300,00 at m/z 500.

Results and Discussion

The product yields from each HTL reaction condition are reported in this section, along with the molecular and/or
elemental characterization of the gaseous, aqueous phase, and biocrude products. The results from FT-ICR MS
analysis are displayed in a variety of different formats, including broadband spectra, van Krevelen Plots, heteroatom
density plots;.and isoabundance contour plots (plots of the last type were generated using PetroOrg software3®).
Figure 2 depicts a simplified scheme of some reactions likely to take place during HTL, based on reports in the

literature and the results of the present work. Discussion of the reactions depicted in Figure 2 is included in the

following sections.
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Product Yields, Recovery, and Elemental Analysis

Table 2 provides the average product yields for each reaction condition. The gas, aqueous phase, biocrude, and
solid product yields are largely comparable to those observed in previous studies of the same algae processed
with similar-reaction severity.>2® An exception is the biocrude yield from fast HTL with the high loading, which
was slightly lower than expected based on the variation of biocrude yield with reaction ordinate (Rq) reported
by Faeth et al.> This departure from the trend reported previously may be the result of increased mass loading
in the present work. Fast HTL with low loading produced the most biocrude, and fast HTL with high loading
produced approximately the same amount of biocrude as did isothermal HTL. Solid yields are slightly lower after
isothermal HTL than from either fast HTL reaction, likely due to the increase in reaction severity characteristic
of isothermal-HTL. Aqueous phase yields are fairly consistent after all three HTL reaction conditions.
Higher-gas yields were obtained after fast HTL at the low loading. These observations indicate that mass
loading has a significant effect on product formation. To the best of our knowledge, this is the first report indicating
that mass loading (not just the concentration of algae in the reaction mixture) impacts product formation during
HTL in batch systems. We propose that mass loading effects are observed because of a change in the "effective
concentration”” of the compounds which constitute the biomass in the liquid water phase. With the lower water
loading and larger headspace volume, proportionately more water would partition into the vapor phase and the

algal ‘biomass would be more concentrated in the liquid phase.

Gas Analysis

Table 3.highlights the molar yields of gaseous products per gram of dry algae loaded into the reactor. Only gases
containing Ciand/or H are included in Table 3, as these are produced by the reaction. For all reaction conditions,
CO, is the dominant product with yields > 0.3 mmol/g dry algae. CO is the second most abundant product,
contributing up to 0.12 mmol/g algae. Comparing the gases from the two fast HTL reaction conditions with those
from isothermal HTL reveals that isothermal HTL results in more completely oxidized gases and no C, gases.
Oxidation-of propane and other short-chain hydrocarbons in subcritical water has been observed previously,3°
which. provides a possible explanation for the gas products from isothermal HTL.

Similar yields of CO, are observed after HTL at both of the high loading reaction conditions, which may
indicate that the mass loading in the reactor has more influence on CO, production than does the reaction
severity. This observation further supports the idea that mass loading affects product formation during HTL,

possibly by manipulating the effective concentration of biomass in liquid water, as mentioned previously.
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Elemental Composition of Aqueous Phase and Biocrude

This section provides the elemental composition of the dried aqueous phase and biocrude product fractions. Higher
heating.values were calculated from the elemental compositions using the Boie formula.3” We also calculated the
recovery of C, N, and S in the dried aqueous phase and biocrude samples, according to Equation 1 and displayed

in"Figures S1 and S2 in the SI.

Wt % X in Product Fraction x Mass of Product Fraction

R f El t X (%) =
y Covery ot Elemen (%) Wt % X in Dry Algae x Mass of Dry Algae Loaded

(1)

Table 4 displays the elemental compositions for the dried aqueous phase samples from all three experimental
conditions. All three aqueous phase samples have similar H and S content, but fast HTL with the low loading
appears to produce an aqueous phase co-product with less C and N than the other two conditions.

