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Hydrothermal Liquefaction is a thermochemical process that uses heat and pressure to convert biowastes into
renewable biocrude oil, simultaneously generating both a metal and phosphorus rich solid phase and a nutrient
rich aqueous phase. Eight types of food waste, all collected from a campus dining hall and grouped into lipid-
rich, protein-rich, and carbohydrate-rich feedstocks, were processed with conditions ranging from 280-340 °C
and 10-60 min reaction time. The byproducts for the optimized oil yield conditions were analyzed to elucidate

mechanisms by which compounds are concentrated in different phases through their characterization. The
differences in elemental and biochemical composition among feedstocks demonstrate considerable gaps in un-
derstanding the expected characteristics as a result of several reaction parameters and how to best reuse the
materials. This work additionally reviews considerations for subsequent anaerobic digestion and algae culti-
vation with respect to the nutrients and inhibitory contents of the Hydrothermal Liquefaction Aqueous Phase.

1. Introduction

Food Waste is amounting to as much as 40 million tons per year
across the US (EPA, 2019). Typically, both food that is unsuitable for
human consumption and food that is wasted after eating is deposited in
landfills, amounting to as much as $172 billion in wasted food, and this
can additionally result in nutrient leaching into water bodies and
greenhouse gas emissions, as well as socioeconomic effects
(Danthurebandara et al., 2013) when not disposed of properly. Devel-
opment of new strategies for advanced value recovery and waste to
energy systems is paramount in order to effectively manage the large
volume and heterogeneity of such agricultural and industrial wastes.

Hydrothermal Liquefaction (HTL) is a thermochemical process that
uses high heat and pressure to convert materials wet organic biowastes,
such as swine manure, wastewater sludge, algae biomass, plastic, and
food waste, etc. (Aierzhati et al., 2019; Vardon et al., 2011; Wang et al.,
2014). into renewable biocrude oil that can be upgraded for fuel
(Skaggs et al., 2018), simultaneously generating both a metal and
phosphorus rich solid phase and a nutrient rich, toxic aqueous phase
(Biller et al., 2012; Jena et al., 2011). HTL has been widely studied in
batch reactions and small continuous systems for a number of feed-
stocks and operating conditions (Cao et al., 2017; Gollakota et al.,
2018). The biocrude has properties similar to petroleum, making it
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suitable for upgrade to transportation fuel (Chen et al., 2018). Re-
searchers have been able to optimize these processes to determine the
best substrate properties and liquefaction conditions for biocrude pro-
duction while working on scale up of HTL and its future applications.

While biocrude and reaction mechanisms for has garnered attention
for HTL research, there has been less focus on byproduct valorization. It
has been widely suggested that the aqueous phase can be used for value
recovery through algae cultivation (Biller et al., 2012; Jena et al., 2011)
or leveraged for energy production through anaerobic digestion
(Tommaso et al., 2015; Zheng et al., 2017; Zhou et al., 2015) because of
its dense concentration of nitrogen and phosphorus nutrients and or-
ganic compounds (Watson et al., 2019). The inorganic compounds
concentrated in the solid phase, on the other hand, have been re-
cognized for use as asphalt binder, an adsorbent, or for metals recovery
(Liu et al., 2017), but they can present bottlenecks in HTL scale up
processes, as it can clog the reactor system and hinder the commercial
application (Elliott et al., 2015). While the literature covers different
HTL feedstocks and byproduct generation (Maddi et al., 2017), analysis
of nutrient availability and concentration requirements for post-treat-
ments systems is lacking. Novel and impactful studies must identify
abundant, high yielding feedstocks, such as food waste (Aierzhati et al.,
2019), that will be leveraged in expanded HTL applications for im-
plementation of waste to energy technologies in society.
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Given heterogeneity of food waste, development of best practices
for sorting feedstock and resultant HTL byproducts should consider
specific augmentation or removal of such lipid, carbohydrate, and
protein-rich materials. To assess byproduct value recovery potential
based on these feedstock compositions, food waste derived from a
campus dining hall and its model compound components were variably
processed to quantify and compare valuable nutrient and organics
concentrations. The key innovation of this study to determine key micro
and macronutrient availability and characteristics of hydrothermal li-
quefaction aqueous phase (HTL-AP) and solid products for improved
reuse in biological systems. Thus, characterization of HTL aqueous
phase and solid residue, as well as reaction conditions influencing their
production, will allow for assessing new HTL byproduct applications
and limitations to simultaneously derive new value and eliminate waste
streams for further HTL implementation.

