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Abstract: The potential of using the biomass of four wetland plant species (Iris pseudacorus, Juncus
effusus, Phragmites australis and Typha latifolia) grown in treatment wetland systems and under natural
conditions were tested to produce high-value materials using hydro-thermal liquefaction (HTL).
The results show that the wetland plants biomass is suitable for biocrude and biochar production
regardless of the origin. The hydrothermal liquefaction products’ (biocrude, biochar, aqueous
and gaseous phase) yields vary according with the specific biomass composition of the species.
Furthermore, the results show that the biomass composition can be affected by the growing condition
(treatment wetland or natural unpolluted conditions) of the plants. None of the single components
seems to have a determinant effect on the biocrude yields, which reached around 30% for all the
analyzed plants. On the contrary, the biochar yields seem to be affected by the composition of the
biomass, obtaining different yields for the different plant species, with biochar yields values from
around 12% to 22%, being that Phragmites australis is the one with the highest average yield. The
obtained aqueous phase from the different plant species produces homogeneous compounds for
each plant species and each growing environment. The study shows that biomass from treatment
wetlands is suitable for biocrude production. The environmental value of this biomass lies on the fact
that it is considered a residual product with no aggregated value. The treatment wetland biomass
is a potential sustainable source for biofuel production since these plants do not need extra land or
nutrients for growing, and the biomass does not compete with other uses, offering new sources for
enhancing the bioeconomy concepts.

Keywords: treatment wetlands; biocrude; hydrothermal liquefaction; biomass; biorefinery; biofuels;
wastewater treatment; biochar; aqueous phase

1. Introduction

Currently, the world faces diverse and serious environmental challenges. The trans-
port sector, responsible for a significant share of CO, emissions, and other sectors such
as the agriculture, forestry, or manufacturing ones, demand for sustainable, resilient,
affordable, and fair sources of energy that can ease the pressure exerted to nature.

To face those challenges, the bioeconomy model proposes the use of renewable bi-
ological resources from the land and sea (e.g., animals, crops, fish, forests and microor-
ganisms) to produce energy, food and materials [1] to reduce the environmental impact of
human activity.
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In this context, the combined use of green biorefining (GBR) technologies and nature-
based solutions (NBS) brings the opportunity of controlling pollution as well as recovering
neglected biological resources for use as a sustainable source of biomass for biofuel and
later bioenergy production. GBR is a complex and full-integrated technology system that
aims to protect the environment and natural resources, making comprehensive use of
materials and energy available in green biomasses [2]. NBS are technologies focused in
establishing ecosystem services to address societal challenges, such as climate change, food
and water security, to tackle natural disasters, and to enhance well-being and biodiversity
benefits [3].

Treatment wetlands (TW) are one of the most attractive NBS for wastewater treat-
ment; TW technology mimics processes present in nature, but optimizes them through
engineering designs [4]. TW are systems where wastewater, local climate, and energy
(mainly coming from the sun) are integrated into an engineered ecosystem formed by
plants, bacteria, and depending on the type of TW, filling media to remove pollutants from
waters aiming at meeting local discharge standards. The technology is convenient due
to the relatively low operative and maintenance cost [5,6], and other ancillary benefits,
such as sustaining biodiversity [7], climate change mitigation [8], carbon sequestration [9],
hydrological flow regime regulation, public use, education, and habitat conservation [10].

Until now, TW were considered a sustainable technology for wastewater treatment
effective for pollution control of domestic wastewater [11-14], rainwater run-off [15-17],
slaughterhouses [18,19], industrial [20-22] and urban sewage [8,23], and many other types
of polluted waters. However, TW seem to offer a novel and sustainable opportunity to
recover neglected resources coming from the produced biomass which can be used to
produce plant-based materials and fuels.

To use the TW biomass is attractive because of (1) the high primary productivity
reported for plants grown in CW [24], (2) the enhanced capacity for removing pollutants
reported from harvested TW [25,26], and (3) the promising results from previous studies
regarding the potential for producing high-value products from residual biomass through
green biorefining (GBR) processes [2,27,28].