The lower C and N content in the aqueous phase from fast HTL with low loading may be due to the presence of
a different reaction environment: an increase in the effective concentration of algal compounds in the liquid water
phase. This increase in effective concentration during HTL seems to facilitate reactions that favor partitioning of
C:and N-containing compounds into the biocrude rather than into the aqueous phase, which is consistent with
both ‘the.increase in biocrude yield and decrease in C and N content of the aqueous phase from fast HTL at the
low loading HTL condition. Such reactions may include the formation of amides (from the combination of fatty
acids_and amino acids and/or ammonia) and Maillard reaction products (from the combination of amino acids
and sugars), both depicted in Figure 2.

In contrast, fast HTL with the high loading produced the aqueous phase product with the highest C and N
content. The amount of C and N in the aqueous phase at this condition accounts for 31.5 % of the C and 54.6
% of the N in the algal biomass loaded into the reactor (see Fig. S1). Hydrolysis of proteins into water-soluble
aminoracidsiand/or amino acid chains (peptides and polypeptides), as illustrated in Figure 2, is known to occur
very quickly in subcritical water,3® and likely took place during all reactions in the present work. However, fast
HTL with the low loading and isothermal HTL may provide enhanced opportunities for reactions of these protein
components-with other compounds to produce the aforementioned amides and Maillard reaction products, via an
increase in the effective concentration and an extended reaction time, respectively. Therefore, the high C and N
content in the aqueous phase from fast HTL with the high loading may be due to rapid protein hydrolysis followed
by a rapid quench before reactions of water-soluble protein components can occur to a significant extent.

Fast HTL with the high loading led to the highest recovery of N in the aqueous phase, which is desirable as
it reduces heteroatoms in the biocrude and facilitates nutrient recycling to algae cultivation ponds or bioreactors.
This condition also led to a higher C recovery in the aqueous phase, which is undesired as it partially deprives the

biocrude fraction of C. These results clearly indicate that trade-offs exist between minimizing C and maximizing
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N in the aqueous phase.

Table 5 shows the elemental composition and HHV of the biocrude samples. The biocrude from fast HTL at
the high loading contains the least N and O. The low N content, which represents just 25.7 % of the N in the algal
biomass, is consistent with fast HTL with the high loading favoring rapid solubilization of protein-derived (and
likely.N-containing) products that partition into the aqueous phase. Further, biocrude from fast HTL with the
low loading'contained the most N (44.5 % of the N in the algal biomass feedstock) and lowest HHV of all three
biocrudersamples. As energy density and N content can be proxies for biocrude quality, this condition produced
the lowest quality biocrude. Recall, however, that this reaction condition also resulted in the highest biocrude
yield.

Fast HTL with the low loading leads to the highest C recovery (61.0 % of the C in the algae) in the biocrude
of the reaction conditions examined, but it also leads to the highest N (44.5 %) and S (48.6 %) recoveries (see
Fig:'S2). Heteroatoms decrease the energy content of a fuel and produce harmful substances upon combustion.
In exchange for lower N and S recoveries in the biocrude, fast HTL with the high loading and isothermal HTL also
led to a lower C recovery. Again, we observe competing effects of the HTL conditions on the C and heteroatom
recoveries in the biocrude, and between biocrude yield and quality. These trade-offs point to the need to optimize

HTL reaction conditions to obtain high quality products at acceptable yields.

FT-ICR MS Analysis

The preceding section identified trade-offs between the recovery of C and the recovery of heteroatoms to both
the aqueous phase and biocrude products, and between yield and quality of the biocrude. This section reports on
the use-of high-resolution FT-ICR MS analysis to better understand how the different reaction conditions affect

HTL product yields and compositions.

Distribution and lonization of Product Molecules

The high-resolution of FT-ICR MS permitted assignment of molecular formulae to up to 95 % of the peaks in
the broadband MS spectra (see Table S2 in the SI for further details on peak assignment). Figure 3 depicts
the positive ESI FT-ICR MS broadband spectra for the aqueous phase samples. These spectra illustrate relative
abundances of the various compounds present over the range of molecular weights analyzed. Large peaks appear
in the 300 - 400 mass-to-charge ratio (m/z) region for all three HTL reactions. The most abundant compounds in
the aqueous phase from isothermal HTL (spectrum C) are concentrated in a lower range of m/z than are the most
abundant compounds in the aqueous phase samples from fast HTL. Fast HTL with the high loading (spectrum B)

produced more water-soluble compounds with high m/z than did the other reaction conditions. Additionally, the
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highest number of assignable peaks was in the spectrum for the aqueous phase from fast HTL with low loading
(spectrum A). Figures S3 - S5 in the Sl provide additional broadband spectra for the aqueous phase (negative
ESI) and biocrude (positive and negative ESI).

