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SUMMARY

Food waste is an abundant and inexpensive resource for the production of renew-
able fuels. Biocrude yields obtained from hydrothermal liquefaction (HTL) of food
waste can be boosted using hydroxyapatite (HAP) as an inexpensive and abundant
catalyst. Combining HAP with an inexpensive homogeneous base increased bio-
crude yield from 14 + 1 to 37 + 3%, resulting in the recovery of 49 + 2% of the
energy contained in the food waste feed. Detailed product analysis revealed the
importance of fatty-acid oligomerization during biocrude formation, highlighting
the role of acid-base catalysts in promoting condensation reactions. Economic
and environmental analysis found that the new technology has the potential to
reduce US greenhouse gas emissions by 2.6% while producing renewable diesel
with a minimum fuel selling price of $1.06/GGE. HAP can play a role in transforming
food waste from a liability to a renewable fuel.

INTRODUCTION

Over 1.3 billion tons of food is wasted worldwide every year (Schanes et al., 2018). In the United States, over
63 million tons of food is discarded annually, including manufacturing, residential, and commercial waste
(Agency, 2021b). Food waste is energy dense and has the potential for production of fuels and chemicals
(Pfaltzgraff et al., 2013). Multi-step conversion to usable energy has shown promise as a more sustainable
approach to food waste management than current practices (Paritosh et al., 2017). Unfortunately, most
food waste is discarded in landfills with non-substantive energy recovery occurring with 6.3% of the
disposal going toward incineration with energy recovery (EPA, 2020). However, if 100% of the world's
annual supply of wasted food was converted to usable energy, it could power the United States for two
years based on the 2020 energy consumption rate (Administration, 2021b; Ouadi et al., 2019).

Hydrothermal processes have recently gained attention for the conversion of biomass, algal, and organic
wets wastes into fuels, chemicals, and materials (Castello et al., 2018; Gollakota et al., 2018). Unlike dry ther-
mal conversion technologies (e.g., pyrolysis and gasification), hydrothermal processes are compatible with
wet feeds (Castello et al., 2018; Gollakota et al., 2018). Compared with anaerobic digestion (days), hydro-
thermal processes are rapid (minutes), making them appropriate for modular, distributed deployment
(Bielenberg and Palou-Rivera, 2019).

HTL has been extensively studied for use with algal and sludge feedstocks (Gollakota and Savage, 2020; Du
etal., 2013; Gollakota et al., 2018; Peterson et al., 2008), primarily to maximize biocrude yield. Maximizing
the lipid content of algae benefits HTL biocrude yields. However, the National Renewable Energy Labora-
tory (NREL) has estimated the minimum algae feedstock costs to be $430/ton ash free dry weight (AFDW)
(Ryan Davis et al., 2016), and experimental values are above $1,000/ton (Jiang et al., 2019), which makes
conversion of algae into liquid fuels economically infeasible.

Utilizing food waste as a feedstock for HTL can replace the high cost of algae cultivation with feedstocks
that have negative costs (Kantner, 2019). Unfortunately, biocrude yields obtained from HTL processing
of food waste are much less than those obtained from algae, a feed that is rich in biocrude forming lipids

'Department of Chemical
Engineering, Worcester
Polytechnic Institute, 100
Institute Road, Worcester,
MA 01609, USA

?Mainstream Engineering
Corporation, 200 Yellow
Place, Rockledge, FL 32955,
USA

3National High Magnetic
Field Laboratory, 1800 Paul
Dirac Dr., Tallahassee, FL
32310, USA

“Department of Soil & Crop
Sciences, Colorado State
University, Fort Collins, CO
80523, USA

SWoods Hole Oceanographic
Institution, 86 Water St.,
Falmouth, MA 02543, USA
éLead contact

*Correspondence:
mttimko@wpi.edu

https://doi.org/10.1016/j.isci.

(Chengetal,, 2017, 2020; Maag et al., 2018). Of importance, additional research is needed to make efficient 2022.104916
) o
e iScience 25, 104916, September 16, 2022 © 2022 The Author(s). 1

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:mttimko@wpi.edu
https://doi.org/10.1016/j.isci.2022.104916
https://doi.org/10.1016/j.isci.2022.104916
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2022.104916&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

¢? CellPress

OPEN ACCESS

use of abundant, inexpensive organic wet waste streams, (e.g., food waste) while matching biocrude yields
that can be obtained from expensive high-lipid algae.

One approach to improving biocrude yields obtained from HTL processing of low-cost feeds is to use a catalyst
(Nagappan et al., 2021). Although catalytic HTL has been reported previously in the literature, its impact has
been limited by catalyst costs, especially when considering the harsh conditions that prevail during HTL (Azadi
and Farnood, 2011; Besson et al., 2014; Cheng et al., 2021). Inexpensive, abundant, stable, and effective cata-
lysts are required to make catalytic HTL of wet waste streams economically competitive (Maag et al., 2018).

Hydroxyapatite (HAP), a naturally occurring mineral consisting of calcium and phosphorous oxides found in
bone with the molecular formula Ca;o(PO4)s(OH),, meets all of these criteria (Fihri et al., 2017). HAP is thermally
stable in air at temperatures <700°C (Roberts et al., 2015; Mostafa, 2005). The hydrothermal stability of HAP has
not been examined in detail; however, Roberts et al. reported the formation of HAP from calcium and phos-
phorous precursors naturally present in microalgae during HTL, implying that HAP is stable at HTL conditions
(Roberts et al., 2015). The acid and base properties of HAP can be tuned by altering the pH between 7 and 11
during synthesis to manipulate the coordination of oxygen around the central calcium atom and result in a
range of base to acid site ratios (Fihri et al., 2017; Tsuchida et al., 2006). HAP's use in biomass conversion
and for promoting HTL reactions is relatively unexplored; however, others have catalyzed carbon-carbon
cross-coupling, condensation, and oxidation reactions (Kaneda et al., 2004; Tsuchida et al., 2008b; Fihri
et al,, 2017; Kiani and Baltrusaitis, 2021). Understanding these pathways at the molecular level therefore is a
further requirement for HTL to be impactful (Cheng et al., 2021).

The objective of this work was to evaluate the use of HAP for improving biocrude yields obtained from HTL of
organic wet waste and to characterize biocrude compositions as a basis for chemically resolved biocrude for-
mation models. HTL product distributions, including biocrude yields, were measured for HTL of a model food
waste stream using a series of HAP materials with varying acid-base properties. The recovered catalyst was
studied after initial use, after prolonged exposure to hydrothermal conditions, and as part of a new method
for converting carbon lost to the HTL aqueous phase into biocrude to further understand the role of the catalyst
in condensation reactions. Biocrude and aqueous phase products were analyzed using molecular level
methods to develop a basis for chemically resolved biocrude formation models that can guide process devel-
opment. Lastly, experimental data were input into economic and environmental models to predict potential
outcomes. The results and analysis presented here establish a new technological and scientific baseline for
the use of catalytic HTL as a method to transform environmental liabilities into renewable fuels.