GBR technologies are based on the utilization of plant or other organic materials
to produce different high-value materials that can substitute the petroleum-based mate-
rials such as plastics, fuels, textiles, and chemicals [29,30]. One of the most promising
GBR processes seems to be hydrothermal liquefaction (HTL) technology, which produces
biocrude. The HTL process transforms biomass, using high pressure and high temperature
under subcritical conditions to obtain a combination of biocrude that can produce biofuel,
biochar, gases (mainly CO,), and an aqueous phase (AqP), rich in organic compounds. The
hydrothermal process is essentially similar to how nature has produced fossil fuels over
millions of years, heating aqueous organic slurries at elevated pressures to produce an
energy carrier with increased energy density [31].

The biomass composition used for HTL processes determines the composition and
the yields of the products of the reaction, named biocrude, biochar and AgP. In previous
studies, microalgae (Chlorella) slurry was processed, obtaining 40 wt% biocrude yields [32].
Miscanthus, Spirulina and sewage sludge produced biocrudes with average yields of 26 wt%,
33 wt% and 25 wt%, respectively [33]. Maize, oats, and ryegrass had yields of 27.6 wt%,
25.1 wt%, and 22 wt%, respectively [34]. These observations confirm the fact that the
predictability of biocrude characteristics is still a topic that needs attention [35].

The HTL process was previously evaluated for the valorization of wastewater-treatment
wastes, offering an alternative solution for sludge management. Sludge has been used for
biocrude production, reporting yields from 37 wt% to 43 wt% [36]. Other studies have
evaluated the biocrude production from willow biomass irrigated with wastewaters at
supercritical water conditions (400 °C), reporting a yield of 40 wt% [37].

However, none of the previous studies have evaluated the differences in the capacity
of the TW plants for producing biocrude compared with the same plants grown in natural
conditions (NC). This study aims to assess the potential of four of the most used plants in
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TW for producing biocrude through the HTL technology. The study includes a comparison
between the biocrude and biochar yields, as well as the AqP composition, to evaluate
how the TW conditions affect the potential of the plant biomass to be used in a HTL
platform. The energy balance from the biocrude and biochar is also determined to estimate
the potential to produce environmentally friendly renewable biofuels. Additionally, this
research evaluates the AqP composition, including a screening of the content of emergent
pollutants after the HTL reaction, highlighting the potential environmental problems that
can be faced due the complex composition of it. Lastly, a mass balance study is performed
to track the fate of carbon (C) and nitrogen (N) in the HTL process, to assess where in
the environment those elements could potentially end up. When the C and N of the feed
biomass are converted to biocrude, biochar, AqP or a gaseous state, they can later either
be emitted to the atmosphere as a gas if the biochar or biocrude are used as fuels, be
discharged in the water if the AqP is not used in any other process, or be added to the soil
if the biochar is used as a soil amendment acting also as a carbon sequestrator [38—40].

This article is a micro-approach to the development of biofuels from raw materials.
The study assesses the potential of TW biomass to be considered as a source of new, renew-
able biomass to produce biofuels. The biomass from TW is considered sustainable because
it reduces the environmental impact, being grown in sustainably way (in the TW), being
considered until now a residue, and having not conflicted with land use for agricultural
products [1]. TW biomass is considered a by-product with no or low value, but due to
the operational characteristics, is an unlimited source of biomass. Up to our knowledge,
this approach has not been studied. The combined use of TW for wastewater treatment
and biorefinery processes to produce biofuels from the TW biomass can contribute to
reaching the UN sustainable goals dealing with the water management and the recovering
of resource in a circular bioeconomy. The use of biomass that otherwise would be dis-
posed of can contribute to reaching some of the UN goals as follows: “6, clean water and
sanitization”, “7, Affordable and clean energy”, “11, Sustainable cities and communities”,
12, Responsible consumption and production”, and “13, climate action.” [41].

2. Materials and Methods
2.1. The Plants

During the summer of 2020, four plant species, from two different locations, were
selected and harvested to compare their potential for being used in the HTL process.
Triplicates of individual samples of Iris pseudacorus, Juncus effusus, Phragmites australis, and
Typha latifolia were harvested from two different locations. The first place was a local TW
system located in the Tilst neighborhood in Aarhus, Denmark, (56°10'20.5” N, 10°06/21.9”
E). The same plant species were harvested during the same period from Paskehejgaard
growth facilities of Aarhus University (56°13'48.7” N, 10°07'38.3” E), where the plants
were grown under natural conditions (not exposed to pollutants), referred to herein as NC
(natural conditions).