2. Materials and methods
2.1. Feedstock

The HTL reactions performed for this study used a food waste
mixture (M) collected from a dining hall at University of Illinois at
Urbana Champaign (Champaign, IL). The food waste was collected and
homogenized in a blender to reduce the particle size and consistency.
The protein, carbohydrate, and lipid contents could vary for different
batches of collected sample, thus varies HTL product yield and dis-
tribution. It is important to separate the subcomponents of the food
waste and their biochemical composition to determine their effect on
HTL processes. These subcomponents were categorized into three
groups: high lipid content — salad dressing (L1), cream cheese (L2); high
protein content — beef (P1), chicken (P2); and high carbohydrate con-
tent — hamburger bun (C1), vegetable (C2), and fruit peels (C3). A
mixture of tomato, carrot, and broccoli were mixed in a 1:1:1 wt ratio to
compose the vegetable feedstock. Orange and banana peels were mixed
in a 1:1 wt ratio for the generation of the fruit peel feedstock.

2.2. Feedstock pretreatment and analysis

Feedstock samples were processed gravimetrically for determina-
tion of protein, lipid, and carbohydrates (Midwest Laboratories;
Omaha, NE). Total carbon/hydrogen/nitrogen were measured using an
Exeter Analytical CE-440 Elemental Analyzer. HHV of the feedstocks
was determined using a bomb calorimeter (Model 6200, Parr
Instruments Co.; Moline, IL). The elemental and bio-chemical compo-
sition (lipids, proteins, carbohydrates), moisture and ash content, and
higher heating value (HHV) of the raw materials are provided in an-
other paper (Aierzhati et al., 2019). These compositions are within the
range of normal compositions for different feedstocks used in previous
HTL experiments (Skaggs et al., 2018). Feedstock samples were placed
in a refrigerator at 4 °C for storage during preparation for HTL ex-
periments. Deionized water was used to dilute samples as needed to
achieve desired moisture content and served as the reaction solvent.

2.3. Hydrothermal liquefaction of food waste

The solids content was adjusted to 20 wt% for all feedstocks, and
HTL reactions were individually performed at 280 °C, 300 °C, 320 °C,
340 °C, and 360 °C for between 10 and 60 min in stainless steel cylinder
batch reactors. The pressure range for the reactions was between
1.2 MPa to 11.0 MPa. Additional reactions were performed at 380 °C for
two of the feedstocks based on preliminary results. 10 g of prepared
feedstock was loaded into the reactors with a total volume of 30.0 mL.
The reactor setup was augmented with a high-pressure valve to regulate
pressure, as well as for collection of the final gas product. As described,
the reactor assembled before sealing and purging the headspace with
nitrogen gas to displace atmospheric gases and to confer an initial
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pressure of 0.5 MPa. A tube furnace with electric resistance heating
(Thermo Scientific Lindberg Blue M) was used to maintain the desired
temperature for each particular reaction condition. The furnace was
preheated, and then, the reactor was inserted for the reaction time to
begin after heating for 3-4 min, accounting for when the reactor surface
reached the desired temperature. The experiments were conducted in
duplicate for each condition with each feedstock, and the results are
presented as the average with standard errors.

When the complete reaction time was achieved, the reactor was
removed from the furnace and cooled by saturation with room tem-
perature water for 3 min to stop the reaction immediately. The gas
valve was use to verify the pressure and, then, released for collection in
a gas bag. A gas chromatograph (Shimadzu Gas Chromatograph, GC-
17A) with a TCD detector was used to analyze the sample. The GC
column was packed with silica gel, 18 ft. long, and presented an outer
diameter of 1/8”, and the temperature of the injector, detector, and
column were set to 160 °C, 150 °C, and 140 °C, respectively.