RESULTS AND DISCUSSION

Catalyst characterization and performance evaluation

Each of the six HAP catalysts was tested to establish effectiveness at promoting biocrude formation in the
hydrothermal conversion of a model food-waste mixture. The HAP catalysts were selected to represent a
range of calcium-to-phosphorus ratios, because this property correlates with catalytic performance in many
important reactions (Tsuchida et al., 2008a). Accordingly, catalysts are named “"HAP" for hydroxyapatite
with a suffix that denotes the calcium-to-phosphorous ratio of the material. Experiments were performed
in the absence of catalyst as a control.

Figure 1 provides the product yields observed for these experiments, reported in terms of mass yield as a
percent of the organic loading. Mass balance closure was always greater than 90% and error — ascertained
by comparison of multiple runs — was less than 8%.

Addition of HAP increased biocrude mass yield (Figure 1) from a value of 13.6% in the absence of catalyst to
40.7% for HAP-1.86. The average biocrude yield in the presence of HAP was 29.7%, indicating the impor-
tance of specific HAP properties. Biocrude yield was weakly dependent on calcium-to-phosphorus ratio,
with the three materials with Ca/p > 1.5 resulting in greater biocrude yields than the three materials with
Ca/p < 1.5. Figure S1 re-plots product fractions on a carbon basis, wherein HAP-1.86 shows increased oil-
phase carbon compared to the thermal case.

Table 1 provides additional detail on the various biocrudes obtained using HAP and in the control run. Bio-

crude elemental composition is within the range 60-70 wt% carbon, 8-9 wt% hydrogen, 17-27 wt% oxygen,
and 3-4 wt% nitrogen. The higher heating values (HHVs) of the biocrude samples were measured
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Figure 1. HAP-catalyzed hydrothermal liquefaction product yields

Product yields for all phases of HAP catalyzed hydrothermal liquefaction. Product yields reported in mass percent of
organic feed. Oil is equivalent to biocrude. All reactions utilized 5% wt % catalyst completed at 300°C, 1 h residence time,
and 15% solids loading. See also Figure ST and Table S2.

independently from composition and found to vary from 31 to 38MJkg™' (measurement
uncertainty = +1MJkg™"). The biocrude obtained from use of HAP-1.86 contains the most carbon, only
slightly higher than that from thermal HTL, yet its energy recovery is 3.5 times greater. This finding indicates
the need for further analytical characterization for more accurate analysis compared to the bulk.

Table 1 shows that the energy recovery obtained using HAP-1.86 was substantially (~25%) greater than any
other catalyst. Accordingly, HAP-1.86 was evaluated in more detail and its superior performance was found
to arise from the presence of labile base sites on its surface as indicated by surface titration before and after
rinsing (Tables ST andS2). Figure S2 provides biocrude yields obtained from tests on a rinsed version of
HAP-1.86 and the corresponding supernatant liquid, showing that both of these increased biocrude yield
relative to that observed under non-catalytic conditions. The energy recovery observed for HAP-1.86 after
rinsing is comparable within the limits of uncertainty to those observed for HAP-1.57 and HAP-1.62. Of in-
terest, the individual improvements of the supernatant and the washed HAP appear to be additive, causing
the same improvement observed using HAP-1.86 in its original state (within the limits of experimental un-
certainty). Subsequent experiments with rinsed HAP-1.86 and homogeneous base (Figure S2) show that the
combination of heterogeneous and homogeneous catalysts greatly increases biocrude yields obtained by
HTL relative to either one used on its own.

The various HAP-based catalysts were characterized in greater detail for textural, composition, and surface
properties. Figures S3, S4, S5, S6, S7 S8 andS9 contain XRD, SEM, and nitrogen sorption curves. Catalyst prop-
erties were studied after use and after 200-h endurance tests in liquid water at 300°C. In summary, the key char-
acteristics required for boosting energy recovery are surface area greater than 20 m?g™", balanced presentation
of acid and base sites (Tsuchida et al., 2006, 2008a), stability after use and after long-term liquid water exposure
(200 h), and most importantly, a calcium-to-phosphorous ratio greater than 1.50.

One problem revealed by catalyst characterization after use was accumulation of char on the surface that
will lead to its de-activation over time (Stummann et al., 2019), a consequence of direct contact between the
biopolymers contained in the feed with the catalyst during what can be termed in situ catalytic HTL.
Removing the catalyst from the HTL reactor and instead using it in a secondary reactor to recover oil
that would otherwise be lost to the aqueous phase has the potential to limit char accumulation by removing
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Table 1. HTL biocrude properties from thermal and catalytic hydrothermal liquefaction at 300°C and 200 bar
Conditions C (wt %) H (wt %) N (wt %) O (wt %)* Oil Yield (%) HHV (MJ/kg) Energy Recovery (%)

Food Waste 47.2 6.7 4.6 41.5 N/A 24.6 N/A

Thermal 69.9 8.4 3.8 17.9 14 +1 321 18+ 2
HAP-1.30 68.1 8.5 2.8 20.6 26 +3 33.5 35+3
HAP-1.40 60.3 8.4 3.5 27.8 26 £5 322 34 +5
HAP-1.44 67.3 8.8 2.9 21.0 23+7 33.5 31+7
HAP-1.57 68.0 9.2 3.1 19.1 33+5 35.4 47 + 4
HAP-1.62 67.7 8.3 3.2 20.8 31+ 4 31.0 38 t+4
HAP-1.86 70.3 9.0 3.7 17.0 4115 38.3 63 +5

Elemental analysis (CHNO) percentages for the biocrude phase, oil yield, higher heating value, and energy recovery of all HAP and thermal runs.
2Oxygen weight by difference.

it from direct contact with biopolymer present in the feed (Lucian et al., 2018). Following terminology usage
in pyrolysis (Wan and Wang, 2014), using the catalyst in a separate reactor than used for HTL can be termed
ex situ catalytic HTL.

The biocrude yields obtained from in situ and ex situ catalytic HTL experiments are shown in Figure 2, using
HAP-1.86 as a model catalyst. Figure 2 indicates that nearly 36% of the carbon remaining in the aqueous
phase can be converted to biocrude by use of ex situ catalysis. Summing the biocrude obtained from ther-
mal processing and ex situ carbon recovery corresponded to a biocrude carbon yield of 49%, which is the
same as that obtained under in situ conditions using the same catalyst within estimated limits of experi-
mental uncertainty. Unlike for in situ catalyst use, which accumulated 5-15 wt% carbon on the surface as
char, the carbon content of the catalyst used under ex situ conditions was less than 1 wt%. Figure S10 con-
tains photographs of the various catalysts. These results indicate that ex situ use of the HTL catalyst retains
all of the benefits of using a catalyst without the problems associated with carbon accumulation on the
surface.

Molecular level analysis

Table 1 presents bulk properties of the HTL biocrudes. However, it lacks the molecular level detail required
for science-based reactor design and upgrading. The next step was molecular characterization of the bio-
crude product to understand its formation pathways to guide rational design of the HTL process.