2.2. Ash Content and Fixed Carbon

The plants were dried at 65 °C for 72 h to drive off water. Samples of the residue
were cooled, weighed, and combusted at 550 °C for 3 h to drive off volatile solids. The
total solids, volatile solids, and ash content were determined by comparing the mass of the
sample before and after each step. The method followed was that of Ref. [42].

A TGA Mettler Toledo SDTA851 was used to analyze the raw materials and biochar
samples. The TGA was operated using a constant heating rate of 10 K min~! from 50 °C to
900 °C under nitrogen followed by 10 min under air at constant temperature. A minimum
of 5 mg of the mass sample was placed in the TGA ceramic crucibles. The fixed carbon was
obtained by calculating the mass difference in the sample, between the weight at the air
injection and the final weight in the test.
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2.3. Elemental Analysis

For the CHNS content, the solid and biocrude samples were determined using an
Elementar vario Macro Cube elemental analyzer (Langenselbold, Germany). The protein
content was estimated using a nitrogen Jone’s factor of 6.25 [43].

The higher heating value (HHV) was calculated according to the the Channiwala—
Parikh [44] correlation

MJ

HHV {kg} = 0.3491C +1.1783H + 0.1005S — 0.10340 — 0.0151N — 0.0211A (1)

The equation used to calculate the energy recovery of the biocrude, and biochar was:

HHV; {%ﬂ ryieldy [klfsgf;ld } % 100 @

Energy yield (1) =

M . k char
HHV qar {KL} 'yleldChar |:k§f:ed:|

Energy yield (1y,) = x 100 3)

2.4. Compositional Analysis

The structural carbohydrates and lignin content were determined according to [45].
The value of the hemicellulose is from the addition of the obtained values of xylan, arabinan,
and galactan. The values of lignin were obtained by the addition of the Klason lignin and
the soluble lignin content.

2.5. HTL Reaction

To perform hydrothermal liquefaction of the biomass, and determine the product
yields of bio-crude, gas, solid residue (biochar), and water-soluble products (aqueous
phase), the reactions were carried out at 340 °C for 15 min residence time in small bomb-
type 20 mL batch reactors, and no catalyst was used. Biomass slurries were prepared by
mixing 20 wt% and 80 wt% demineralized water. The feedstock consisted of the 8 biomasses
described previously. Reactors were sealed and lowered into a preheated fluidized sand
bath at 340 °C, then 20 min reaction time was applied. Subsequently, the reactor were
cooled quickly to ambient temperature in a water bath. The reactors were vented, and
the aqueous phase (AqP) was decanted into a centrifuge tube and centrifuged for 5 min
before the AqP was transferred with a glass pipette to a preparative glass. The AqP was
then stored at 5 °C for further analysis. The centrifuge tube was washed with 2 mL of
dichloromethane and the reactor was extracted with around 4 mL of dichloromethane,
which were combined. The dichloromethane phase was vacuum filtered, and the residue
washed with dichloromethane until the filtrate appeared clear. Dichloromethane was
evaporated under a stream of nitrogen until a constant weight. Each experiment was
performed in triplicate and the average values are reported.

2.6. COD, TOC, and TN in Aqueous Phase

AqP samples were analyzed for chemical oxygen demand (COD) content, using
Merck Spectroquant cell. The total organic carbon (TOC) and total nitrogen (TN) of the
AgP samples were analyzed using a scalar FORMACS HT-I TOC/TN analyzer.

2.7. High-Resolution Mass Spectrometry (HRMS) Analysis of the Aqueous Phase

For a broader screening of the chemical composition of the AqP, a liquid chromato-
graph (LC) coupled to a 6600 quadrupole-time-of-flight (QTOF) instrument (SCIEX) was
used. An Acquity UPLC BEH Shield RP18 1.7 pm column (2.1 mm X 30 mm) (Waters) was
used for chromatographic separation. Eluents A and B were water and methanol, both
with 0.1% formic acid, respectively. The chromatographic conditions, as well as detailed
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parameters of the instrument, were similar to those used before [46]. The samples were
injected directly (10 uL) to the LC-QTOF and measured in a data-dependent acquisition
mode (DDA), with a TOF mass range 100-1000 Da, 250 ms accumulation time, and suc-
cessive fragmentation and recording of product ion spectra of the 10 highest peaks for
40 ms each. The samples were measured in positive and negative ionization modes with
electrospray ionization (with £5300 V ion spray voltage).