After reaction completion, three washes of 5 mL with di-
chloromethane (DCM, CH,Cl,) were used for solvent recovery of the oil
product and residues from the reactor. Vacuum filter separation was
performed on the recovered mixture of HTL products, and the liquid
and solid phases were separated first. First, the solids were isolated and
quantified using pre-weighted filter papers (Whatman No.4). Then, the
aqueous fraction and biocrude oil with dichloromethane (DCM) solvent
that passed through the filter were transferred to a separatory funnel.
After complete phase separation, the biocrude oil and aqueous phase
were recovered in separate vials and allowed to sit for evaporation of
the recovery solvent. The biocrude oil and aqueous phase products were
collected and quantified by weight before subsequent analysis.

2.4. Gas Chromatography Mass Spectroscopy (GC-MS)

Analysis of the hydrothermal liquefaction aqueous phase product
was performed with a 2 pL sample that was injected into a GC-MS
system composed of an Agilent 6890 gas chromatograph, an Agilent
5973 mass selective detector, and an Agilent 7683B autosampler set up
in split mode (10:1). A 60 m ZB-5MS column with a 0.32 mm nominal
diameter and 0.25 pm film thickness, using an injection temperature of
250 °C and Mass Selective Detector transfer line at 250 °C was used for
gas chromatography. The oven temperature was initially set to 70 °C
with a hold time of 2 min, then increased at 5 °C:min ! until reaching
300 °C, and held constant for 5 min. The source temperature was
230 °C, electron ionization was set at 70 eV, and spectra were scanned
from 30 to 800 m/z. Individual peaks were identified by matching
fragmentation patterns against a NIST (NIST08) database, and then,
analysis of the output was performed to identify and categorize com-
pounds resulting from the various HTL reactions.

2.5. Inductively Coupled Plasma Optical Emission Spectrometry

Analysis of the aqueous and solid products was performed using
Thermo Scientific iCAP 7600 Inductively Coupled Plasma Optical
Emission Spectrometry (ICP-OES) Duo and associated Thermo Scientific
Qtegra software, combined with a Sprint Valve. Calibration standards
were prepared from a custom multiple element stock standard, SCP
Science's Plasma CAL Custom Standard that includes certified con-
centrations of all 27 elements, and an additional two reference mate-
rials were used to check the calibration, Inorganic Ventures Multi
Analyte Custom Grade Solutions (CCS-4, CCS-5, and CCS-6) and SCP
Science's Matrix Reference Material EnviroMAT Ground water High
(ES-H). The calibration is checked every 10-15 samples with a recali-
bration, recalculation, and reacquisition when the calibration check
fails. Sample concentrations were reported as the average of three re-
peated measurements.
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2.6. Nutrient analysis

Measurements for ammonia nitrogen, total nitrogen (TN), and
chemical oxygen demand (COD) were performed on all hydrothermal
liquefaction aqueous phase (HTL-AP) from the various feedstocks and
reaction conditions. These samples were evaluated in accordance with
American Public Health Association (APHA, 2012) standards using
Hach methodologies: 8038, 10,072, and 8000, respectively. Each test
was calibrated with standard solutions, and all measurements were
performed in triplicate. The readings were performed using a Hach
spectrophotometer (Model DR3900). The results are presented as
average values with standard deviations.