Biocrude formation consists of a complicated sequence of biopolymer depolymerization and rearrange-
ment into oil-soluble products. The lipid content of food waste is insufficient to explain the biocrude yields
obtained here (Table 1). In addition to lipids, food waste contains starch, proteins, and simple carbohy-
drates that must contribute to biocrude formation to explain the observed yields. Understanding how
the presence of a catalyst promotes participation of the carbohydrates and proteins in biocrude formation
is therefore key to utilization of low-lipid feeds for HTL. Reaction pathways of particular interest therefore
are ones that convert water-soluble molecules, such as simple carbohydrates and amino acids, into oil-sol-
uble ones that contribute to biocrude formation.

As a complex, multi-component mixture, partitioning of a single molecule into biocrude is not well defined.
The octanol-water partition coefficient (K,,,) offers a convenient and quantitative proxy to understand bio-
crude-water partitioning (Kumar et al., 2015). Unlike biocrude-water partition coefficients, octanol-water
partition coefficients have been measured for many compounds of interest (Sangster, 1989), and empirical
methods are available for predicting octanol-water partition coefficients for compounds that have not been
studied previously (Meylan et al., 1996; Zissimos et al., 2002). Moreover, octanol-water partition coefficients
have proven to be linearly related to partition coefficients of many poorly defined thermodynamic systems
(Hu et al., 2018; Budhwani, 2015), recommending their use for quantitative description of biocrude parti-
tioning. Accordingly, Koy, is used here to guide the understanding of what compounds should contribute
to biocrude formation.

The various HTL products were analyzed at the molecular level using GCXGC, FT-ICR MS, and FT-IR spectros-
copy. Each instrument served a specific purpose, with GCXGC analysis used to obtain precise molecular
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Figure 2. HAP-catalyzed ex situ carbon yields

Ex-situ carbon yields for oil, aqueous, solid, and gas phases. Ex-situ experiments utilized thermal aqueous phase as the
HTL feedstock with 5 wt% HAP-1.86 catalyst. The bar corresponding to ex situ HAP is sized equally to the thermal aqueous
phase to show the percentage of aqueous feed converted to biocrude. *Denotes mathematical combination of thermal
and ex situ runs. All runs depict the average thermal yield without catalyst addition. Conditions: 300°C, 1 h, 200 bar. See
also Table S1 and Figure S2.

structure information for volatile products; (+) APPI FT-ICR MS was used to obtain isotopically accurate
elemental formulas of ionizable species with molecular weights >150 Da; and FT-IR spectroscopy used to iden-
tify functional groups regardless of molecular weight. Data from these methods — especially GCxGC and FT-
ICR MS — were then used to reconstruct biocrude and aqueous phase composition and thereby develop a
framework for biocrude formation.

Figure 3 contains GCXGC-FID chromatograms corresponding to the biocrude obtained under non-cata-
lytic conditions. Figure S11 contains chromatograms with identical first and second dimension retention
times obtained from analysis of biocrudes obtained in the presence of in situ catalysts. Qualitatively, the
chromatograms obtained in the presence and absence of a catalyst are similar to one another. Two-dimen-
sional GC analysis shown in Figure 3A leads to multiple groupings of chemical classes, identifying Cg — Cyo
fatty acids as the major biocrude products. Fatty acids arise from hydrolysis of triglycerides and possess
Kow>>> 10, consistent with partitioning into the biocrude phase (Simpson et al., 1974).

Secondarily, Figure 3A indicates the presence of n-alkenes, the products of fatty acid decarboxylation, and fatty
amides, represented by a cluster of peaks that elute at retention times greater than the corresponding fatty
acids. Fatty amides are the putative products formed by reaction of fatty acids with amino acids and especially
their breakdown products, including amines (?0%) and methyl amines (10%) (Betancourt-Jimenez et al., 2020;
Cheng et al., 2017). As with the fatty acids, the log(Ky,.) of fatty amides with more than ten carbon atoms is pre-
dicted to be greater than 10. Moreover, the abundance of fatty amides establishes the importance of C-N for-
mation reactions as a biocrude formation pathway, because the amino acid reactants on their own are pre-
dicted to partition into the aqueous phase (log(Kuw) < 2).

Aside from the abundant fatty acids and amides, Figure 3A indicates the presence of numerous trace-level
peaks eluting earlier in the first dimension than the fatty acids. As identified by their corresponding mass
spectra, these compounds belong to several classes, including cresols and indoles, highlighted in Figure 3. Fig-
ure 3C shows a zoomed in portion of the GCxGC chromatogram showing a series of alkyl phenols (cresols),
with between one and four carbons present as side chains, shown in Figure 3B. The cresols and indoles
form from reactions of carbohydrates with one another (Sad et al., 2008) or with amino acids (Lamping et al.,
2015; Meshram et al., 2013). Unlike the parent compounds, which are expected to be water soluble, these mol-
ecules possess log(Koy) values >10, consistent with biocrude forming molecules. Detailed mass spectra are
provided in the Supporting Information as Figure S12 and FT-IR in Figure S13.
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Figure 3. Two-dimensional gas chromatography highlights primary biocrude product classes

(A) GCXGC-FID total ion mountain plot chromatograms of biocrude obtained from non-catalytic food waste HTL.
(B) GCxGC chromatogram depicting the area showing a range of substituted indoles.

(C) GCxGC chromatogram depicting the range of substituted phenols and cresols. See also Figures S11 and S12.

Despite GC analysis providing molecularly detailed information, thermal analysis indicates that less than 45% of
the biocrude is volatile enough for GC analysis. Accordingly, (+) APPI FT-ICR MS was used to determine isoto-
pically accurate molecular formulas of the ionizable heavy fraction of the biocrude (>150 Da). (+) APPI FT-ICR MS
is especially sensitive to aromatic compounds and is capable of ionizing molecules across a broad range of po-
larities, especially relevant because of biocrude complexity (Purcell et al., 2007a; Robb and Blades, 2006; He
et al., 2021).

Figure 4contains double-bond equivalency (DBE) data as a function of the number of carbon atoms for the
six most abundant heteroatom classes identified in Figure S14. As more nitrogen and oxygen are incorpo-
rated into the molecule, the average carbon number and DBE also increases, as required to maintain Ko,
values that favor biocrude formation.

In theory, a vast number of molecules can give rise to the FT-ICR MS patterns shown in Figure 4. In practice, the
molecular structures indicated by FT-ICR MS must be consistent both with the components known to be pre-
sent in the volatile biocrude fraction and known chemical pathways. The consistency requirement makes trac-
table the assignment of probable molecular classes to the FT-ICR MS data. The results are provided as part of
Figure 4, which shows that combinations of indoles and fatty acids, compounds that can be termed fatty in-
doles, are predicted to be especially prevalent in the biocrude. Of interest, to remain consistent with the pre-
dicted DBE and GCxGC, fatty acids are proposed to form bonds with the indole both through the nitrogen
atom, the result of an amidation reaction, and through formation of C-C bonds, indicating multiple probable
mechanisms for fatty indole formation. Similarly, Figure 4 provides K,,, values for representative molecules of
these different classes, showing that these products are predicted to partition into the biocrude phase. Analysis
of the biocrude formed by ex situ catalysis points toward a process involving coupling of water-soluble prod-
ucts into oil soluble ones, thereby resulting in carbon transfer from the aqueous phase to the biocrude. Of in-
terest, ex situ catalysis seems to especially favor amidation reactions, as indicated by the C-N stretch that is
much more intense in the ex situ biocrude sample compared with the others and as shown in Figure S13 (Lu
et al., 2018).