Using both positive and negative ESI FT-ICR MS, we identified more than 13,000 unique molecular formulae
in_each of the aqueous phase samples and over 25,000 unique molecular formulae in each of the biocrude samples.
These counts exceed those reported by Sudasinghe et al. by at least a factor of three.!* The relative number of
molecular formulae identified by positive ESI and negative ESI are depicted using Venn diagrams in Figure 4.3°
The size of the left circle of each diagram corresponds to the number of unique molecular formulae identified
using positive ES| alone. The overlapping (middle) and right sections of each diagram correspond to the number
of unique molecular formulae identified using both ESI methods and negative ESI alone, respectively. The labels
of each of these portions indicate the actual number of peaks identified by positive, negative, or both methods of
ionization. Please note that the circles in Figure 4 scale within a given sample type (aqueous phase or biocrude),
but not acroess different types of samples.

Figure 4a shows that more unique compounds in the aqueous phase samples were identified using negative ESI
than with positive ESI for all HTL processing conditions in this work. Compounds readily detected by negative
ESI include those with acidic functional groups (like carboxylic acids) and those containing oxygen atoms.*
Compounds readily detected by positive ESI include those with basic functional groups (like pyridine and related
compounds) and those containing nitrogen atoms.*® More compounds in the aqueous phase being identified by
negative ESI (rather than positive ESI) likely indicates that the aqueous phase samples examined in this study
contain more compounds with acidic functional groups (or with more O atoms) than with basic functional groups.

It is clear from Figure 4b that a large majority of the unique compounds identified in the biocrude samples
produced under all three reaction conditions were ionized using positive ESI. Based on the likely composition of
the compounds identified using each ionization method, the biocrude samples are likely to contain a larger fraction
of compounds with basic, rather than acidic, functional groups than do the aqueous phase samples. This result
is consistent with the observations of Sudasinghe et al.*4

Of the-acidic compounds identified in the biocrude, the most abundant are C16 - C20 compounds. Figure
5 depicts the relative abundance fraction of compounds of each carbon number in the biocrude, analyzed using
negative ESI.. The three carbon numbers with the most abundant compounds are 20, 16, and 18, in decreasing
order. These carbon numbers also correspond to the most abundant fatty acids in Nannochloropsis sp.*' In fact,
we identified a compound with molecular formula CyoH3002 and a double bond equivalent (DBE) of 5 in all three
biocrude samples analyzed using negative ESI. The DBE represents the degree of unsaturation of a molecule, with
the number indicating the sum of rings and double bonds. For example, cyclohexane has a DBE of 1 to represent
1 ring, while benzene has a DBE of 4, representing 1 ring and 3 double bonds. This molecular identification
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matches that of eicosapentaenoic acid (EPA, C20:5w-3), the most abundant fatty acid detected in a different
study with Nannochloropsis sp. biomass.*! We also note that some compounds in the C16 - C20 range contain
multiple N and O atoms and have molecular formulae consistent with chains of amino acids.

Compounds with 16 - 20 C atoms are also among the most abundant in the aqueous phase samples analyzed
using negative ESI, as Figure 6 depicts. These compounds may include free fatty acids, but many of them contain
severalheteroatoms. In fact, the aqueous phase from fast HTL with high loading contains C20 compounds with
up to 8'Nratoms and 6 O atoms. Such compounds are consistent with chains of 4 amino acids, indicating that
many of the water-soluble compounds with carbon numbers of 16 - 20 may be derived from proteins. Carbon
number distribution plots for the aqueous phase and biocrude analyzed using positive ESI are included in the SI

(Figures S6 and S7).