3. Results and discussion
3.1. Effect of feedstock composition on product yield

A principal component analysis (PCA) was performed on the range
of HTL reaction time and temperature for the different food wastes. PCA
serves to identify data object relationships that are evaluated with ei-
genvalues that can be interpreted as the significance of the correlation
(0-0.25: poor; 0.25-0.5: moderate; 0.5-0.75: strong). In this study, the
eigenvalues among the three feedstock composition (Lipid, Protein, and
Carbohydrate) and three HTL product streams (oil, aqueous, and solids)
were correlated. Variables that present better correlation are more
proximally located on the chart, being either positive or negative based
on the axis, and the percentages of each axis correspond to percent
variance of the total explained by the principal components. Fig. 1
presents the correlations among distributions of feedstocks and HTL
product mass distribution. For example, the strongest correlation ex-
isted between the lipids and oil yield, as indicated by the proximity of
the arrows and an eigenvalue of approximately 0.46. In contrast, a
strong correlation was shown between the solid yield and the feedstock
carbohydrate content. The carbohydrates group, encompassing bread,
vegetables, and peels, were able to be correlated with an eigenvalue of
0.48; however, some of these points fell further away from the principal
cluster of points located on the negative x axis between quadrants 2 and
3. The least significant correlation of the three couplings was between
the protein rich feedstocks and aqueous product yields, resulting in an
eigenvalue of 0.24. Most chicken and beef were correlated, as they were
plotted in the same quadrant regardless of reaction time and tempera-
ture, however, there was a greater disparity in correlating these points
directly to HTL aqueous product yield. This information corroborates
previous PCA analysis performed in assessing feedstock composition
influence on HTL product output (Watson et al., 2020), and the com-
position of these byproducts warrants their characterization and
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O Mix

24 O Cream

O Peel

O Meat

O  Veggie
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PC 2 (21.33%)

PC 1 (54.81%)

Fig. 1. Principal component analysis (PCA) correlating feedstock compositions
to HTL products yield. The various colors represent the different feedstocks and
the total HTL reaction conditions (280-360C; 10-60 min).
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valorization.

The corresponding oil yield values, as well as an updated model for
predicting biocrude yield based on feedstock composition and HTL re-
action severity, was also reported by Aierzhati et al. (2019). The opti-
mized conditions for the lipid rich feedstocks were the highest oil
yielding (70-80%), followed by protein (35-55%) and carbohydrates
(10-40%). The literature has numerous reports of lipid rich feedstocks
being favorable for oil production via HTL processes (Li et al., 2014;
Yang et al., 2019), corroborating the highest yield of up to 80% in the
present study. This result is very promising for HTL development and
feedstock selection, as these are higher than many of the feedstocks
typically used, such as: manure (25-45%), algae (12-64%), lig-
nocellulosic residues (10-45%), among others (Dimitriadis and
Bezergianni, 2017; Elliott et al., 2015). One reason these lipid-rich
cream cheese and salad dressing residues can generate such oil yields in
optimal HTL conditions is because the various monounsaturated fatty
acids (MUFA), polyunsaturated fatty acids (PUFA), and fatty acids in
general have low energy requirements for direct conversion to hydro-
carbons (Hietala et al., 2017). This emphasizes using high lipid feed-
stocks for efficient conversion and increased oil recovery.

There is less available information on conditions that influence
byproduct distribution and properties. Some inferences can be made
from the present results to explain product generation with respect to
the feedstock compositions. The solid phase is comprised mostly of
metals and other inorganic material, resulting in high ash content
(Cantero-Tubilla et al., 2018), while the aqueous yield is more depen-
dent on nitrogen and water and solvent reactions. Accumulation of
these elements and compounds in can be attributed to less severe re-
action conditions (lower temperature and time), charring/carbonifica-
tion/condensation reactions, and methods for separating the different
productions from HTL reactions (Watson et al., 2020; Yang et al.,
2016). Moreover, research on HTL reaction kinetics has shown favor for
production of solid products from carbohydrate rich feedstocks (Obeid
et al., 2019). Further modeling of byproduct specific reactions could
describe possible outcomes, but the HTL conditions range of the present
study promote data variability and limit achieving both higher eigen-
value and stronger correlations.