Figure 5 extends this analysis to explore the relationship of molecular weight and heteroatom class, containing a
plot of abundance of different heteroatom classes as functions of molecular weight. The number of heteroatoms
present in the biocrude molecules generally decreases with decreasing molecular weight, thereby maintaining
favorable K,,, values across the entire molecular weight spectrum. More information is provided in Figure S15,

6 iScience 25, 104916, September 16, 2022

iScience



iScience

¢? CellPress

OPEN ACCESS

A 5% Thermal QOil In situ Oil Ex situ Oil ThermalAqueous B Qil Aqueous
" N,O4 N4O4 N0, N4O4 O?Q(n /H\)OJ\ (1.13)
@ 15 N (88s) 7N 0
‘ v a
. E (4.95)©/
N,0, N,0, bt 4.5 i
" OW (4.5) O)LOAH: (2.5)
N
[m)] ,A. i N " J o
v l mﬂ\f s8 | T 6as)
R} 0
y N,O, //—\\ ‘xr (0.5)
(7.24) OH (1.11)
y . : C, }HW f
4 oM o
= 11.84) "\=
N,O; N,O;4 N
L ) O, /—\ / (2.29)
2 N
\_7 (2.72) 7
n HN
S
N103 (0]
u o 12
2 Clage™ My on sy
7 o}
5 ql ‘l. ’ ' - °

20 40 60 20 40 60 20 40 60 20 40 60

Relative Abundance (% total) Carbon Number
—_—

Figure 4. FT-ICR MS analysis of HTL aqueous and biocrude products

(A) Double-bond equivalency (DBE) as a function of carbon number for the five most abundant classes identified in (+)APPI FT-ICR MS for the three biocrude

phases and the non-catalytic aqueous phase.

(B) Proposed molecular structures and classes consistent with regions of high abundance identified in part a for each heteroatom class. Numbers in

parentheses indicate Koy for that particular molecule at that carbon number. See also Figure S14.

showing re-plots of the data shown in Figure 5 as relative abundance that shows compositional dependence in
more detail.

The molecular weight distribution consists of several broad maxima, centered at 300, 450, and 600 Da. The first
of these features is consistent with the fatty indoles identified from the analysis shown in Figure 4. The others,
therefore, arise from further condensation reactions, including indoles with multiple fatty acid constituents and
fatty acids cross-linked between indole groups. These molecular weight distributions are only weakly depen-
dent on the presence or absence of catalyst, indicating that biocrude composition depends most strongly
on the composition of the feed and secondarily on differences in formation conditions. Similarly, Figure 5 sup-
ports the conclusion that the main impact of catalysts is to produce greater amounts of biocrude forming mol-
ecules, without introducing entirely new molecules and hence without introducing new pathways and instead
amplifying existing ones.

In addition to biocrude analysis, Figure 4 provides data obtained from analysis of the HTL aqueous phase. As
expected from all previous discussion, for a given heteroatom class the aqueous phase product consists of
lower carbon number and DBE than the same heteroatom class in the biocrude. The final column of Figure 4B
provides molecular structures consistent with the aqueous phase FT-ICR MS data and previous reports of
aqueous phase constituents (Chang et al., 2019; Mettler et al., 2012a, 2012b; Obeid et al., 2020). As compared
with the biocrude phase, the aqueous phase consists of similar structural motifs, but with shorter fatty acid side
chains that result in K, values favoring aqueous phase partitioning rather than biocrude formation.
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Figure 5. Molecular weight distribution for oxygen and nitrogen-containing molecular classes derived from FT-
ICR MS

Relative abundance of different heteroatom classes as a function of molecular weight as determined by FT-ICR MS
operating in (+) APPI mode.

(A-C) show data for oxygen bearing molecules and (D-F) show the same data for nitrogen bearing molecules. See also
Figure S15.

Combining GCXGC and FT-ICR MS provides a detailed picture of the biocrude formed during HTL of food
waste. Figure 6 is a schematic that captures the most important molecular details. Hydrolysis and thermolysis
of the proteins, lipids, and starch present in food waste gives rise to amino acids, fatty acids, and simple car-
bohydrates. The K,,, values of the fatty acids are sufficient for biocrude formation yet the amino acids and car-
bohydrates must undergo further dehydration and coupling reactions for biocrude formation. A critical step is
formation of C-N and C-C bonds between the indole and phenol products of amino acid and carbohydrate
degradation reactions to form fatty indoles that greatly increase the biocrude yield. These coupling reactions
are responsible for biocrude yields that far exceed those predicted from the lipid content of the feed. The role
of the acid-base catalyst is to boost these C-N and C-C forming reactions, thereby increasing the yields of these
specific compounds while only secondarily impacting their structures.

Figure 6 provides K,,, values for the various compounds identified in the biocrude. Based on appearance of

compounds in the aqueous phase and biocrude phase, a value of log(K,y) > 10 is required for biocrude
formation. This observation suggests a correlation between K, and the corresponding biocrude-water
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Figure 6. Proposed schematic combining GCxGC and FT-ICR MS techniques for biocrude and aqueous
partitioning

Schematic representation of the molecules present in HTL liquid-phase products (biocrude and aqueous). Biocrude
formation is the result of biopolymer hydrolysis and thermolysis followed by recombination. For food waste, formation of
fatty indoles and alkyl phenols is especially important. Ko, values are provided for the various compounds, showing that
log(Kow) > 2 is required for biocrude formation.

partition coefficient (Kvy): log Kpw = log Kow + 1. This correlation will be somewhat sensitive to the feed-
stock and to the reaction mixture pH, because many of the molecules present in the biocrude are ionizable
acids, amines, or amides.

Potential commercial impacts

Economic and environmental analyses were performed to evaluate the potential impacts of the new catalytic
HTL technology for converting food waste into fuels. Environmental analysis included greenhouse gas (GHG)
emissions reduction, which is provided in the main text, and impacts of secondary products (Figure S16). Eco-
nomic analysis used a previous report by Pacific Northwest National Laboratory (PNNL) as a starting point that
included detailed analysis of both capital and operating expenses (Snowden-Swan et al., 2016).

Full analysis of GHG reduction included three main components: CO; offsets due to replacing petroleum
fuels with a renewable option, CO, emissions associated with refining food waste to diesel relative to those
expected for converting petroleum to diesel, and reduction of GHG emissions due to re-directing food
waste from landfills to use as a fuel.