Heteroatoms

This section. provides information about the heteroatom content and distribution in the products from the three
HTL conditions examined. We first explore O-containing compounds, followed by compounds containing both
N and O, N-containing compounds, Na-containing compounds, and S-containing compounds. Since more com-
pounds'in the aqueous phase samples were identified using negative ESI, the remainder of the aqueous phase
analysis in this work is restricted to negative ESI unless indicated otherwise. Likewise, more compounds in the
biocrude samples were identified using positive ESI, so the remainder of the analysis of biocrude samples in this

article is restricted to positive ESI unless otherwise indicated.

Oxygen-Containing Compounds

One way to visualize FT-ICR MS results for O-containing compounds is via the van Krevelen plot, which
displays the H/C ratio of each compound with respect to its O/C ratio.*? Different types of compounds appear in
different regions of the plot, which can help characterize the composition of the samples. Biocrude and aqueous
phase samples produced via HTL of microalgae may contain lipids, proteins, phenolic polymers, unsaturated
hydrocarbons, aromatics, and products derived therefrom. Lipids generally have H/C from 1.7 - 2.2 and O/C
from 0.0 - 0.2. Proteins lie between 1.5 - 2.2 H/C and 0.2 - 0.6 O/C, phenolic polymers between 0.6 - 1.7 H/C
and 0.1 - 0.6 O/C, unsaturated hydrocarbons between 0.7 - 1.5 H/C and 0.0 - 0.1 O/C, and aromatics between
0.3-0.7H/C and 0.0 - 1.0 O/C.*3 Further, different collections of data points on a van Krevelen plot can identify
chemical reactions that relate the compounds in the group. For example, a grouping of points on a line with a
slope of 2 may indicate compounds that are related to each other by hydration or condensation, and a horizontal

line indicates compounds related by oxidation or reduction.*?43
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Figure 7 depicts a van Krevelen plot of the compounds identified via negative ESI of the aqueous phase samples
from HTL. All three samples contain many compounds that appear in the regions expected for phenolic polymers
and proteins. Some compounds also fall into the lipid region on these plots, which may indicate some solubility in
water for energy-dense compounds like lipids. Based on the arrangement of points on these plots, there appear to
be compounds related by oxidation/reduction, hydrogenation/dehydrogenation, methylation/demethylation/alkyl
chain elongation, hydration/dehydration, and carboxylation/decarboxylation reactions (as described above, and
in greaterdetail in references*? and*3).

Figure 8 depicts van Krevelen plots for biocrude samples analyzed by positive ESI FT-ICR MS. All three
biocrude samples contain many compounds within the regions representing phenolic polymers, lipids, and un-
saturated hydrocarbons. Figure 8 shows fewer compounds with O/C ratios > 0.3, than were present in the
aqueous phase samples. Positive ESI identified the most compounds with O/C ratios > 0.3 in the biocrude from
isothermal HTL (317), though all three HTL processing conditions yield similar numbers of compounds with high
0O/C (241 and 273 from fast, low loading and fast, high loading HTL, respectively). However, isothermal HTL
produced far fewer acidic (identified using negative ESI) compounds with O/C ratios > 0.3 than did fast HTL (51
from isothermal HTL compared to 329 and 139 from fast, low loading and fast, high loading HTL, respectively).
The additional reaction time (and greater reaction severity) may provide additional time for reactions between
compounds, possibly converting acidic compounds to more basic ones through the addition of nitrogen. The
Maillard Reaction and interactions between protein components and lipid products (depicted in Figure 2) could

both ‘contribute to the addition of N.

N, O, Compounds

Since N and O are the most abundant heteroatoms, we examine how these two elements are combined in the
various compounds identified. Figures 9 and 10 depict the relative abundance (color scale) of distinct compounds
in different heteroatom classes (O on the horizontal axis and N on the vertical axis) for the aqueous phase and
biocrude samples, respectively. In FT-ICR MS, relative abundance does not correspond directly to a mass or molar
basis, but is a function of how many ions move past the detector, the distance between the ions and the detector,
and how long the ions can be detected. As a result, the relative abundance resulting from FT-ICR MS analysis is
a qualitative representation of the sample composition.

