Environmental Pollution 363 (2024) 125069

ELSEVIER

Contents lists available at ScienceDirect
Environmental Pollution

journal homepage: www.elsevier.com/locate/envpol

=

ENVIRONMENTAL
POLLUTION

o

Check for

Electrolysis of HTL-AP for nutrient recovery by converting cyclic nitrogen &

to nitrate-N fertilizer™

Barbara Camila Bogarin Cantero, Yuanhui Zhang, Paul C. Davidson -

Department of Agricultural and Biological Engineering, University of Illinois at Urbana Champaign, Urbana, IL, 61801, USA

ARTICLE INFO ABSTRACT

Keywords:

Wastewater

Storage stability

Nutrient recovery
Nitrogen cyclic compounds
HTL-AP

Nitrate

Valorization of hydrothermal liquefaction aqueous phase (HTL-AP) can be achieved through its use as a nutrient
source for lettuce production in hydroponic systems after being treated to reduce the nutrient imbalance.
Removing nitrogen cyclic compounds in HTL-AP may impact the availability of some nutrients, such as nitrate-N,
that are necessary for plant growth. Previous studies indicate that electrolysis enables nitrate-N accumulation in
algal-HTL-AP. In this study, HTL-AP derived from food waste was electrolyzed to convert available nitrogenous
compounds into nitrogen forms that are preferred by plants such as nitrate-N. Biochemical properties were
assessed for the HTL-AP samples before and after two years of storage. Results from this study show that it is
viable to convert heterocyclic amines in HTL-AP into inorganic nitrogen forms such as nitrite-N, nitrate-N,
ammonia-N, and fatty acids. Specifically, this study showed that accumulation of 609 mg/L of nitrate-N in the
HTL-AP with an initial concentration of 25 mg/L was achieved at the lowest current density. Additionally,
electrolysis treatment removed 48%-61% of COD from the HTL-AP at different current densities. Furthermore,
water quality characterization before and after storage for two years showed decreased organic matter in the
HTL-AP, leading to reduced inorganic nitrogen recovery. Overall, this study indicates that electrolysis can in-

crease the concentration of inorganic nitrogen in the HTL-AP both before and after long-term storage.

1. Introduction

Hydrothermal Liquefaction (HTL) has the potential to process and
recycle wet food waste to produce renewable energy (Aierzhati et al.,
2019; Biller et al., 2012). While HTL shows promise for converting wet
biomass into biocrude oil, current technologies for valorizing the
aqueous phase product (HTL-AP) of the reaction are limited, due to the
large volumes of this wastewater and lack of proper treatment methods
for reutilization (Watson et al., 2020). The products of the reaction and
composition of HTL-AP depend on the feedstock composition (He et al.,
2020; SundarRajan et al., 2021a; Halleraker & Barth, 2020; Jiang et al.,
2020) and reaction conditions (Swetha et al., 2021a; Wu et al., 2020;
Leon et al., 2019).

Current approaches for valorization of HTL-AP utilize recirculation
in the HTL reaction (Z. Zhu et al., 2015). However, due to the compo-
sition of the HTL-AP, it decreases the quality of the biocrude oil
(Kohansal et al., 2021; Pedersen et al., 2016; Harisankar et al., 2021).
Another method of valorizing the HTL-AP is by recycling nutrients
through algae production (Godwin et al., 2017) or third generation

* This paper has been recommended for acceptance by Dr. Meththika Vithanage.

* Corresponding author.
E-mail address: pdavidso@illinois.edu (P.C. Davidson).

https://doi.org/10.1016/j.envpol.2024.125069

bioenergy feedstock (Biller et al., 2012). The utilization of nitrogen and
phosphorus for algal growth (Garcia Alba et al., 2013) and other nu-
trients that contribute to the cultivation of microalgae and fungi (J. Chen
et al., 2022) has also been reported. Moreover, HTL-AP has been utilized
for lettuce (Lactuca sativa) cultivation as a nutrient solution, but growth
inhibitors and nutrient imbalance negatively influenced plant growth
(Jesse and Davidson, 2019; Jesse et al., 2019).