The high-resolution MS data were processed with Marker View (SCIEX) for the
molecular feature extraction (feature is defined by exact m/z and retention time), according
to [46]. Briefly, one feature was only considered if present in 3 out of the 3 injected replicate
samples with a mass tolerance of 20 ppm and a retention time tolerance of 0.1 min. All
features present in control blank samples were filtered.

2.8. Statistics

The differences of the analyzed parameter between the two different selected sites
(TW and NC) were analyzed using an ANOVA test. Prior to statistical analysis, all data
were tested for homogeneity of variance by Levene’s test. For clarity, all data are presented
as untransformed values. Post hoc Tukey HSD tests were applied to identify significant
differences between samples. All statistical analyses were conducted in R studio at a
significance level of 0.05 and all figures were prepared in GraphPad Prism 7.00.

For the AqP analysis, a principal component analysis was performed with no weight-
ing and Pareto scaling to analyze the triplicate samples from the 4 plant species, both TW
and NC.

3. Results
3.1. Characterization of Harvested Biomass

The characterization of the biomass is relevant since the composition and yield of
HTL products depend strongly on the type and composition of the biomass used as
feed [39]. A first characterization of the biomass, shown in Table 1, reports the content
of cellulose, hemicellulose, lignin, protein, and ash found in the analyzed biomass. A
second characterization of the biomass, shown in Table 2 shows the results of the elemental
analysis of the feed biomass, reported in C, H, O, N, and S.

From Table 1, it is possible to observe that the cellulose content in the plants did not
differ between the two growing environments, having no significative difference for the
Iris pseudacorus, Phragmites australis and Typha latifolia, and being lower for around 4.5%
for the Juncus effusus, grown in TW. The hemicellulose content had a lower concentration
in the Phragmites australis and Typha latifolia, being lower for around 6.6% and 5% respec-
tively. Regarding lignin content, the plants showed significative differences between both
growing environments, having a lower value in around 0.3% for Iris pseudacorus and Juncus
effusus, grown in TW, and higher concentration in around 0.3% for Phragmites australis and
Typha latifolia grown in TW. The protein content was significantly higher for all the plant
species grown in TW, with differences between 0.5% and 1.4%. Lastly, the ash content
was also higher for all the plant species grown in TW conditions, reporting differences
of 1.6, 1.3, 0.3, and 2.7% for the Iris pseudacorus, Juncus effusus, Phragmites australis and
Typha latifolia, respectively.

Regarding the elemental analysis of the biomass, only the N content was higher for all
the TW plants. The rest of the elements in the plants did not present significant differences
or showed lower concentration in the plants grown in TW. For Juncus effusus, Phragmites
australis, and Typha latifolia, the C content was lower in the TW plants. For Phragmites
australis and Typha latifolia, the H content was lower in the TW, and the O was lower in the
TW for Iris pseudacorus, being that the S in the Iris pseudacorus was the only element and
plant that showed a higher content for the TW.

This confirms that the composition of the plants grown in TW is not negatively affected
due to the presence of wastewater, comparable to other plants grown as a biological source
for the production of biofuels grown under natural conditions.
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Table 1. Cellulose, hemicellulose, lignin, and protein content in the selected plants for the different growing environments.
L. Cellulose (%) Hemicellulose (%) Lignin (%) Protein (%) Ash (%)
Plant Description ™ NC ™ NC ™ NC ™ NC ™ NC
1 Iris pseudacorus 37.6 £2.6 = 389404 17.8 £4.5 = 146 £1.7 5.6+ 04 1 58 £0.6 48+05 T 35+03 8.6 £ 0.0 T 7.0+ 0.0
2 Juncus effusus 369 +£2.6 1 415+49  328+21 = 323+10 58406 1 62+0.7 6.7 +£0.7 1 45+03 50402 1 3.7+£00
3 Phragmites australis ~ 35.0 = 4.3 = 372+11  21.0+46 ! 276+£29 59405 1 56+ 1.0 72402 1 64+£04 50400 1 47+£00
4 Typha latifolia 414+40 = 379+38  172+47 ! 222453 71424 1 58+19 58+ 0.6 0 47+£02 85401 0 58+0.1

1 Indicates a positive effect of the TW in the concentration of the reported element. | Indicates a negative effect of the TW in the concentration of the reported element. = Indicates a not significative effect of the
TW in the concentration of the reported element.