Figure 9 shows that fast HTL with high loading produced aqueous phase compounds that contained the
highest number of N and O atoms (N19O12), compared to the other two reaction conditions (for which NgOg
is the highest heteroatom class observed). Though the mass loadings are the same, the product distributions in
Figure 9 for fast HTL with high loading and isothermal HTL are quite different. The most abundant compounds
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in the aqueous phase from isothermal HTL belong to the N3Os class and classes within one or two N and/or O
atoms. It seems that the compounds that formed initially during fast HTL underwent additional hydrolysis or
decomposition to form compounds with fewer N and O atoms. Figure S8 in the S| depicts similar trends.

Figure 10 depicts heteroatom density graphs for the biocrude samples analyzed using positive ESI. Several
compounds.with no N atoms are present in the biocrudes from fast HTL, but all compounds in the biocrude
from isothermal HTL contain at least 1 N atom (after analysis by positive ESI). Sudasinghe et al. observed
several‘compounds with no N atoms and 4 O atoms in their biocrude, which they believed to be polymerized
fatty ‘acids.® It is possible that the compounds with no N and 3 - 7 O atoms identified in the biocrude samples
produced via fast HTL are also polymerized fatty acids with varying levels of oxygenation. Since none of these
compounds are present in the biocrude produced via isothermal HTL, it is likely that the extended reaction
time facilitated reactions of fatty acids and/or polymerized fatty acids with amino acids, ammonia, or other
N-containing compounds, as depicted in Figure 2.

This scenario is consistent with the observation from the section discussing O-containing compounds that the
high O/C compounds in the biocrude from isothermal HTL are primarily ionized by positive ESI (which ionizes N-
containing and basic compounds). Sudasinghe et al. observed an increase in the relative abundance of compounds
containing'both N and O with increasing temperature,'> which may also contribute to the paucity of compounds
deemed likely to be polymerized fatty acids in the biocrude from isothermal HTL. As indicated in Table 1, the
maximum reaction temperatures increased from 186 °C for the fast HTL reactions to 279 °C for the isothermal
HTL ‘reaction.

The negative ESI analysis of the biocrude samples from all three reaction conditions (depicted in Fig. S9 in
the SI) contained several compounds with 2 O atoms and no N atoms. In fact, such compounds contribute 33 -
44 % of the total relative abundance. Figure S9 in the Sl highlights the vast abundance of compounds with 2 O
atoms in the biocrude analyzed by negative ESI. Many of these compounds are likely fatty acids, which indicates
that reactions of N-containing compounds with fatty acids and/or polymerized fatty acids do not consume all of
these compounds, even after isothermal HTL.

Isoabundance contour plots provide yet another way to depict characteristics of the numerous compounds
containing both N and O atoms. As a representative example, Figure 11 displays isoabundance contour plots
for the heteroatom class N3O4. The number of C atoms present in a particular compound is on the horizontal
axis, and the DBE is on the vertical axis. The color scale indicates the relative abundance of the compounds.
Isoabundance contour plots of heteroatom class density can build a comprehensive “fingerprint” of the samples
analyzed by FT-ICR MS. This fingerprint provides a very detailed accounting of the size of the compounds,
degree of unsaturation, and the distribution of different types of compounds, all of which can be very useful when
considering these samples for upgrading.
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The plots in the top row (panels A, B, and C) of Figure 11 depict results for the aqueous phase samples, and
the plots in the bottom row (panels D, E, and F) show results for the biocrude, both analyzed using positive ESI.
The biocrudes contain a more diverse distribution of compounds in this particular heteroatom class than do the
aqueous phase samples, perhaps because of the larger number of compounds present in the biocrudes relative to
the aqueous. phase. The plots of both the aqueous phase and the biocrude from fast HTL at the high loading have
two small regions of high relative abundance instead of a single “hot spot” as observed in the other plots. The
results for'the samples produced using isothermal HTL and fast HTL with low loading are quite similar. Recall

that the heteroatom density plots for these samples were also similar.