HTL-AP contains nitrogenous compounds and organic acids that are
frequently produced during the liquefaction of proteins and carbohy-
drates (SundarRajan et al., 2021a). These compounds, which include
phenolics, cyclic ketones, pyrroles, pyrazines, and amines in HTL-AP
have been suggested to be algae growth inhibitors due to effects in
chlorophyl formation (McGinn et al., 2019). Micro and macronutrients
that are critical for algal development and support photosynthesis are
lost during the HTL process (SundarRajan et al., 2021b). In addition,
organic compounds in HTL-AP may inhibit algal growth (Swetha et al.,
2021b; Y. Zhu et al., 2019). Therefore, treatment of HTL-AP is needed to
reduce growth inhibitors such as phenols, ammonia-N, and organic ni-
trogen compounds (Leng et al., 2020). It should be noted, however, that
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the recycling of HTL-AP represents an economic investment due to en-
ergy usage (Godwin et al., 2017). While treatments such as anaerobic
digestion have been used to treat HTL-AP to absorb nutrients and toxins,
HTL-AP contains aromatics, nitrogen heterocyclic compounds, and fur-
anics that are known to inhibit biological treatment (Yang et al., 2020;
Egerland Bueno et al., 2020; Z. Wang et al., 2021; Wang et al., 2021).
Other treatments, such as ozone, can remove some of the organic matter,
which usually acts as an inhibitor of microorganisms, from the HTL-AP
(Si et al., 2019). Sand filtration has been used to reduce the concen-
tration of growth inhibitors in HTL-AP, however, it also reduced the
concentration of plant-available nitrogen (Jesse et al., 2019). Other
methods, such as activated carbon, can reduce the toxicity of the HTL-AP
(H. Wang et al., 2021; P. H. Chen et al., 2020), but may also decrease the
concentration of nitrogen forms that could be taken up by plants (Jesse
and Davidson, 2019). Previous studies have attempted to valorize the
HTL-AP with fungal treatment (Leme et al., 2024a; Lopez et al., 2024)
and lettuce growth (Reynolds et al., 2024). However, they utilized
diluted HTL-AP for their studies. Recently, a treatment with electro-
chemical oxidation reported a high removal of chemical oxygen demand
(COD), which is an indicator for the concentration of oxidizable matter
of the effluent (Hu & Grasso, 2005), while increasing the production of
nitrate-N and ammonia-N as final inorganic compounds without dilution
(Ciarlini et al., 2020a). This treatment represents an opportunity to
transform recalcitrant molecules that are not removed by biological
treatment in the water (Anglada et al., 2009). Additionally, because a
large volume of wastewater is produced during each HTL run, storage
conditions could become a limiting factor over time. Therefore, the
objectives of this work are to; a) evaluate the effectiveness of electrolysis
as a treatment for food waste derived HTL-AP to convert
nitrogen-containing aromatics into plant-available nutrients using
conductive anodes at different current densities for nitrate-N accumu-
lation in HTL-AP, b) assess the impact of storage at room temperature on
the nutrient profile of HTL-AP, and c) evaluate differences in electrolysis
treatment performance under different initial water quality character-
istics of the HTL-AP.

2. Materials and methods
2.1. HTL-AP characterization

Hydrothermal liquefaction aqueous phase (HTL-AP) was obtained
from a hydrothermal liquefaction (HTL) pilot reactor (Aierzhati et al.,
2021; Summers et al., 2023) at 280 °C + 20, 1800 psi, and with a
retention time of 30 min, using food waste as the feedstock. The first set
(pre-storage) of HTL-AP was analyzed for ammonia-N (Hach Method
10031), COD (Hach Method 8000), nitrate-N-nitrogen (Hach Method
10020), nitrite-N-nitrogen (Hach Method 8153), and pH (Cole Parmer
PC 100, IL, USA) after electrolysis. The second set (post-storage) was
analyzed after two years of storage for the same parameters, plus pH
using a HALO Wireless pH Meter with Microbulb (Hannah Instruments,
RI, USA). Hach Method 10019 was used here because the levels of
nitrite-N in the post-storage HTL-AP were not detected with the high
range method listed above.

To assess changes in the HTL-AP due to treatment, the water quality
measurements described above were conducted before and after each
treatment. In addition, GC-MS analysis of the pre-storage HTL-AP sam-
ples, before and after treatment, were done at the Carver Metabolomics
Core (University of Illinois Roy J. Carver Biotechnology Center, IL,
USA). To obtain the removal and accumulation of the compounds after
electrolysis of HTL-AP, the difference between the initial peak area of
the compounds, pre-treatment, and the final peak area values of the
compounds, post-treatment, was taken, divided into the initial value,
and multiplied by 100 to express the result as a percentage.
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2.2. Electrolysis of HTL-AP derived from food mixture