Table 2. C, H, O, N, S content in the selected plants for the different growing environments.

. C %] H [%] 0 [%] N [%] S %]

Plant Description ™ NC ™ NC ™ NC ™ NC ™ NC
1 Iris pseudacorus 024+02 - 414401 64401 - 65+00  418+02 1 46+02 07400 T 05+00 02401 + 0.0+ 0.0
2 Juncus effusis 439401 ] 455402  65+01 - 67401  434+03 - 434402 11401 + 07400  0.1+0.0 - 0.1+ 0.0
3 Phragmites australis ~ 44.9 + 0.0 1 461401  64+01 i 67400 424400 - 412401 12400 1 11400 02401 - 02+ 0.0
4 Typha latifolia 419402 1 454135 61401 I 66+05 426402 - 414142 09400 + 08400  0.1+00 - 0.0+ 0.0

T Indicates a positive effect of the TW in the concentration of the reported element. | Indicates a negative effect of the TW in the concentration of the reported element. = Indicates a not significative effect of the
TW in the concentration of the reported element.
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3.2. HTL Yields

Table 3 presents the biocrude yields obtained from the different reactions and biomass.
Biocrude yields presented a significative difference only for the Typha latifolia, which
reported a lower biocrude yield (—6%) in the TW plants. For the biochar, the differences
were significant for almost all the plant species, decreasing the yields in the case of Iris
pseudacorus and Juncus effusus, and increasing it for the Phragmites australis, grown in TW,
without any difference for Typha latifolia. The results suggest that the yields of biochar are
more sensible than the yields of biocrude to the plant species and composition.

Table 3. Fraction yields for all the selected plant for the different growing environments after HTL reaction.

s Biocrude (%) Biochar (%) AqP (%) Gas (%)
Plant Description ™ NC ™ NC ™ NC ™ NC
1 Iris pseudacorus 256 +1.2 = 296465 124+24 1 20+33 165+84 167435  266+37  320+58
2 Juncus effusus 317+26 = 339431 145+07 ! 174+14 312+187 227+188 226+184 27.1+137
3 DPhragmitesaustralis ~ 263+62 =  286+05 233+17 1 193430 216+64  208+62  268+31  3l4+54
4 Typha latifolia 316+89 | 376479 187+02 - 193462 201+65 155+69 303451 479477

1 Indicates a positive effect of the TW in the concentration of the reported element. | Indicates a negative effect of the TW in the
concentration of the reported element. = Indicates a not significative effect of the TW in the concentration of the reported element.

In general, it is expected that the biocrude formation follows the trend lipids/fats >
proteins > carbohydrates [40]; nonetheless, it is possible to observe from the results of this
study that this trend does not fit with the results obtained from the lignocellulosic analyzed
biomass. From Figure 1, it is possible to observe that the biomass with the highest content
of protein is not the ones with the highest biocrude or biochar yields, e.g., meanwhile,
the plant 3A (Phragmites australis grown in TW) is the one with the highest content of
protein, the biocrude yield is one of the lowest, and the biochar yield one of the highest.
It is important to highlight that the differences in protein content in the biomass, do not
represent an increase larger than 3.5% between the protein content of the plant with the
highest content and the lowest. Additionally, the highest protein content of all species is
7%, meaning that protein has a relatively small contribution to the overall bio-crude yield;
hence, the slight change in protein contents amongst samples does not follow the general
trend of biocrude lipids/fats > proteins > carbohydrates.