Hydrotreating experiments, summarized in the Supporting Information (Figure S17), suggest hydrotreated
biocrude obtained from food waste is suitable for use as a diesel blend stock or replacement and literature
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Table 2. Life cycle assessment emissions and resources calculations from GREET model of hydrothermal lique-

faction
Conventional  Diesel from Algae HTL Diesel from food Diesel from food
Diesel (Ryan Davis et al., 2016, 2018)  HTL (base case) HTL (+HAP-1.87)

Emissions (per MBTU)

Total CO, [kg] 131 21.0 30.6 13.4

CO gl 13.2 13.2 50.2 13.5

NO [g] 23.5 24.9 63.8 233

PMio [g] 15 3.1 2.9 1.0

SO, [g] 7.5 86.8 29.5 10.8

CH, [g] 100 83.4 210 78.1

Resources

Energy [MJ] 1249 1506 1703 625

The life cycle of the catalyst is not specifically included in calculations due to the ability to use calcium and phosphorus as a soil
amendment. See also Figure S18 and Table S4.

reports carbon recovery of nearly 70% (Castello et al., 2018; Cordova et al., 2020; Glaser and Lehr, 2019).
Based on annual food waste production solely in the US (63 million tons) with an organic content of 25
wt% (Agency, 2021b; Zhang et al., 2007), food waste HTL has the potential to replace 4.5 million tons of
diesel per year (28% of US diesel market) (Administration, 2021¢), given that combustion of the food
waste-derived diesel does not introduce new carbon into the atmosphere (i.e., CO; released by combus-
tion will be taken up on rapid time scales to generate new food) and that combustion of petroleum diesel
results in transfer of 3,082 kg of CO,/ton of diesel from geological reserves to the atmosphere means that
converting food waste to diesel has the potential to offset up to 15.3 million tons of CO; per year.

Converting food waste to diesel requires energy inputs. A well-to-pump life cycle analysis (Table 2) was per-
formed using GREET software (Frank et al., 2011) to quantify the CO, emissions and energy input required
for catalytic and non-catalytic HTL of food waste compared with petroleum-based diesel. LCA inputs (Fig-
ure S18, Table S4) are consistent with the flow rates and product usage identified in the technoeconomic
analysis (TEA) (Hao Cai et al., 2013;Han et al., 2011; Lampert et al., 2015; Lu et al., 2018; Palou-Rivera and
Wang, 2010). Of interest, producing diesel from food waste without a catalyst results in co-production of
2.3-times more CO; (30.6 tons) than producing diesel from petroleum (13.1 tons), a consequence of the
low biocrude yield. Catalytic HTL of food waste results in CO, production values that are roughly equal
to those for diesel production from petroleum (13.4 vs. 13.1 tons). These values are comparable to those
reported previously by Fortier et al., 2014, 2017 and Nie et al. (Nie and Bi, 2018) for algae and biomass feed-
stocks, respectively, and indicate that GHG emissions from converting food waste to diesel roughly offset
the emissions expected for converting petroleum to diesel. Accordingly, the GHG term due to HTL diesel
production was neglected in further analysis of total GHG reduction. Similarly, the Energy Return on Invest-
ment (EROI) estimated for production of diesel from food waste is only 0.81 in the absence of catalysts and
increases to 2.42 for catalytic HTL, indicating twice the energy is produced than is consumed in the process.

The well-to-pump analysis summarized in Table 2 does not account for GHG reductions associated with re-
directing food waste from landfills. For landfills lacking methane capture, food waste decomposes to pro-
duce greenhouse gases, particularly methane, which is 50 times more climate forcing than CO, (Agency,
2016). The US produced 63 million tons of food waste in 2018, and the EPA estimates the methane potential
of anaerobic digestion of food waste is equivalent to an estimated 2.49 tons of CO; per ton of waste
(Agency, 2020). The result is that landfilling food waste results in annual emission of 156.8 million tons of
GHG per year, which is equivalent to 2.4% of annual GHG emissions in the US (Administration, 2021a). Di-
verting food waste from landfills to production of renewable fuel avoids these emissions entirely.

The landfill gas and petroleum diesel replacement analyses can be summed to arrive at a final value for
GHG reductions that can be expected from complete conversion of all US food waste into renewable
diesel. The maximum possible reduction is 171 million tons/yr. This value is 2.6% of annual U.S. GHG emis-
sions (Mausami Desai, 2021).While the assumptions of 100% of food waste collection and conversion to
diesel is optimistic, this analysis provides a very reasonable first assessment of the magnitude of the
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Table 3. Predicted MFSP ($/GGE) for biocrude production from different feeds and HTL technologies

Feed Cost Catalyst Biocrude MFSP?

Feed ($/dry ton) Catalys‘cb Lifetime® (hrs) Yield (wt %) ($/GGE) Source
Algae 1171 None N/A 40.9 11.35 Jiang et al. (Jiang et al., 2019)
Algae 38.1 12.03
Algae 42.4 11.03
Food Waste —45° None N/A 13.6 8.24 This work

HAP-1.57 100 32.1 8.54

HAP-1.86 200 31.8 6.11

HAP-1.86 alkali® 200 40.7 478

See also Tables S5-57 and Figures S19 and 20.

®Feed cost includes transportation as $55/ton (Snowden-Swan et al., 2021).

PHAP catalysts were used with a catalyst cost of $11.34/Ib. as found on Alibaba (2021a).
“Catalyst lifetime as determined experimentally.

IMinimum fuel selling price for biocrude without upgrading.

®Alkali costs taken as $330/metric ton = $0.01/lb. as found as Alibaba (2021b).

CO; reduction that is possible using the food waste to diesel strategy. Further LCA considerations as they
pertain to HTL byproducts are discussed in the Supporting Information.

The LCA indicates the potential for positive environmental benefits of the new technology and clearly es-
tablishes the improvements that use of a catalyst can achieve. The next step was to analyze potential eco-
nomic impacts by performing a TEA. Table S5 provides values of the inputs to this model (Snowden-Swan
etal., 2016). A summary of the non-catalytic and catalytic TEA results can be found in Tables S6 and S7. To
reflect current practice, a food waste tipping fee was included in the TEA and an aggregate average was
calculated for tipping fees across the northeastern states of the USA (-$66.67) (Kantner, 2019) plus a fixed
cost of $55/ton for transportation of the food waste to the HTL processing center.

Table 3 provides estimated values of the minimum fuel selling price (MFSP) of biocrude produced from
food waste conversion using the catalytic HTL technology compared with similar values reported for an
algae feedstock (Jiang et al., 2019; Snowden-Swan et al., 2016). Producing biocrude from algae results
in an estimated MFSP >$10 per gallon of gasoline equivalent (GGE) (Jiang et al., 2019). The uncompetitive
MFSP calculated for algae ($11.03) is a direct consequence of the high feedstock cost (>$1,000/ton) despite
the high biocrude yield (40%) achievable with HTL processing of algae.