An electrochemical cell with a two-electrode system containing HTL-
AP was degassed with argon gas for 20 s. The two electrodes (anode and
cathode) were placed inside the cell with an inner electrode gap of 2 cm.
The anode material used was Boron Doped Diamond (IKA, NC, USA) and
the cathode material was stainless steel (IKA, NC, USA) with dimensions
of 52.5 mm by 8 mm by 2 mm. The first set of experiments (pre-storage)
were performed in duplicate, and the second set of experiments (post-
storage) was performed in triplicate. The system was supplied with
constant current from a DC power supply Siglent SPD3303C (TEquip-
ment, NJ, USA) and Instek GPD-4303S DC Power Supplies 4 Channels
(TEquipment, NJ, USA). The electrical conditions were achieved using
the Easy Power Software and voltage, current, and time were collected
utilizing a Python program. The experiments were performed in batch
recirculation utilizing a cell containing a total of 60 mL of HTL-AP that
was continuously recirculated between a small electrochemical cell with
20 mL of HTL-AP and the 40 mL reservoir. The 20 mL volume was
selected to ensure that the electrodes were in continuous contact with at
least 3 mL of the sample (Fig. 1). The pre-storage experiments utilized a
custom pump fabricated in-house and for the post-storage experiments,
the pump was upgraded to easy pump VI-Shenchen Baoding (Darwin
Microfluids, Paris, France) to increase the reliability and durability of
operation of continuous pumping over long periods of time.

To ensure the electrodes were in contact with the wastewater, peri-
staltic pumps were used to generate a flow rate of 20 mL/min to recir-
culate the HTL-AP from the electrochemical cell to the reservoir. After
each experiment, the electrodes were cleaned with a 0.1 M H,SO4 so-
lution in an ultrasound bath for 10 min and then rinsed with deionized
water. To evaluate the optimal conditions for organic nitrogen conver-
sion into inorganic nitrogen forms, three current densities were tested:
10 mA/cm? (low), 30 mA/cm? (medium), and 50 mA/cm? (high). The
durations of the corresponding experiments were 119 h, 40 h, and 24 h,
respectively. These durations were chosen to normalize the experiments

Reservoir40 mL of

20 mL of electrolyte electrolyte

Fig. 1. Experimental set up. Top: Two electrochemical cells with the batch
recirculation system and the power supply for pre-storage HTL-AP experiments;
Bottom: Diagram of the experimental setup, used for both the pre- and post-
storage experiments, where the electrochemical cell has a smaller glass
container for 20 mL of the electrolyte and a larger glass container with 40 mL of
the electrolyte.
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and obtain a total charge consumption of 10 A h for all three current
densities.

Samples consisting of 400 pL of HTL-AP were taken from the reactor
every 2 A h and diluted to perform the water quality analyses. The
electrolysis process was conducted at room temperature. No modifica-
tions (dilutions, pH adjustment, temperature increase, or addition of
salts) to the raw HTL-AP were applied for these experiments, as they
may alter the kinetics of the reaction.

3. Results and discussion
3.1. HTL-AP food mixture characterization

The observed chemical oxygen demand (COD) prior to being stored
was 26,800 mg/L, which is within the range of frequently reported
values of 20,000-120,000 mg/L COD (Leng et al., 2018). Low levels of
nitrate-N (NOs-), nitrite-N (NO,-), and ammonia-N (NH3-N) were also
observed (Table 1).

Generally, the pH of the HTL-AP depends on the biomass composi-
tion; in this case the feedstock used for the HTL reaction was low in
protein. Therefore, it did not contain a high concentration of ammonia-N
from deamination of protein through hydrolysis. The pH was within the
range of 3-10; as reported in the literature, it depends on the biomass
composition in the HTL (Leng et al., 2018). The HTL-AP generated from
food waste has been reported to be more acidic due to the presence of
organic acids as degradation products of carbohydrates in the feedstock
during the HTL process (Maddi et al., 2017).

Biomass-derived oils and fractions have shown to be chemically and
physically unstable under different storage temperatures and times (Liu
et al., 2021). Water characterization from before and after storage for
two years (Table 1) follows this previous finding by showing three major
changes in the water quality characteristics of the HTL-AP after storage.
First, the COD decreased by approximately 76%. Second, in terms of
nitrogen availability, the ammonia-N and nitrate-N concentrations
increased by 1% in the HTL-AP, while the nitrite-N concentration
decreased. Third, the pH in the wastewater increased. Although the
aqueous phase has shown to be more stable than the bio-oil after storage
at different temperatures and times, the aqueous phase has still been
reported to decrease in concentration of all chemical groups with aging
and different storage temperatures (Ren & Ye, 2018), which aligns with
the chemical changes in HTL-AP after storage in this study, as shown in
Table 1.

The GC-MS analysis of food waste derived HTL-AP, pre-storage,
showed the presence of amines, carboxylic acids, and alcohol, which are
reduced species that perform oxidation reactions, and the ketones that
perform reduction reactions because they are oxidized species (Forster,
2019) (Table 2). As highlighted in Table 2, the aim of electrolysis in this
study is the conversion of heterocyclic amines into nitrate and ammonia.

3.2. Effect of current on carbon reactions

Water quality characterization results indicate that utilizing elec-
trolysis led to degradation of COD in the HTL-AP for all current densities
and initial concentrations of organic matter tested in this study. For the

Table 1
Characterization of HTL-AP from a mixture of food waste before, and after, a
storage time of two years, but without any treatment.