Nitrogen-Containing Compounds

N"is abundant in protein-rich biomass, such as many algal species. It is important to understand how N is
included in the various compounds in the aqueous phase and biocrude from HTL to facilitate upgrading of these
compounds to usable fuels and nutrient sources. Figure 12 depicts the N/C ratios plotted with the molecular weight
in units of atomic mass unit (AMU) for the aqueous phase samples. This plot illustrates how N is incorporated into
molecules of different sizes in the aqueous phase. Most compounds in all three samples have molecular weights
between 200 - 800 AMU and the compounds with the highest N/C ratios are within the 250 - 500 AMU range.
The aqueousyphase from fast HTL with the high loading is the only aqueous phase sample analyzed by negative
ESI that contains compounds with molecular weights > 800 AMU. These compounds primarily have N/C ratios
of 0.1 - 0.3. |Select molecular formulae of compounds with molecular weights > 800 AMU and their respective
DBE values are consistent with those of various polypeptide chains. This tentative identification supports the idea
that fast HTL with high loading facilitates solubilization of peptides and/or polypeptides, and that the reaction
is quenched prior to significant decomposition of these products.

Most N-containing compounds in the biocrude samples also have molecular weights < 800 AMU (see Fig.
S10 in the Sl). Biocrude samples generated under high loading conditions from both fast and isothermal HTL
include thesmost N-containing compounds at molecular weights above 800 AMU (3303, followed by 2013 and
1189 from fast, high loading and fast, low loading HTL, respectively). However, elemental analysis (Table 5)
revealed that the biocrude from fast HTL with the high loading contains the least N overall, followed closely by
the biocrude from isothermal HTL. Therefore, the N that is retained in the biocrude is concentrated in some of
the heavier compounds. We speculate that the high-molecular weight compounds identified in the biocrude from
fast HTL with high loading are residual cellular components that were not readily soluble in the aqueous phase.
Since isothermal HTL is the most severe of the reaction conditions examined, oligomerization and/or condensation
reactions involving dissolved protein components that could produce higher molecular weight compounds may be
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more likely, explaining the large number of N-containing high molecular weight compounds. One likely example
of such a reaction was postulated by Sudasinghe et al. and is depicted in Figure 2: the formation of amides from

reactions of carboxylic acids with ammonia (a water-soluble product of protein decomposition).**

Sodium-.and Sulfur-Containing Compounds

FT-ICR'MS analysis identified several compounds in the products of HTL that contain Na and/or S, as Figures
13, 14, 15, S11 and S12 indicate. Such compounds are of interest because they are potential catalyst poisons
in an algal biorefinery. To the best of our knowledge, this is the first detailed report including identification of
molecular formulae containing Na and S in both the aqueous phase and biocrude products of algal HTL. Na-
and S-containing compounds were preferentially ionized by different ESI modes; positive ESI did not identify any
S-containing compounds, but it identified more Na-containing compounds than did negative ESI. Identification of
S-containing.compounds solely with negative ESI indicates that the S present in molecules with molecular weights
> 200 in both the aqueous phase and biocrude samples is likely incorporated into acidic compounds. Amino acids
and thiols are examples of acidic S-containing compounds.

Of theraqueous phase samples, the most Na-containing compounds were identified in the aqueous phase from
fast HTL with the low loading (2938, followed by 2384 and 1783, the aqueous phase from the fast, high loading
and isothermal HTL conditions, respectively). The fast, low loading HTL reaction condition was also the only
one for which compounds with 2 Na atoms were identified. Such compounds were identified in both the aqueous
phase and biocrude products, as Figure S11 illustrates. Figures 13 and 14 depict the Na/C ratios with respect to
the average molecular weights of the aqueous phase and biocrude compounds containing Na.