In the absence of catalyst, HTL conversion of food waste decreases MFSP ($8.24) by 28% relative to the
average value predicted for algae. This reduction is a consequence of the tipping fee that can be claimed
by processing food waste, despite the differences in biocrude yields obtained by the two processes (i.e.,
13.6% compared with as much as 42.4%). Use of a catalyst to increase biocrude yield further decreases the
estimated MFSP, with combined use of the heterogeneous-homogeneous catalyst described here result-
ing in a 57% reduction in MFSP ($4.78) relative to that estimated for algae without a catalyst. The added cost
of the catalyst was more than offset by the biocrude yield improvements.

Sensitivity analysis indicated that tipping fees, catalyst cost and lifetime, and biocrude yields are the most
important for determining MFSP, as summarized in Figures S19 and 520. Optimization of these parameters
can realistically reduce the predicted MFSP of food waste biocrude. In particular, a tipping fee of —$45/ton,
assuming a 50% moisture content, including transportation costs, is a conservative estimate (Snowden-
Swan et al., 2021). Tipping fees are generally increasing across the USA, and tipping fees in Alaska already
exceed $150/ton (Kantner, 2019), a value which corresponds to a predicted biocrude MFSP of $2.17/GGE
for HAP-1.86 with alkali addition, even after including a reasonable estimate for transportation costs at $55/
ton (Snowden-Swan et al., 2021).

Aside from deploying the technology in areas that maximize tipping fees, technological improvements can

similarly reduce projected MFSP. The most easily validated area for reducing costs is extending the catalyst
lifetime parameter input to the model. A 200 h catalyst lifetime used is a conservative estimate, since the
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200 h endurance test was the longest test performed in this study. Varying the catalyst lifetime input to the
model from 200 to 500 h results in a predicted MFSP of $3.56; a lifetime of 1,000 h results in an MFSP of
$3.16. Further improvements in biocrude yield and/or decreased catalyst cost can have similar effects as
extending the catalyst lifetime (Cheng et al., 2020, 2021).

Table 3 reflects only the MFSP projected for production of biocrude. However, refining the biocrude to a
transportation fuel can earn renewable fuel incentives (Greene, 2017) for economically competitive produc-
tion of HTL diesel. Previous analysis suggests that upgrading algae and sludge-derived HTL biocrude to
diesel costs approximately $1.10/GGE (Snowden-Swan et al., 2016, 2021). Upgrading experiments per-
formed on the food waste HTL biocrude show similar conversion of biocrude to diesel with 70% yield is
possible using inexpensive molybdenum-based catalysts. The Supporting Information provides more
detail on the upgrading experiments. Combining the most generous tipping fee currently reported in
the USA ($150/wet ton) with modest extension of catalyst lifetime from 200 to 500 h, and the historical value
of the renewable fuel credit appropriate for upgraded HTL diesel ($1.00/GGE) (Agency, 2021a; Greene,
2017) results in an estimated MFSP of $0.96/GGE for the HAP-1.86 + alkali biocrude (without incentives)
and $1.06/GGE for the upgraded HTL diesel (including incentives) (Agency, 2021a; Greene, 2017). The pro-
jected values of the HTL diesel MFSP show that combining tipping fees, technological improvements, and
renewable fuel credits provides a clear pathway for catalytic HTL conversion of food waste from a GHG
emitting liability to an economically competitive renewable fuel.

Limitations of the study

The economic analysis is based on the n'! generation plant assumption and does not capture costs for an
initial deployment. Environmental analysis through a life cycle assessment (LCA) utilizes assumptions about
the efficiency of certain portions of the fuel production process, including those for obtaining the necessary
electricity. Additionally, upgrading costs are currently based on experimental and model predictions from
Pacific Northwest National Laboratory, and have the potential to change, both positively and negatively,
depending on biocrude composition and catalyst choice. A single feedstock was used for all experiments
and the current approach should be applied to a wider range of feeds to generalize the results observed
here.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, peptides, and recombinant proteins

Hydroxyapatite Sigma Aldrich 677418
Hydroxyapatite Sigma Aldrich 900195
Ca(NOs), Sigma Aldrich C1396
(NH4),HPO4 Sigma Aldrich A5764
Acetone Fisher Scientific A18-4
Nitrogen gas Airgas NI UHP300
Helium gas Airgas He UHP300

Software and algorithms

PetroOrg National High Magnetic https://nationalmaglab.org/
Field Laboratory, 2021 user-facilities/icr/icr-software
MagicPlot MagicPlot, 2020 https://magicplot.com/
index.php#download
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and materials should be directed to and will be fulfilled by
the lead contact, Michael Timko (mttimko@wpi.edu).

Materials availability

Synthesized HAP materials are available upon request. All FT-ICR MS spectra are provided via Open Sci-
ence Framework https://osf.io/64bmt/ through https://doi.org/10.17605/OSF.IO/KNHAS.

Data and code availability

The datasets generated in this study are available by request from the lead contact.

METHOD DETAILS

Food waste hydrothermal liquefaction

HTL experiments were conducted in a 300 mL stainless steel Parr reactor (Model 4561), fitted with a mag-
netic stirrer. For each experiment, 100 g of food waste slurry (15 wt % solids) was loaded into the reactor. All
catalytic experiments were performed with 5 wt % catalyst, unless otherwise noted. After loading, the
reactor was sealed and purged three times with nitrogen to remove residual air before pressurization to
65.5 &+ 5 bar and heating to 300 + 5°C at approximately 6°C/min using an external heating jacket. After
heating, the reactor pressure was 200 £ 5 bar, sufficient to maintain water in its liquid state. The reaction
temperature was maintained within +5°C of 300°C with an immersed Type K thermocouple and PID
controller. After 60 min at 300°C, the reaction was quenched by placing the reactor in an ice bath until
the measured temperature reached 38 + 2°C. Quenching required less than 10 min.

All runs were completed in at least duplicate, with yield measurements agreeing to within £ 10% when ex-
periments were performed under identical conditions. Average values obtained from these experiments
are presented here. Error was calculated as the standard deviation between replicates of the same exper-
imental conditions. For safety, the reactor setup was equipped with a pressure-relief valve and located in a
fume-hood.
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HTL product analysis

Upon reaction quenching, HTL products partition into four phases (i.e., gas, aqueous, oil, and char) that can
each be quantified, as reported previously (Cheng et al., 2020; Maag et al., 2018). The overall mass balance
was determined by summing the individual product yields and was found to close within 10% for all exper-
iments. Mass yields were derived from the organic concentration loaded into the reactor. Reactor losses
represent residual material that could not be removed from the reactor, transfer losses, and the precision
of the analytical balance used to estimate gas yields (£ 0.5 g).