Analysis pre-storage HTL-AP (n = 2) post-storage HTL-AP (n = 3)
Average (mg/L) SD (mg/L) Average (mg/L) SD (mg/L)

COD 26,800.0 1470.0 6340.0 638.8

NH3-N 350.0 52.7 45.6 2.2

NO3-N 25.0 5.3 37.5 0.4

NO-N 100.0 34.6 0.2 0.05

pH 4.5 0.01 5.2 0.2

*n: number of replicates *SD: standard deviation.
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Table 2
Gas Chromatography and Mass Spectroscopy analysis of HTL-AP food mixture,
pre-storage.

Name Type of compound
2,5 hexadione Ketone
2-butanone

2-methyl- 2-cyclopenten-1-one

3-methyl- 2-cyclopenten-1-one

Acetone

4-hydroxy-Benzenesulfonic acid Sulphone
Acetaldehyde Aldehyde

2,6-dimethyl-3-hydroxypiridine Heterocyclic amine
3-Pyridinol

6-methyl-3-Pyridinol

Caprolactam

Butyrolactone

2-pyrrolidinone

Guanidine

trans-(n)-furan, tetrahydro-2,5-dimethyl-
2,2-oxybis-ethanol

2-propenoic acid

4-chlorobutanoic acid

acetic acid

methyl ester acetic acid

butyric acid

Glycerin

n-hexadecanoic acid

propanoic acid

Alcohol
Carboxylic acid

Isosorbide Alcohol
Benzenemethanol Alcohol
dichloro methane Organochlorade

first set of experiments (pre-storage) when the initial COD concentration
was 26,800 + 1476, 58%, 61%, and 49% of the oxidizable organic
matter was removed at 10 mA/cm?, 30 mA/cm?, and 50 mA/cm?
respectively, after the treatment (Fig. 2a). Comparatively, for the second
set of experiments (post-storage) with a relatively low initial COD con-
centration of 6,340 + 639, 62%, 76%, and 69% of the organic matter
was removed at 10 mA/cmz, 30 mA/cmZ, and 50 mA/cm? after elec-
trolysis (Fig. 2b).

Fig. 2a shows that at a higher initial concentration of oxidizable
organic matter, 30 mA/cm? and 10 mA/cm? achieved a higher removal
of COD by the end of the treatment. As indicated in the figure, during the
first hours of treatment, the higher current density slightly improved the
removal of COD in the HTL-AP, resulting in 30% higher removal of
organic matter after applying 50 mA/cm? compared to 30 mA/cm?,
Carbon mineralization increased until 2 A h, achieving a concentration
of 7,643 mg/L of COD, and later, only 20% of COD was removed at 8 A h.
The exponential removal of COD and the sudden and continuous
decrease in the removal percentage after 2 A h indicates the carbon
removal at 50 mA/cm? is governed by mass transfer, or the availability
and diffusion of the organic compounds in the HTL-AP (Ciriaco et al.,
2009; Diaz et al., 2011). The decrease in COD removal could have also
been due to the presence of some refractory organic compounds that
cannot be further oxidized, or possibly due to reduction reactions and
competitive reactions (Panizza et al., 2001a). As suggested by a study of
disinfection with electrochemical oxidation, a higher current density
leads to the production of hydroxyl radicals that induce oxidation, but as
the treatment advances, there is a decrease in efficiency of oxidation of
organic matter, which could have been caused by undesirable reactions
in the HTL-AP (Hughes et al., 2023).

Since COD represents the organic oxidizable materials in the water
(Zhao et al., 2004), the 30 mA/cm? current density had a higher COD
removal, or oxidation efficiency, compared to the other tested current
densities. Since the removal was steady and consistent during the
treatment period, this might be explained by Faraday’s law, as the
current increases the amount of oxidizable and reducible species on the
anode surface (Sundén, 2019; Fil et al., 2014). However, there is a
tradeoff between time and removal of COD. As seen with the 10 mA/cm?
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Fig. 2. Chemical oxygen demand (COD) removal from the aqueous phase of hydrothermal liquefaction food mixture pre-storage (a) and post-storage (b) as a function
of charge consumed during the anodic oxidation using BDD as the anode at three different current densities. Please note at 0 Ah, no removal had occurred because no

treatment was applied.

current density (Fig. 2a), there was a slow increase in removal of COD
with time and it obtained 58% removal after 119 h of treatment.
Comparatively, the 50 mA/cm? current density achieved higher removal
of COD after only 4 h of treatment. The difference in removal could be
due to fewer hydroxyl radicals in the surface of the electrode at a lower
current density, as the increase in current density is related to a higher
production of free radicals that enable oxidation reactions (Hmani et al.,
2012). On the other hand, with electrolysis at 10 mA/cm?, irrespective
to the differences in initial organic load (Fig. 2b), consistent levels of
COD removal were achieved with removal percentages ranging between
58% and 62% before and after storage of HTL-AP, respectively.