3.2. Reaction severity dependent nutrient distribution

Fig. 2 describes the total nitrogen (TN), ammoniacal nitrogen (NH,),
and chemical oxygen demand (COD) content of the aqueous phases
produced across reaction temperatures. Among all the analyzed aqu-
eous phases, the protein rich feedstocks, chicken and ground beef, re-
sulted in the greatest concentrations of nitrogen and COD species. These
nitrogen and COD values ranged from 5000-25,000 and
75,000-220,000 mg-L. ! (ppm), respectively, while the values ranged
from 1000-8000 and 40,000-130,000 mgL~* for carbohydrates and
500-3000 and 30,000-720,000 mgL~ ' for lipids, respectively. The
relative concentrations reflect protein, lipid, or carbohydrate feedstock
concentrations, molecular breakdown, and repolymerization under HTL
conditions, as well as migration upon product separation. For example,
there was a greater range of nitrogen species in the protein rich feed-
stock aqueous phases, and thus, the simultaneous increase in COD
species was the result of accumulated ammoniacal nitrogen, amino
acids, or other nitrogen compounds. The protein group presented the
greatest concentrations of nitrogen or COD and was followed in con-
centration by the carbohydrate and lipid feedstocks with the exception
of peel.

As temperature was increased, there was a decreasing trend for total
nitrogen, while there is an increase in ammoniacal nitrogen. This can be
explained by the breakdown of proteins and peptide bonds, as well as
other nitrogen containing compounds, under increased severity of HTL
conditions, and it is likely that these water-soluble species migrate to
the aqueous reaction solvent (Lu et al., 2018a; Obeid et al., 2019). This
phenomenon typically results in between 30 and 70% ammoniacal
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Fig. 2. Distribution of total nitrogen, ammoniacal nitrogen, and chemical oxygen demand across range of HTL reaction temperatures for the different feedstocks.
Lipid-rich, Protein-rich, and Carbohydrate rich feedstocks are arranged in the top, middle, and bottom rows, respectively (Total Nitrogen = Blue and Ammoniacal
Nitrogen = Green, both corresponding to the left y-axis, while COD = Red, corresponding to the right y-axis).

nitrogen depending on feedstock, reaction conditions, and different
separation parameters (Watson et al., 2020). Accumulation of ammo-
niacal nitrogen potentiates its use in production agriculture systems as a
readily available form of nitrogen to organisms. However, other aqu-
eous phase nitrogen forms or components could require pretreatment to
facilitate assimilation and incorporation into biological processes. The
potency of these nitrogen species, as well as other requisite nutrients, is
discussed in Section 3.5.

Fig. 3 describes the TN, NH,, and COD content of the aqueous
phases produced across the different reaction times. In comparison with
temperature dependency, the decreasing trend for nitrogen content is
less clear; however, there is again a clear trend of ammoniacal nitrogen
accumulation as time increases. As the reaction severity increases, the
ammoniacal species are liberated in the resultant HTL aqueous phase,
likely because of protein breakdown into amino acids and nitrogen
species. Some of these trends and molecule breakdown can be explained
by expected pathways and hydrolytic depolymerization, described by
Changi et al. (2015). The discrepancies between total nitrogen and
ammonia can be attributed to a number of nitrogenous compounds,
especially heterocyclic compounds. Many of these compounds with 1
nitrogen atom can be easily oxidized, partly releasing ammonia, ni-
trogen gas or other compounds (Chudoba and Dalesicky, 1973). Noting
this relationship between COD and the heterocyclic compounds, the
COD value trends down for all feedstocks as time increases, except for
ranch. These species could oxidize or migrate to other HTL product
phases as the reaction supersedes the ideal time for each optimized
feedstock temperature.

The peel feedstock stands out among the described trends. This

feedstock is a particular exception as it is typically comprised of more
carbohydrate or cellulosic material, which lowers biocrude production,
often generates solid material (Zhu et al., 2017), and could lower nu-
trient availability and downstream recovery from HTL-AP. Therefore, it
could be labeled among the worst of feedstocks for HTL processes and
value recovery. On the other hand, the C:N ratio of the peel and bread
HTL-AP is approximately 28 and 20, respectively, and is considerably
higher than other feedstocks ranging from 2 to 10, validating its use in
anaerobic digestion systems. The peel solid phase, in this light, also
presents some favorable production qualities and composition, making
its reuse advantageous, but applications are currently limited (Lopez
Barreiro et al., 2013). Thus, further study on pretreatment of such
feedstocks is needed in order to balance nutrient availability and value
recovery peel HTL products.