These figures reveal two distinct “bands” for the products from fast HTL with low loading. The Na-containing
compounds in the biocrude may include mono- or di-sodium organo-metallic salts with sufficient hydrocarbon
character to be soluble in dichloromethane. Sudasinghe et al. reported adducts of Na with acylglyerol lipids in
biocrudes from low-temperature isothermal HTL,'® so similar products may also be present in the biocrude samples
examined in‘the present work. The presence of Na in fuels can be problematic,** so upgrading of biocrudes from
HTL of microalgae would need to include removal of Na in addition to N, O, and S.

Figure 15/ depicts the S/C atomic ratios with respect to the average molecular weight of the S-containing
compounds in the aqueous phase samples from HTL. All of the compounds contain just a single S atom. The
aqueous phase from fast HTL with high loading appears to contain the fewest compounds with S/C ratios > 0.1.
Few S-containing compounds were identified in the biocrude samples from HTL of Nannochloropsis sp. in this
study (83, 27, and 54 from fast, low loading, fast, high loading, and isothermal HTL, respectively). Figure S12 in
the S| shows that the S-containing compounds present were most abundant at the lower molecular weights. The
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biocrude contained about 0.5 wt % S, so much of this sulfur seems to exist in smaller (MW < 200) molecules

not detected by FT-ICR MS.

Herbicides as By-Products

Given the wealth of data obtained for molecular formulae of reaction products, we searched for molecular formulae
of known herbicides in the aqueous phase samples. The molecular formulae and DBEs for imazamethabenz
(C15H18N203), imazaquin (C17H17N303), and imazapyr (C13H15N303) matched those of products in the aqueous
phase. Although we do not know for certain whether these herbicides are, in fact, the species in the samples
analyzed by FT-ICR MS, the matching molecular formulae and DBEs provide circumstancial evidence.

From a sustainability point of view, it would be preferable to use the aqueous phase as a N and P source for
algae cultivation. However, previous studies indicated toxicity effects when the aqueous phase is used to grow
algae.*® The possible presence of known herbicides may shed some light on why these toxic effects are observed.
Some kind of treatment, perhaps biological*® or thermochemical,*” can likely mitigate the toxicity of the aqueous

phase for algae cultivation.

Summary and Conclusions

This study provides the first FT-ICR MS characterization of the aqueous phase and biocrude products from fast
HTL of microalgae. It also provides the first comparisons between fast and isothermal HTL at identical loadings
and between different reactor mass loadings for fast HTL. Fast HTL with low mass loading produced higher
biocrude yields than did isothermal HTL and fast HTL with high loading. However, the quality of biocrude
produced via'fast HTL with low loading appears to be less desirable than the biocrude produced via isothermal
HTL or fasttHTL with high loading. Closely related to this trade-off between quality and quantity is the trade-off
between the desirable recovery of C and the undesirable recovery of heteroatoms in the biocrude. Fast HTL with
the low loading gave the highest C recovery to the biocrude, but it also gave the highest recovery of N and S to
the biocrude;-which would necessitate more aggressive upgrading in an industrial implementation of this process.

The trade-offs associated with elemental recovery extend to aqueous phase products as well. HTL with high
reactor loading (including both fast and isothermal HTL) leads to high recovery of N in the aqueous phase, which
would be desirable for recycling N for algae cultivation. However, HTL with high reactor loading also promotes
high recovery of C in the aqueous phase, which diverts C away from the biocrude. The trade-offs identified here
provide many opportunities for the optimization of HTL processing conditions.

These trade-offs exist because rapid heating, mass loading, and reaction severity promote different reaction

paths. For example, during HTL at the low loading, the algae and products derived therefrom experienced a higher
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effective concentration in the liquid water phase at reaction conditions because more of the water is partitioned
to the vapor phase at this condition.

High molecular weight compounds in the aqueous phase product from fast HTL with high loading are consistent
with 'the molecular formulae and saturation levels of polypeptide chains, indicating that solubilization of these
peptides.and/or polypeptides into liquid water takes place very quickly. Far fewer high molecular weight compounds
consistent with polypeptides are identified in the aqueous phase products of fast HTL with low loading and
isothermal 'HTL, which may indicate that such polypeptides are subject to decomposition and other reactions at
these other conditions. This finding also suggests that further research is needed to better understand the effects
of mass loading, especially for HTL at very short times and with rapid heating.