Similarly, Fig. 2b reveals that a lower initial concentration of COD
achieved a higher removal efficiency at 30 mA/cm? compared to 50 mA/
cm?. These results suggest that the degradation kinetics of COD in the
HTL-AP may be controlled by mass transport, as studies of organic
substrates using a BDD anode have reported similar mineralization re-
sults at different initial concentrations of organic substrates (Hmani
et al., 2009; Panizza et al., 2001b; Rodrigo et al., 2001). Overall, the
degradation of COD was more prominent at higher current densities and
with a lower initial organic matter concentration, which agrees with the
mass transport behavior of electrolysis of the HTL-AP. Different initial
water quality characteristics of the HTL-AP resulted in different removal
efficiencies for COD. Therefore, while different feedstocks will likely
also have different initial water quality characteristics, it is not possible
to speculate that the same removal patterns will hold true for other
feedstocks based solely on the results of this study.

3.3. Effect of current on inorganic nitrogen

Through electrolysis, nitrate-N accumulated in the HTL-AP at
different current densities. However, the concentrations of nitrate-N
varied by current density for both the first and second sets of experi-
ments (before and after storage, respectively). For the first set of ex-
periments (prior to storage), results show that lower current densities
performed best for nitrate-N recovery in HTL-AP. A 10 mA/cm? current
density produced 609.4 mg/L, 30 mA/cm? produced 156.3 mg/L, and
50 mA/cm? produced 34.9 mg/L of nitrate-N after 10 A h. Compara-
tively, after storage, a 10 mA/cm? produced 14.6 mg/L, 30 mA/cm?
produced 17.4 mg/L, and 50 mA/cm? accumulated 8.3 mg/L of nitrate-

N in the HTL-AP after 10 A h (Table 3). Compared to biological treat-
ments (Jesse and Davidson, 2019; Leme et al., 2024b; Lopez et al.,
2024), electrolysis achieved an overall higher nitrate-N recovery from
the food waste derived HTL-AP without dilutions or pH adjustments.
However, a higher nutrient recovery was achieved in microalgal HTL-AP
after electrochemical treatment, however, it contained higher nitrogen
levels and a higher pH (Ciarlini et al., 2020b). This highlights the rele-
vance of the pH and the initial concentration of organic nitrogen com-
pounds in the HTL-AP on the nitrification process through electrolysis.
Subsequent studies should focus on the reaction mechanism, treatment
optimization, as well scalability considering the conditions that will

Table 3
Summary of inorganic nitrogen concentrations after treatment for the pre-
storage and post-storage experiments with electrolysis at 10 A h.

10 mA/cm?
NH3-N SD NO3-N SD NO,-N SD
(mg/L) (mg/L)  (mg/L) (mg/L)  (mg/L) (mg/L)
pre-storage 303.1 3.5 609.4 34.9 87.5 24.3
HTL-AP
post-storage 234 74.7 14.6 2.9 BDL BDL
HTL-AP
30 mA/cm?
NH3-N SD NOs-N SD NO»-N SD
(mg/L) (mg/ (mg/L) (mg/ (mg/L) (mg/
L) L) L)
pre-storage 342.2 3.5 156.3 69.8 31.3 8.20
HTL-AP
post-storage BDL BDL 17.4 8.4 BDL BDL
HTL-AP
50 mA/cm?>
NH3;-N SD NO3-N SD NO,-N SD
(mg/L) (mg/ (mg/L) (mg/ (mg/L) (mg/
L) L) L)
pre-storage 554 2.8 34.4 22.9 300 39.8
HTL-AP
post-storage 7.8 4.5 8.3 2.9 BDL BDL
HTL-AP

*BDL: Below detection limit.
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enhance the nutrient recovery.

The concentrations of nitrate-N, ammonia-N, and nitrite-N in the
HTL-AP during treatment of HTL-AP prior to storage at the lowest cur-
rent density tested in the study (10 mA/cm?) are shown in Fig. 3. The
beginning of the treatment shows production of nitrate-N and ammonia-
N happening with a 1:1 ratio until the 6 A h mark. Noticeably, nitrite-N
concentration is steady throughout the treatment, which may be
attributed to its role as an intermediary byproduct that reacts to become
ammonia-N, nitrate-N, or nitrogen gas during electrolysis (Ghazouani
etal., 2015). Similarly, there were no detectable levels of nitrite-N and a
continuous increase of ammonia-N and nitrate-N concentrations during
electrolysis of HTL-AP, post-storage. It is also observed that the pH
steadily increased as the ammonia-N concentration increased in the
HTL-AP, post-storage (Table S1 in the Supplementary Material).