It was described that the C5 and C6 carbohydrates (from cellulose and hemicellulose)
tend to produce mainly biochar in the HTL reactions [31], but according with the obtained
results, the plants with the highest content of cellulose (plant 2B and 4A) did not report
the highest yield of biochar. In other case, the plant with the highest biochar yield (3A)
reported the highest content of protein but the lowest content of cellulose.

From the particular plant analysis, it is not possible to observe any pattern, e.g.,
in the case of Phragmites australis, which reported a significative lower concentration of
hemicellulose in the TW plants, the biochar yield was significantly higher, and for Typha
latifolia, even the lower concentration of hemicellulose in the TW plants, the biochar yield
did not show significative differences.

Nevertheless, the results do not contradict the results from other authors since the
feed biomass is not a uniform mass with a completely known content. On the contrary,
lignocellulosic biomasses are complex systems, with some unknown components, and
even though is possible to know the generality of them, when the biomass is forced to react
under HTL conditions, all the present elements have a role in the reaction and interfere
with the final biocrude and biochar yields and composition.

The interaction in the HTL between the protein, the saccharide and the lignin were
studied previously. A study mixed soya with cellulose, xylan, and alkaline lignin to model
the interactions of the protein with the other elements, reaching models with an accuracy of
around 94% [47]. Some others have studied synergistic effects between the lignocellulosic
biomass compounds, reporting that mixtures of protein and cellulose, protein and xylose,
cellulose and lignin, and xylose and lignin seem to have synergistic effects on biocrude
yield, and mixtures of soybean oil and lignin showed an antagonistic effect [48]. The
results seem to confirm the synergistic effect between the protein and cellulose, lignin, and
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hemicellulose. Figure 1 shows that plants with the higher lignin and protein and low ashes,
such as 2A and 2B, report biocrude yields over 30%.
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Figure 1. Heat map comparing feed composition and HTL fractions yields. The values in each
square are the mean content of each parameter named in the columns. The content is reported in
mass fraction (%). In the rows, the numbers refer to each plant species named: 1, Iris pseudacorus;
2, Juncus effusus; 3, Phragmites australis; and 4, Typha latifolia. The letters A and B refer to the growing
environments: A = TW, and B = NC environment.

The predictably of the HTL fraction yields still needs to be studied further. This
study can elucidate how the lignocellulosic biomass, even with no significative differences
regarding its composition, can produce different yields. Nonetheless, and despite the
differences, the results are consistent with previous studies regarding biocrude, and biochar
yields produced from lignocellulosic biomass. The yields, in all the cases, range from
25.6 = 1.2% to 37.6 + 7.9% for biocrude, and from 12.4 + 2.4% to 23.3 £+ 1.7% for the
biochar, which correspond with previous studies about cellulosic biomass used in the
HTL reaction, such as biocrude yields of 26% obtained from Miscanthus [33], 22% reported
for ryegrass [34], or the yield of 39.7% reported for willow biomass at supercritical water
conditions (400 °C) [37].

These results are important because they provide new information from the simulta-
neous evaluation of different plant species of different composition for producing biocrude
and the different HTL subproducts (biochar, AqP, and gases), showing that even with plants
with different composition, the biocrude yields are consistent and comparable. However,
the results also indicate that the predictions about biocrude yields can be more effective if
they are made based on the plant species more than the specific composition. There is no
significative difference between the biocrude yield from plants of the same species grown
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in TW or NC, but a difference between plant species was found, being that Juncus effusus
and Typha latifolia are the most attractive plants for the production of biocrude.

3.3. Characterization of the HTL Products
3.3.1. Biocrude and Biochar

From Tables 4 and 5 is observed that the N, C, and S content in the plants is densified in
the biocrude and biochar, the H is densified only in the biocrude, and O decreases its density
in both, biocrude and biochar, this pattern being consistent with previous studies. The N
content in the produced biocrude from TW plants seems to have a lower concentration
than biocrudes previously studied, e.g., biocrude obtained from Miscanthus [33] reported
N content from 1.0% to 1.6%, which is a higher concentration than that obtained in this
study, from 0.5% to 1.2%. Additionally, the O reported for the biocrude in this study
is also higher than the 17.7% reported for the biocrude obtained from Miscanthus in the
same reference. These differences in the elemental analysis influence the HHV of the
biocrudes, and together with the product yield can define the global value or potential of
the studied biocrudes.