Solid and liquid products were separated via vacuum filtration (Whatman no. 1 filter paper, 11um). Oil prod-
ucts remained with the solid char on the filter while aqueous products were collected in the vacuum flask.
Solid and oil products were then weighed and rinsed with approximately 1 L of acetone to separate and
collect the oil before using a rotary evaporator at 50 + 5°C and under vacuum (350 mmHg). The remaining
solids containing spent catalyst and char were dried overnight and weighed before additional analysis.
Char yield was calculated by subtracting the known mass of added catalyst from the total mass of solid
product. For catalyst reuse experiments, the filtered solids were placed in a COORS USA ceramic boat
and calcined in a quartz tube clam shell furnace at 550°C under continuous air flow (50 cm®/min) for 6 h
to combust char and recover the catalyst.

Elemental analysis (CHON) was performed on the food waste feedstock, oil, and char phases at Midwest
Microlabs (Indianapolis, IN). The oil and feedstock were also sent to Mainstream Engineering for higher
heating value (HHV) analysis using a semimicro calorimeter (25720, Parr, Moline, IL) calibrated with benzoic
acid. Total organic carbon (TOC) content of the aqueous phase was measured using a TOC analyzer (Shi-
madzu, Kyoto, Japan). The samples were diluted and acidified with 1 pL of 6 M HCl per 1 mL of sample and
conducted in duplicate. Product mass yields were then utilized in conjunction with elemental analysis, TOC,
and gas-phase GC TCD to determine the resultant carbon mass balance (Equation 1).

Cpmduct X Massproduct (9)
Cfeed X Massfeed (9)

Carbon Yieldpoduet = (Equation 1)

Carbon mass balance was evaluated by summing the carbon present in the biocrude, char, aqueous, and
gas phases. In all cases, the carbon mass balance closed to within 10%. Energy recovery was calculated to
determine the amount of energy recovered as desired product as a function of the feedstock energy.

HHV.i X Massoi (g)
HHered X Massfeed

Energy Recovery = (Equation 2)

Comprehensive two-dimensional gas chromatography was performed on the biocrudes as described in
the SI. Fourier transform attenuated total reflection infrared spectroscopy (FT-ATR-IR) with a resolution
of 8 cm~" was used with eight scans taken and averaged for each sample for all biocrude oils to understand
biocrude functional groups.

Catalyst characterization

The different types of HAP were characterized to quantify their surface area via N; sorption, acid and base
site densities via CO, and NH3 temperature programmed desorption (TPD), crystallinity through X-ray
powder diffraction (XRD), elemental composition of the surface via X-ray photoelectron spectroscopy,
and morphology via scanning electron microscopy (SEM).

Life cycle assessment and technoeconomic analysis

The LCA was performed using the GREET software developed at Argonne National Laboratory. The diesel
upgrading step was taken as pre-set in the software for HTL biocrude upgrading to renewable diesel Il. A
TEA was provided by Pacific Northwest National Laboratory as developed for their 2016 report on sewage
sludge (Snowden-Swan et al., 2016). Cost, yield, and quality data were altered as shown in Table S5 to be
representative of food waste and food waste experiments. The base PNNL model was modified to include
a catalyst by adding the cost to the ‘Simple Costs’ tab on a per pound basis, and the lifetime included in
HTL flows. HAP cost data was taken from Alibaba, where a price of $28.00/kg was utilized (Alibaba, 2021a).
Food waste feedstock cost was assumed to have a tipping fee of-$66.53/wet ton, consistent with data pub-
lished by the Environmental Research & Education Foundation (Kantner, 2019).
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HAP catalyst was washed with deionized water (>18MQ cm) utilizing centrifugation until the pH of the resul-
tant water phase remained constant, occurring at pH = 7. Approximately 5g of HAP-1.86 was loaded into a
centrifuge tube along with 40 mL of DI water. The mixture was shaken for 1 min before being placed in a
centrifuge to separate the solid and liquid phases. The pH of the resultant liquid phase was measured
before being discarded in a waste container. 40 mL of fresh DI water was then added to the remaining
HAP, mixed again for 1 min and placed in the centrifuge. This process was repeated until the liquid pH re-
mained unchanged for 2 cycles, which took on average 6 total cycles to achieve.

The catalyst crystallinity was determined by X-ray diffraction (XRD) before and after use in HTL. An X-ray
powder diffractometer (Geigerflex, Rigaku Co., Tokyo, Japan) equipped with the Bragg-Brentano theta-
theta configuration was used with CuKa radiation at 27.5 kV and 25 mA. Spectra were obtained in the range
of 6-80° 20 with a step size of 0.02°.

The morphology of fresh and spent catalysts was characterized using scanning electron microscopy (SEM).
Ca/P ratios were determined through use of a PHI5600 X-ray photoelectron spectroscopy system equipped
with a third-party data acquisition system (RBD Instruments, Bend, OR). Base chamber pressures remained
below 5 x 1077 torr during all data acquisition. The photoelectrons were collected with a hemispherical
energy analyzed positioned at 90° with respect to the incoming mono-chromated Al Ka X-radiation.

COZ and NH3-TPD

Nitrogen sorption was utilized to investigate the surface area distribution in all HAP samples examined. Ni-
trogen sorption is a bulk technique that takes into consideration the porosity of the entire sample. Below
P/Po of 1072 the isotherm can be associated with gas-catalyst interactions within micropores, whereas for
P/Po>0.1 the isotherm is associated with mesopore gas-gas interactions. Acid and base site densities of the
oxide catalysts were determined using NH3- and CO2- temperature programmed desorption (TPD) anal-
ysis, respectively. A Quantachrome Autosorb iQ adsorption/chemisorption system equipped with a ther-
mal conductivity detector (TCD), was used for the TPD analysis. The TPD methods used were similar to
those reported by Rodrigues et al. and K&Bner et al. Samples were degassed under continuous flow of he-
lium (20 cm3 min-1) at 550°C for 3 h, followed by cooling to 30°C. After degassing, samples were then satu-
rated under CO2 gas flow for 10 min at 30°C, after which the sample cell was purged with helium for 30 min
at 30°C to remove excess CO2. The CO2-adsorbed sample was then heated from 30 to 800°C at a heating
rate of 10°C min-1 under helium, and the CO2 off-gas was quantified using a TCD detector. A similar
method was used for NH3-TPD analysis to quantify acid sites. Samples were degassed under continuous
helium flow for 120 min, cooled to 100°C, and the sample saturated under continuous NH3 flow for
10 min. Degassing temperatures were set based on the thermal stability of the material. After NH3 satura-
tion, the sample cell was purged under continuous helium flow for 30 min, heated to 800°C at a rate of 2°C
min—1, and finally flushed with helium for 30 min. The off-gas was continuously monitored by a TCD detec-
tor. TPD calibration curves were generated using a range of measured volumes of NH3 and CO2. The areas
under the standard TPD curves were calculated using Magicplot software. The base and acid site densities
were calculated as pmol g—1 using TCD response factors.

Surface properties were evaluated using N adsorption at —196.15°C using a Quantachrome Autosorb iQ
TPX instrument (Anton Paar Co., Graz, Austria). Before N, dosing, 500-1000 mg catalyst was degassed at
120°C for up to 3 h under vacuum. Total surface area was estimated by fitting measured isotherms using the
using the Brunauer—-Emmett-Teller (BET) method. Mesopore diameters were estimated using Barrett—Joy-
ner-Halenda (BJH) method and the micropore volume and surface area using the Dubinin—Radushkevich
(DR) method.