The production of nitrate-N with electrolysis was greatest with a
higher initial inorganic nitrogen and organic matter concentration in the
HTL-AP, pre-storage. However, the treatment successfully achieved
double the inorganic nitrogen availability after electrolysis before and
after storage of the HTL-AP (Table S1 in Supplementary Material),
yielding approximately 1,000 mg/L and 248 mg/L of inorganic nitrogen,
respectively. Low organic compound concentration in wastewater has
previously been reported to limit complete nitrification and denitrifi-
cation processes, which might be the cause of low nitrate yield after
electrolysis of post-storage HTL-AP (Zollig et al., 2017).

The lowest current density achieved a larger accumulation of inor-
ganic nitrogen in the HTL-AP compared to the other tested currents in
this study, before and after storage. Prior to storage and at 8 A h, the
concentration of ammonia-N in the HTL-AP increased nearly 68%. This
could be due to the deamination of cyclic organic products to ammonia-
N instead of nitrate-N, as described in an oxidation study of an emergent
contaminant or organic nitrogen compound (Olvera-Vargas et al.,
2014). A slow rise in the nitrate-N concentration is observed at 10 A h
after the decrease in the ammonia-N concentration in the HTL-AP,
which could have been due to the oxidation process of ammonia-N to
nitrate-N (Cabeza et al., 2007), which is enhanced by acidic conditions
accompanied by the increasing COD removal (Ghazouani et al., 2017).

With the 10 mA/cm? current density, it was possible to achieve 609.4
mg/L of nitrate-N from a 25.0 mg/L starting concentration and 303.1
mg/L of ammonia-N from a 350.0 mg/L starting concentration.
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Moreover, nitrite-N decreased to 87.5 mg/L from a 100.0 mg/L starting
concentration with HTL-AP, pre-storage. Since high ammonia-N content
as well as acidic conditions could be toxic for the plants, a lower ratio of
ammonia-N over the total nitrogen content (Savvas et al., 2006) of the
HTL-AP is preferred for plant growth.

By looking at differences in mineralization of nitrogen in the elec-
trolysis with 30 mA/cm? shown in Fig. 4 (Table S2 in the Supplementary
Material), there was a higher production of ammonia-N than nitrate-N
or nitrite-N in the HTL-AP prior to storage at this current density.
However, it should be noted that ammonia-N production did begin to
decrease at the 8 A h and 10 A h charges. Results showed that three
distinct processes were taking place during electrolysis at 30 mA/cm?:
(1) ammonia-N was accumulated from organic nitrogen mineralization;
(2) nitrate-N was reduced to nitrite-N; and (3) nitrite-N was converted to
nitrate-N and ammonia-N in the HTL-AP. In a similar fashion, higher
ammonia-N production was observed during the treatment of the HTL-
AP, post-storage, and slightly lower nitrate-N yield, with no detectable
levels of nitrite-N.

Prior to storage and at 2 A h, there was an increase in ammonia-N
and nitrate-N in the HTL-AP. A higher concentration of ammonia-N
suggests the mineralization of nitrogen cyclic compounds into inor-
ganic ions (Jara et al., 2009). During the first 8 h of treatment (2 A h) of
HTL-AP (pre-storage), nitrite-N concentration decreased while nitrate-N
concentration increased by more than three times from 25.0 mg/L to
78.1 mg/L (Table S2 in the Supplementary Material). Additionally,
ammonia-N increased 60% from 350.0 mg/L to 937.5 mg/L. A higher
accumulation of ammonia-N in HTL-AP may be attributed to the nature
of the electrode utilized in the experiments, since it was reported in the
literature that doped diamond electrodes have high faradaic efficiency
for ammonia-N production (Tenne et al., 1993). Furthermore, this type
of electrode has a limitation for ammonia-N production; a saturation
period which leads to the development of intermediaries such as
nitrate-N and nitrite-N in the electrolyte (Tenne et al., 1993). This is
observed at 4 A h when the concentration of ammonia-N, as well as
nitrite-N, decreased while the nitrate-N concentration doubled. Also, at
6 A h, nitrate-N, nitrite-N, and ammonia-N proportions remain steady as
a product of deamination of organic nitrogen compounds in the HTL-AP
pre-storage. However, the highest concentration of all inorganic nitro-
gen forms was achieved at 30 mA/cm? in the HTL-AP prior storage
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Fig. 3. Concentrations of inorganic nitrogen profile in the aqueous phase of hydrothermal liquefaction food mixture pre-storage (a) and post-storage (b) during

electrolysis using BDD anode at 10 mA/cm?.
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electrolysis using BDD anode at 30 mA/cm?