Table 4. C, H, O, N, and S content in the biocrude produced by the selected plants for the different growing environments.

- CI%] H [%] 01[%] N [%] S [%]
Plant Description ™ NC ™ NC ™ NC ™ NC ™ NC
1 Irispseudacorus 669+ 114 583+240 737406 94+31 229+120 308+27.8 26400 15+06 03400 0.1-+0.1
2 Juncus effusus 614438 4911274 8614105 51+28 27.6+39 4404312 16+01 16+09 08+04 02402
3 Phragmites australis 694 +43  632+62 84709 76+07 187+42  269+67  32+01 21+04 03402 02+00
4 Typha latifolia 649+53 6354109 838+04 84+07 240+62  263+121 25409 16405 02401 02401

The results offer new information regarding the distribution of elements in the differ-
ent plant species used in TW. The higher amount of N from the TW plants results in higher
concentration of N in the resultant biocrude and the biochar. This is relevant for future
studies as well as for the refining of the biocrude since excess N can affect the quality and
can potentially generate N emissions.

3.3.2. Aqueous Phase

The elements that constitute this HTL fraction are multiple and with an undefined
number of chemicals. In this study, a first approach to the chemical content of the AqP was
done using referential parameters as TN, TOC, IC, and COD to determine total nitrogen,
the organic, and inorganic carbon content, and the COD as a reference of the polluting
potential of the AqP. Then, a second evaluation was performed, using LC-HRMS analysis
to compare how different or similar the different samples were, regarding the chemical
content, using a full in-depth analysis of the full dataset and characterization of the features
considered outside the scope of the present work.

Table 6 shows the obtained values for the COD, TOC, TN, and IC in the AqP obtained
from each plant and site. It is possible to observe that IC was not present in any of the cases,
being that organic carbon was the only kind of detected carbon. The highest value for
COD was reported for Iris pseudacorus grown in NC (69 g/L) and the lowest was obtained
for Iris pseudacorus grown in TW (47 g/L). The highest TOC was obtained for Phragmites
australis grown in TW (21 g/L), and the lowest was reported for Juncus effusus grown in
TW (17.4 g/L). The highest TN concentration was obtained for Iris pseudacorus grown in
TW (1.1 g/L), and the lowest was reported for Phragmites australis grown in NC (0.7 g/L).
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Table 5. C, H, O, N, S and ash content in the biochar produced by the selected plants for the different growing environments.

L C[%] H [%] 0 [%] N [%] S [%] Ash [%]
Plant Description ™ NC ™ NC ™ NC ™ NC ™ NC ™ NC
1 Iris pseudacorus OL9E 63.8 + 44+ 47+ 11.0 &+ 213+ 27+ 18+ 16+ 02+ 17.8 & 119 &
P 16 14 0.2 0.2 55 06 0.2 0.1 0.2 0.1 35 24
) 704 + 70.5 + 46+ 45+ 13.0 + 133+ 224 27+ 0.3+ 07 + 82+ 111+
Juncus effusus 0.1 0.1 0.2 0.1 04 0.6 0.1 0.1 0.1 0.1 1.0 6.2
3 Phragmites 67.7 + 705 & 46+ 47+ 15.6 & 21.6 £ 3.6+ 28+ 02+ 04+ 9.5+ 75+
australis 12 12 0.1 04 14 13 0.1 04 0.0 0.1 0.9 0.1
4 Typhalatiolia 69.0 + 69.0 + 46+ 49+ 238 + 240 + 23+ 19+ 0.2+ 0.2+ 83+ 77+
yp 1.1 15 0.2 0.3 16 14 0.5 0.6 0.1 0.1 0.4 1.8
Table 6. Pollutant analysis in the AqP produced after the HTL by the selected plants for the different growing environments.
L COD (g/L) TOC (g/L) TN (g/L) IC (g/L)
Plant Description ™ NC ™ NC ™ NC ™ NC
1 Iris pseudacorus 47.0+4 1 69.0+3 188 +£0 T 176 £1 1.1+0.1 = 1.0+0.1 BLD BLD
2 Juncus effusus 57.0 +2 t 495+2  174+1 1 194+1 09+01 1 11404 BLD BLD
3 Phragmites australis 54,5 &2 1 48744 21042 T 18140 13+08 1+ 0.7 £ 0.0 BLD BLD
4 Typha latifolia 577 +£2 = 55247  183%1 1 17541  13£02 + 0.9 +04 BLD BLD

1 indicates a positive effect of the TW in the concentration of the reported element. | Indicates a negative effect of the TW in the
concentration of the reported element. = Indicates a not significative effect of the TW in the concentration of the reported element. BLD:

below limit of detection.