3.3. Hydrothermal liquefaction aqueous phase organics abundance and
classification

Fig. 4 presents the Gas Chromatography-Mass Spectroscopy
(GC-MS) results of the aqueous phase for the ideal HTL reaction con-
ditions of each food waste feedstock, organized into composition groups
for comparison. The compound groups assessed include: short chain
acids, alcohols, amines, benzoic acid and derivatives, cyclic hydro-
carbons, phenols, amides, heterocyclic nitrogen compounds, oxygen
compounds, ketones and aldehydes, and a small fraction that fell out-
side of these classifications, such as carbon dioxide and methylene
chloride. Some compounds identified in this study were accounted for
as outputs of the specific GCMS methodology and NIST database
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Fig. 3. Distribution of total nitrogen, ammoniacal nitrogen, and chemical oxygen demand across range of HTL reaction times for the different feedstocks. Lipid-rich,
Protein-rich, and Carbohydrate rich feedstocks are arranged in the top, middle, and bottom rows, respectively (Total Nitrogen = Blue and Ammoniacal
Nitrogen = Green, both corresponding to the left y-axis, while COD = Red, corresponding to the right y-axis).

identification and analysis. The radar plots show the cumulative re-
lative abundance of peak areas of each of these categories identified
from the GC-MS output in accordance with similar classifications for
HTL-AP (Tommaso et al., 2015; Zheng et al., 2017). These authors
discussed also potential benefits or drawbacks in its application and
treatment with downstream biological processes while.

Short chain acids were observed as the most prevalent species
among almost all of the food groups. These compounds can result from
the breakdown of sugars or triglycerides, which are typically modelled
HTL compounds. Hydrothermal reactions facilitates separation carbon
and hydrogen chains of varying sizes and hydrogenation processes that
generate predominantly biocrude oil products, in addition other aqu-
eous phase constituents (Yu et al., 2011). The relative high abundance
could suggest the favorable reformation or polymerization of short
chain acid molecules. The resultant partitioning of these molecules and
between different HTL products can be dependent on a number of
factors, including feedstock qualities and reaction conditions (Vardon
et al., 2011), extraction solvents (Watson et al., 2019), molecular in-
teractions (Shakya et al., 2017), among others. The accumulation of
these short chain acids, notably acetic acid, has demonstrated potential
for HTL-AP recycling, both serving as a catalyst to derive greater bio-
crude yield in subsequent HTL reactions and as a substrate for micro-
organisms (Biller et al., 2016; Hu et al., 2017).

The heterocyclic nitrogen compounds ranged between 5 and 45% in
the GC-MS compound compositions. The highest concentration was
observed in the bread group, and this observation could be attributed to
the abundance of carbohydrates, especially hydrolyzed into mono-
saccharides. These heterocyclic compounds are formed as a result of

carbohydrate monomers and amino acids, known as the maillard re-
action (Qiu et al., 2019; Sheng et al., 2018). Phenols are also a group of
compounds reported to inhibit biological systems like algal and anae-
robic digestion; however, these compounds were not identified in the
GCMS outputs. While it might be expected in the highest concentrations
for lignin-based feedstocks like the fruit peels or vegetables, less cel-
lulosic groups in the group substrates could explain the absence of
phenolic groups.

These hydrothermal liquefaction aqueous phase (HTL-AP) con-
stituents have also been previously quantified and assessed for toxicity
in mammalian cells (Pham et al., 2013b). Other researchers have si-
milarly categorized them to determine inhibition in anaerobic digestion
assays (Tommaso et al., 2015), and to specifically confer toxic affects to
algae growth (Biller et al., 2012; Leng et al., 2018). While identification
and analysis methods have been advanced to help in HTL-AP char-
acterization and valorization, study of both these compounds benefits
and their toxicity with microbial assays and nutrient availability are
still limiting factors in their downstream processing, considering their
specific inhibitory effects in cellular functions (Leng et al., 2018; Pham
et al., 2013a).