Two-dimensional gas chromatography

GCXGC-FID chromatography methods were adapted from Cheng et al. (2021) as follows. Analyses were
performed on a LECO GCxGC instrument equipped with an Agilent 7890A GC configured with a 7683B
series split/splitless auto-injector. Biocrude samples dissolved in toluene were injected in splitless mode
with a hydrogen carrier gas at 1mL min~". The cold jet utilized liquid nitrogen and the hot jet offset was
15°C above the temperature of the primary GC oven (inlet T = 310°C). The first dimension column was a
Restek Rxi-1ms (60m, 0.25 mm ID, 0.25 pm df) whereas the second column was a 50% phenyl polysilpheny-
lene-siloxane column (SGE BPX50, 1.2m, 0.10 mm ID, 0.1 um df). The main oven was held at 65°C for
12.5 min before ramping from 50 to 340°C at a rate of 1.25°Cmin~". The second-dimension oven
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temperature program was held at 70°C (12.5 min) before ramping to 345°C at 1.25°Cmin~". The hot jet
pulse width was 1.0 s with a modulation period of 6.5 s with a 2.5 s cooling period. FID data was obtained
with an acquisition rate of 100 data points per second.

GCXGC-HRT analysis was performed on a LECO Pegasus GCxGC-HRT 4D system equipped with an Agi-
lent 7890A GC and configured with a LECO LPAL3 auto-injector and a LECO dual stage cryogenic modu-
lator. Samples were injected in splitless mode with a helium carrier gas at 1 mLmin~". The cold jet utilized
liquid nitrogen and the hot jet offset was 15°C above the temperature of the primary GC oven (inlet T =
310°C). The first dimension column was an SGE BPX-50 (60m, 0.25mm ID, 0.25um df) with an SGE BPX-
50 (2m, 0.25mm ID, 0.25um df) second dimension column. The main oven was held at 80°C for 12.5 min
before ramping from 80 to 330°C at a rate of 1.25°Cmin~". The hot jet pulse width was set at 2.0 s with
an 8 s modulation period. The second-dimension oven temperature program was held at 85°C
(12.5 min) before ramping to 335°C at 1.25°Cmin~". Mass resolution was +/— 0.0005 amu and sampled
with an acquisition rate of 200 spectra per second in the mass range of 40-700 amu. The ionization method
was El with an electron energy of —70 V and an extraction frequency of 1.5 kHz.

Positive-ion APPI FT-ICR MS at 9.4 tesla

Samples dissolved in toluene to a final concentration of 125 ung/mL for (+) atmospheric pressure photoion-
ization Fourier transform ion cyclotron resonance mass spectrometry (APPI FT-ICR MS) at a flow rate of
50 ul/min (Purcell et al., 2006). An atmospheric pressure photoionization (APPI) source (Thermo Fisher Sci-
entific, San Jose, CA) was coupled to the first stage of a custom-built FT-ICR mass spectrometer (see below)
through a custom-built interface (Purcell et al., 2006). The tube lens was set to 50 V (to minimize ion frag-
mentation) and heated metal capillary current was 4.5 A. A Hamilton gastight syringe (5.0 mL) and syringe
pump were used to deliver the sample (50 plL/min) to the heated vaporizer region (350°C) of the APPI
source, where N, sheath gas (50 psi) facilitates nebulization. The auxiliary port remained plugged. After
nebulization, gas-phase neutral analyte molecules exit the heated vaporizer region as a confined jet. A
krypton vacuum UV gas discharge lamp (Syagen Technology, Inc., Tustin, CA) produces 10-10.2 eV pho-
tons (120 nm). Toluene increases the ionization efficiency for nonpolar aromatic compounds through
dopant-assisted APPI (Robb and Blades, 2006; Robb et al., 2000) through charge exchange, (Purcell
etal., 2007b; Smith et al., 2009) and proton transfer (Purcell et al., 2007 a) reactions between ionized toluene
molecules and neutral analyte molecules as previously reported.

All samples were analyzed with a custom-built FT-ICR mass spectrometer (Kaiser et al., 20171a) equipped
with a 22 cm horizontal room temperature bore 9.4 T superconducting solenoid magnet (Oxford Instru-
ments, Abingdon, UK), and a modular ICR data station (Predator) (Blakney et al., 2011) facilitated instru-
ment control, data acquisition, and data analysis. Positive ions generated at atmospheric pressure enter
the skimmer region (~2 Torr) through a heated metal capillary, pass through the first radiofrequency (rf)-
only octopole, pass through an rf-only quadrupole, and are externally accumulated (Senko et al., 1997)
(25-50 ms) in a second octopole equipped with tilted wire extraction electrodes for improved ion extrac-
tion and transmission (Wilcox et al., 2002). Helium gas introduced during accumulation collisionally cools
ions prior to transfer through rf-only quadrupoles (total length 127 cm) (into a 7-segment open cylindrical
cell with capacitively coupled excitation electrodes based on the Tolmachev configuration (Tolmachev
et al., 2008; Kaiser et al., 2011b). 100 individual transients of 6.8 s duration were signal averaged. The
data was collected at the maximum memory depth of the data station hardware (16 million samples), apo-
dized with a single sided Hanning apodization, zero-filled to 16 megasample (16777216 samples or 224). An
additional zero fill brings the preFT data packet to 32 megasample, which in turn is processed via absorp-
tion-mode FT analysis (Xian et al., 2010, 2012). Experimentally measured masses were converted from the
International Union of Pure and Applied Chemistry (IUPAC) mass scale to the Kendrick mass scale (Ken-
drick, 1963) for rapid identification of homologous series for each heteroatom class (i.e., species with the
same C.H,N,O,Ss content, differing only be degree of alkylation) (Hughey et al., 2001).

For each elemental composition, C.H\N,O,Ss, the heteroatom class, type (double bond equivalents,
DBE = number of rings plus double bonds to carbon, DBE = C — h/2 + n/2 + 1), (Mclafferty and Turecek,
1993) and carbon number, ¢, were tabulated for subsequent generation of heteroatom class relative abun-
dance distributions and graphical relative-abundance weighted DBE versus carbon number images. Peaks
with signal magnitude greater than 6 times the baseline root-mean-square noise at m/z 500 were exported
to peak lists, internally calibrated based on the “walking calibration” (Savory et al., 2011) and molecular
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formula assignments and data visualization were performed with PetroOrg software (Corilo, 2014) Molec-
ular formula assignments with an error >0.5 ppm were discarded, and only chemical classes with a com-
bined relative abundance of >0.15% of the total were considered. For all mass spectra, the achieved spec-
tral resolving power approached the theoretical limit over the entire mass range: for example, average
resolving power, m/A,s0%, in which Amsgg, is mass spectral peak full width at half-maximum peak height,
was ~1 000 000-1 500 000 at m/z 500.
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