Analysis using FT-ICR MS revealed that biocrudes from fast HTL contain several compounds with no N but
3 -7 O atoms. These compounds are likely free fatty acids and/or oligomerized or polymerized fatty acids. All
O-containing compounds present in the biocrude from isothermal HTL (identified using positive ESI) also contain
N, possiblysindicating that isothermal HTL provides ample time for reactions between O-containing compounds
and N-containing compounds (likely including the formation of amides from carboxylic acids with organic amines
or ammonia). This idea is reinforced by the observation that many of the high molecular weight compounds in
the biocrude from isothermal HTL are basic, while many of the high molecular weight compounds present in the
biocrudes produced via fast HTL are more acidic. However, analysis by negative ESI revealed many compounds
with 2 O atoms and no N atoms in the biocrude samples from all three reaction conditions, which likely indicates
that reactions between N- and O- containing compounds do not consume all fatty acids, even after isothermal
HTL.

The detailed data provided by FT-ICR MS analysis facilitated the tentative identification of herbicides in the
aqueous phase. To the best of our knowledge, no other studies have suggested specific compounds in the aqueous
phase products from HTL that may contribute to the toxic effect of aqueous phase on algae cultivation. This
information could be especially helpful for informing the treatment of the aqueous phase products or the genetic

engineering of bacteria and/or algae that are capable of tolerating, or even metabolizing, these compounds.
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Table 1

Fast, Low Loading | Fast, High Loading Isothermal
Setpoint Temperature 600 600 300
Reaction Time (min) 1 1 20
Maximum Reaction Temperature 186 4+ 14 186 + 14 219 £ 1
Log 'Reaction Ordinate (Ro) 2.01 2.01 6.41
E:iﬁ:z ?;a':/)'a’(im“m Reaction Tem- | 179 437 11.9 + 3.7 62,9+ 0.5
ﬂiarﬁsﬁiiitﬁ'#";igﬁilﬁl atMaxi- | 888 £ 0002 | 0.306 +0.006 | 0.208 + 0.001
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Table 2
Fast, Low Loading | Fast, High Loading | Isothermal
Biocrude 449 + 1.0 369 £ 0.1 375+ 0.9
Aqueous 49.0 + 10.2 459+ 7.1 498 + 3.3
Solid 10.2 £ 0.5 124+ 1.4 544+ 04
Gas 43+ 04 1.6 £ 0.2 14403
Total 108.5 £+ 11.3 100.7 £ 4.5 96.7 £ 0.3
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Table 3

Isothermal

Fast, High Loading

Fast, Low Loading
Ho 0.035 + 0.001 0.009 + 0.001 0.0002 + 0.00002
CcO 0.120 + 0.024 0.075 + 0.043 0.002 + 0.0004
CH,4 0.046 + 0.0004 0.012 + 0.0003 0.001 + 0.0001
CO, 0.857 £ 0.080 0.301 + 0.011 0.317 £ 0.075
CaHy 0.043 + 0.008 0.009 + 0.001 Not Detected
CoHg 0.013 + 0.0001 0.004 + 0.0005 Not Detected
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Table 4

C H N S
Fast, Low Loading | 22.5 | 7.00 | 6.30 | 0.48

Fast, High Loading | 31.0 | 7.49 | 9.09 | 0.49

Isothermal 205 | 7.59 | 7.79 | 0.46

25
AIChE Journal

This article is protected by copyright. All rights reserved.



AIChE Journal Page 26 of 43

Table 5
C H N S 0] HHV (MJ/kg)
Fast, Low Loading | 66.7 | 8.78 | 8.21 | 0.70 | 15.6 325
Fast, High Loading | 70.2 | 9.38 | 5.76 | 0.68 | 14.0 34.5
Isothermal 69.0 | 9.22 | 6.10 | 0.51 | 15.1 33.7
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FT-ICR MS @ 9.4 Tesla
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