(Fig. 4). In addition, in the HTL-AP pre-storage, at 8 A h, the nitrate-N
concentration increased by 2% in the HTL-AP in the relative distribu-
tion of inorganic nitrogen forms, but as seen in Fig. 4 (Table S2 in the
Supplementary Material), all inorganic nitrogen forms decreased in
concentration compared to 6 A h, which could have been caused by its
conversion to nitrogen gas, as a lower concentration of nitrogen species
remained in the HTL-AP after the treatment. A similar behavior
(decrease of ammonia-N) was reported in previous studies (dos Santos
et al., 2021). However, it is difficult to comment on the ammonia-N
conversion to its volatile intermediaries without an analysis of the gas
production during electrolysis, which was beyond the scope of this
study.

By the end of the treatment of the pre-storage HTL-AP, ammonia-N
accounted for 65% of all the inorganic nitrogen forms, while nitrate-N
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accounted for 29%. Although 156.3 mg/L of nitrate-N was accumu-
lated in the pre-storage HTL-AP at 30 mA/cm?, this operational condi-
tion primarily seemed to enhance the conversion of organic nitrogen
compounds into ammonia-N.

On the other hand, after storage with lower organic matter concen-
trations and initial inorganic nitrogen, only 16.7 mg/L of nitrate-N was
recovered, and no detectable levels of ammonia-N nor nitrite-N were
observed in the post-storage HTL-AP by the end of the treatment at this
current density. Despite the low nitrate-N recovery in the post-storage
HTL-AP, with electrolysis, it was possible to yield the highest levels of
inorganic nitrogen at 2 Ah, 4 Ah, and 6 A h, where 163 mg/L, 200 mg/
L, 200 mg/L of overall inorganic nitrogen concentration were detected,
respectively.

Electrolysis at 50 mA/cm? seemed to have enabled the removal of
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Fig. 5. Concentrations of inorganic nitrogen profile in the aqueous phase of hydrothermal liquefaction food mixture pre-storage (a) and post-storage (b) during

electrolysis using BDD anode at 50 mA/cm?.
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inorganic nitrogen in the HTL-AP, both pre- and post-storage (Fig. 5).
Compared to the lower current densities tested in this study, low accu-
mulation of nitrate-N was achieved after treating the HTL-AP, pre-
storage, with 50 mA/cm? of electrolysis, obtaining only 34.4 mg/L of
nitrate-N. In the same way, in the post-storage treated HTL-AP, only 8.3
mg/L of nitrate-N was detected at 10 A h (Table S3 in the Supplementary
Material).

During the first hours of treatment of pre-storage HTL-AP, there was
a higher nitrite-N concentration than ammonia-N and nitrate-N. Later,
the nitrite-N concentration decreased while there was a continuous in-
crease in ammonia-N concentration in the pre-storage HTL-AP until 8 A
h, when 50 mA/cm? attained the maximum ammonia-N concentration
measured in this study. Results showed accumulation of nitrites could
have played a role in denitrification of HTL-AP pre-storage since in other
reports high nitrites intermediaries’ presence is related to conversion of
nitrite-N to ammonia-N to nitrogen gas (Ghazouani et al., 2015).

In the same way, in the post-storage HTL-AP, when the initial organic
matter concentration was low as well as the initial inorganic nitrogen
availability and despite no detectable levels of nitrite-N being observed
during the treatment, 50 mA/cm? seemed to have favored denitrifica-
tion of the HTL-AP post-storage as well (Table S3 in the Supplementary
Material).

By looking at the overall measurements of inorganic nitrogen present
in the HTL-AP before and after storage, it is distinguishable that a higher
concentration of organic matter enables higher accumulation of inor-
ganic nitrogen forms in the wastewater after electrolysis at all the cur-
rent densities tested in this study, including 50 mA/cm?. After the poor
performance in nitrification of the 50 mA/cm? current density and after
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treating the pre-storage HTL-AP, approximately 888 mg/L of inorganic
nitrogen was detected compared to 16 mg/L of inorganic nitrogen
observed in the post-storage HTL-AP.

3.4. Effect of current on organic compounds in HTL-AP

At the three current densities tested in this study, it was possible to
mineralize heterocycles into intermediary products and fatty acids. By
comparing the peak area of the gas chromatography analysis before and
after treatment, the removal and accumulation of compounds in the
HTL-AP was measured and is displayed in Fig. 6.