3.4. Metals and nutrient element concentration

Fig. 5 presents the concentrations of various metals and elements in
both the HTL aqueous (a) and solids phase (b) from the different food
waste feedstocks for their respective optimized reaction conditions
(highest biocrude oil yield). It should also be noted that the ideal
conditions for HTL of the chicken feedstock did not yield a solid
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Fig. 4. Radar charts presenting the GC-MS compound classifications for the hydrothermal liquefaction aqueous phase (HTL-AP) of the optimized HTL reaction
conditions for each of the different food waste feedstocks (A: Mix; B: Protein Group; C: Lipid Group; D: Carbohydrate Group).

product. The concentrations of these elements was as much as 16-fold
greater in the solid material, as also previously reported (Zhu et al.,
2017). The total accumulation of metals is a key appeal for HTL solid
reuse, which result from insoluble metal complexes in different sol-
vents, such as water and acetone (Lu et al., 2018b). For example,

several platinum group metals, such as copper, iron, and aluminum,
were in higher relative abundance in comparison to other societal
wastes previously identified for value recovery (Raikova et al., 2019),
and this justifies their recovery from HTL solids through different me-
chanisms.
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Fig. 5. Heat map quantifying various metals and elements measured in the (a) aqueous and (b) solids phase of the optimized HTL reaction conditions for each of the

different food waste feedstocks.
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The most concentrated elements in the solids include: calcium,
magnesium, and phosphorus. This observation can be attributed to food
waste materials like eggshell particulate matter observed in the campus
dining hall mix. Notably, phosphorus potentiates its reuse in production
agricultural systems as it is requisite for life systems and can be a
limited resource. On the other hand, some heavy metals were also
identified, including lead and chromium, while arsenic and cadmium
were below the detection levels. These metals are of concern in food
systems, posing risk in reuse for lettuce cultivation for example (Jesse
and Davidson, 2019). Some elements stand out as particular to the solid
phase, cobalt in particular. This is of significance for the HTL-AP reuse
in algae cultivation, notably being limited in comparison to algal media
concentrations (Jena et al., 2011). Cobalt serves as key component in
cobalamin, vitamin B12, which is a cofactor for enzymes that partici-
pate in rearrangement-reduction reactions or methyl transfer reactions,
being requisite in bacterial, algal, and mammalian systems. The ab-
sence of cobalt, thus, suggests it must be recovered from the solid phase
or be supplemented in HTL-AP to be made available for biological
processes. Generally, such metals serve in several capacities to facilitate
cellular functions for maintaining homeostasis, and further research on
HTL byproducts must also evaluate metal speciation for making these
elements available to cells in different environments (Martinez-Finley
et al., 2012).

Notably, calcium, magnesium, phosphorus, potassium, sodium,
sulfur, and silicon are among the most abundant elements in the HTL-
AP, as also previously reported (Jiang and Savage, 2018). Their abun-
dance, can be explained by relevance in agricultural or food production
and other biological processes (Jena et al., 2011). Thus, these food
waste HTL-AP processes and characterization can serve as a benchmark
for use in downstream bioremediation processes, as previously sug-
gested (Raikova et al., 2019). Among applications for HTL-AP, there are
several elements with potential use as fertilizer and food production
substrates, but further investigation is needed to investigate how these
elements accumulate and are sequestered by biological systems, espe-
cially metals, based on their availability (Jesse et al., 2019).

3.5. Biological nutrient availability

The heat map approach can also be used in developing novel ap-
plication or pretreatment hypothesis for the aforementioned down-
stream biological processes. Fig. 6 presents a comparison of nutrients in
the HTL-AP and between a two cultivation media recipes: one for algae
cultivation (Stanier et al., 1971) and the other for anaerobic digestion
(Angelidaki et al., 2009). The scale percentage values reflect the molar
concentration of the raw elements within the different HTL-AP as
compared to their prescribed concentration in ideal nutrient mixtures.
For example, cobalt was not observed in the different HTL-AP, and thus,
there is 0% availability when compared to the nutrient assays for algae
and AD. On the other hand, 1000% percent means the molar con-
centration in the HTL-AP is 10 times in excess of the recommended
value for the respective media. Thus, elements like potassium and
boron are in significant abundance, and ammonium, referenced from
the nutrient data, and is also in excess for media requirements. Thus,
reuse of the HTL-AP is very promising for its rich concentration of
nutrients, while some components would require significant dilution
when presenting inhibitory effects, as previously reported for algae
(Biller et al., 2012; Jena et al., 2011), which is a novel comparison.

Appropriating these nutrients for reuse in biological systems is often
coupled with determining their toxicity in single cells strains (Biller
et al.,, 2012; Pham et al., 2013b), algal polycultures (Godwin et al.,
2017), or robust bacterial cultures like AD (Zhou et al., 2015). How-
ever, the present study offers a broad assessment of the nutrient
availabilities between differentially produced HTL-AP and the nutrient
requirements for two potential biological systems. Again, there was
minimal detection of heavy metals, making their use in food production
seemingly feasible. Among these feedstocks, the mix food waste and
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peel groups stand out as deficient in phosphorus. Similarly, the protein
feedstocks lacked some essential metals, such as manganese and mag-
nesium for both cell types, and aluminum for anaerobic digestion in
particular. Cobalt was lacking across all feedstocks and would be a
limiting factor in the use of HTL-AP for downstream biological pro-
cesses without augmentation.

The numerous inhibitory compounds, such as heterocyclic nitrogen
and phenolic compounds, and their effects on cells are a focal con-
sideration (Pham et al., 2013b). Dilution has been widely used for
pretreating HTL-AP in such systems, but new approaches for reducing
these compounds, such as thorough feedstock and reaction conditions
evaluation would significantly contribution to reuse applications, as
well as integration of HTL systems overall. Limited review of HTL-AP
inhibition in cells mechanisms (Li et al., 2020) warrants further study
determine factors, such as cause or distribution of elemental species,
specific availability or effects on cells, and pretreatments that could
improve availability in downstream biological applications.

4. Prospects and technological applications

Given the variability of food waste feedstock and resultant HTL
byproduct composition, future research should target substrate mix-
tures or pretreatment that will improve either biocrude production or
alternatively create ideal conditions for byproduct reuse. Among
abundant sources for such agricultural and food processing waste for
HTL, some large producing locations can be highlighted: production
agriculture farms, processing plants, grocery stores, waste disposal
sites, etc. These locations could be ideal for collection of these feed-
stocks for HTL processing and biocrude or byproduct generation, based
on their elemental and molecular compositions (Pavlovic et al., 2013).
For example, dairy processing plants, dining hall grease pits, and lipid
collection tanks for anaerobic digesters should all be considered po-
tential collection sites for high oil yielding feedstocks, as these could
improve the application and viability of HTL operations. However, the
quantity and composition of such HTL products could also contain
significant portions of fatty acid and, thus, increase biocrude oxygen
content (Vardon et al., 2011; Watson et al., 2020), which affects their
downstream processing and intended use. Certain agricultural residues,
animal manure and carcasses for example, may present increased pro-
tein and carbohydrate content and, thus, be processed with HTL to
amplify nutrient concentration and recycling (Zhou et al., 2013) or
metals for alternative market applications, respectively. Overall, HTL
applications can become more economically and environmentally vi-
able to improve conditions for and implementation through these di-
versification strategies.

5. Conclusions

The present results analyzed the elemental and molecular compo-
sition of HTL food waste solids and HTL-AP, based on feedstock com-
position and reaction conditions to identify opportunities and bottle-
necks in resource recovery. HTL reaction conditions severity
demonstrated breakdown and reformation of different molecule classes,
for potentiating downstream systems application and limiting factors.
The high availability of diverse metals present opportunity for use in
biological media, notably through metal recovery and nutrients for
algae cultivation or anaerobic digestion. These benchmarks for nutrient
concentrations and availability assess differences between HTL pro-
ducts based on optimized operating conditions for food waste.
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Fig. 6. Heat map prospecting nutrient availability by comparing molarity based element concentrations of (a) algae and (b) anaerobic digestion nutrient mixtures to
measured values in HTL-AP from optimized reaction conditions for each of the different food waste feedstocks.
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