With electrolysis of food waste HTL-AP, production of nitrate-N was
achieved as well as removal of heterocyclic nitrogen. Fig. 6 details the
removal of compounds such as ketones and heterocyclic amines after
electrolysis. It also shows differences in degradation products at the
operational conditions tested. For example, the propanoic acid peak area
increased after the treatment with electrolysis at 30 mA/cm?. While the
graph displays the removal and accumulation of some compounds, the
analysis showed the presence of compounds that emerged as products of
the treatment such as 2-piperidine, which is a secondary amine with a
larger peak area at 10 mA/cm?, 2-methyl propanoic acid with a larger
peak area at 30 mA/cm?, and acetonitrile with a larger peak area at 30
mA/cm? in HTL-AP after electrolysis (Table S4 of Supplemental
Material).

Furthermore, incomplete oxidation of heterocyclic amines in the
treatment could have been caused by lack of formation of hydroxyl
radicals on the surface of the electrode, as explained in a study of
oxidation of pyridine into ammonia-N, nitrate-N, and nitrogen gas
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(Jiang et al., 2021a). As observed in studies of the oxidation of organic
compounds with anodic oxidation using BDD, complete mineralization
is difficult to achieve even at higher current levels without the addition
of a supporting electrolyte to enhance oxidation of compounds present
in the wastewater (Candia-Onfray et al., 2018).

At the lowest current density, carboxylic acids were completely
removed from the HTL-AP. Conversely, carboxylic acids increased in
concentration after electrolysis with the higher current densities (30
mA/cm? and 50 mA/cm?). The production of the mentioned compounds
could be due to the cleavage of nitrogen in the heterocyclic amines to
produce small molecules of carboxylic acids and ammonia-N (Jiang
et al., 2021a).

As previous studies have reported, the production of free radicals like
hydroxyl radicals could change the structure of the nitrogen cyclic
compounds like pyridine to produce smaller molecules such as carbox-
ylic acids and ammonia-N, as well as other carbon compounds products
of the mineralization (Jiang et al., 2021b). At higher current densities,
there was an increase in carbon reactions since incomplete mineraliza-
tion of amines or nitrogen compounds was observed. Additionally, there
was greater removal of carboxylic acids, or preference for carbon re-
actions. Among the remaining carbon compounds were acetic acid and
propanoic acid.

4. Conclusions

Unlike previous studies that applied advanced oxidation techniques
on microalgal derived HTL-AP, this is the first study treating a food
derived HTL-AP with a low total nitrogen concentration with electrol-
ysis to recover inorganic nitrogen for its future use as a nutrient solution
for plant growth. Electrolysis of raw HTL-AP was completed at ambient
environmental conditions, leading to the removal of COD, as well as
conversion of nitrogen cyclic compounds into inorganic forms of nitro-
gen utilizing the BDD anode and SS cathode. The electrodes used in this
study performed best for COD removal at 30 mA/cm? by removing 61%
of the oxidizable organic matter in the HTL-AP. Among the current
densities tested, 30 mA/cm? and 10 mA/cm? showed higher accumu-
lation of nitrate-N in the electrolysis process. A total of 609.4 mg/L and
156.3 mg/L of nitrate-N was accumulated in the HTL-AP, pre-storage, at
10 mA/cm? and 30 mA/cm?, respectively. The highest current density of
50 mA/cm? led to a greater removal of COD during the first 4 h of
treatment (2 A h) and overall removal of inorganic nitrogen forms in the
HTL-AP, both pre- and post-storage. This current density could be ideal
for removal of organic matter in the HTL-AP through anodic oxidation.
Initial results showed promise to recover nitrate-N from organic nitro-
gen compounds at lower current densities with electrolysis. This study
confirmed that electrolysis can reduce the nutrient imbalance of the
HTL-AP, while increasing the overall inorganic nitrogen availability in
the wastewater.

Furthermore, results showed increased inorganic nitrogen recovery
with higher initial concentrations of organic matter, in addition to
changes in the pH and ammonia-N in the HTL-AP after aging and stor-
age. Subsequent studies should focus on the carbon and nitrogen ratio
effect on the inorganic nitrogen recovery from the HTL-AP as well as the
best storage conditions for HTL-AP to avoid organic compound losses.
These findings highlight the significance of storage on nutrient losses
before the application of recovery treatments, suggesting that new
methods need to be applied to alleviate nutrient losses. Proper storage
methods are essential to preserve the water quality characteristics to
leverage nutrients efficiently and raise the valorization of the HTL-AP.

Furthermore, this study explored the effects of storage on the re-
covery of nutrients of a biomass derived byproduct (HTL-AP), which is
thermochemically unstable. Previous studies have overlooked the ef-
fects of storage on the chemical composition of the HTL-AP and the
nutrient recovery. This study has explored the interaction between the
initial organic load and the nitrate-N recovery, suggesting that a higher
organic concentration leads to higher yields of the desired inorganic
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nitrogen forms in the HTL-AP.
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