It is possible to observe from all the comparisons a high heterogeneity between all
the cases. The COD concentration for Typha latifolia did not show a significative difference
between the TW and NC environments. On the contrary, the COD concentration for Juncus
effusus and Phragmites australis was higher in the TW with a corresponding negative effect
on the water quality and eventually on the environment. Lastly, it was observed for Iris
pseudacorus, and Salix viminalis a lower COD concentration in the TW AqP compared with
the concentration of the NC one.

The statistical analysis shows significative differences between all the cases regarding
TOC concentration. Only two comparisons, 1B-4B and 2A—4B, did not show a significative
difference, observing no tendency in the TOC concentrations.

The high values of TOC, TN, and COD in the AqP are important and demand special
attention since the reported values are high when compared with regular wastewater. For
example, while the AqP of the present experiment reports COD values between 47 g/L
and 69 g/L, the municipal wastewater COD is in the range of 0.3 g/L to 1 g/L, and after
biological treatment, the COD drops to 0.02-1.0 g/L [49]. It means that the concentration of
pollutants in the AqP is up to 70 times higher than regular wastewater. The AqP results with
transformation products of aromatic and other organic compounds. The study presents an
initial screening of these compounds to the composition of this AqP, showing the relation
between the plants used, and the compounds that are present in the liquid. The AqP should
receive special attention since is the phase that is the least known regarding the compounds
that constitute it, which can be evaluated for further use.

3.3.3. LC-HRMS Analysis of the Aqueous Phase

The complexity of the LC-QTOF-MS dataset was reduced by the application of a PCA
analysis shown in Figure 2 and Supplementary Materials. The PCA results showed that the
three replicates of each sample type are in general grouped, stressing the reproducibility
of the different processed reactions in the HTL. The major differences between samples
are due to plant species (e.g., 1 Iris pseudacorus vs. 3 Phragmites australis), meaning that the
type of biomass fed in the HTL reactors produced an aqueous phase of different chemical
composition. The Iris pseudacorus (1) samples seemed more different than all others, while
those from Typha latifolia (4), as well as Juncus effusus (2) and Phragmites australis (3), tended
to be more similar. Moreover, it is also clear that for the same plant type, plants sourced in
treatment wetlands generated a different aqueous phase than that from natural systems
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(e.g., 1A vs. 1B or 3A vs. 3B). These difference between TW and NC is especially marked
for Iris pseudacorus (1), Juncus effusus (2) and Phragmites australis (3).

The high heterogeneity in the AqP points to the fact that each plant species, depending
on the growing environment, have the potential to produce certain components in the AqP.
This is confirmed by the LC-HRMS analysis, which shows that not only the type of plant,
but also the growing environment conditions the composition of the AqP.

This characterization is useful also because HTL could have the potential to treat
biomass polluted with a specific kind of persistent components. It would be interesting
for further studies to evaluate how the HTL process deals with biomass that have already
uptaken persistent pollutants. Previous studies have evaluated the potential of HTL to
degrade pesticides and pharmaceutical compounds, due to the reactions at supercritical
conditions [50] and this kind of component being present in treatment sludges [44] or in
wetland biomass [45], with promising results.

Marco20210121_wMeOH_filtered-20210929_NewLabels
Scores for PC1(27.4 %) versus PC2 (21.1 %), Pareto
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Figure 2. PCA plot from the LC-QTOF-MS dataset.

3.4. Energy Balance

The relation between the different components in the biomass, named C, H, N, S,
O, and ash, determine the HHV of the analyzed biomass, and the relation between these
compounds and the obtained yields of the different HTL fractions determine their energy
yields (174,). The energy yield, then, is a reference parameter about the potential of a
feedstock to be used for producing biocrude and biochar through HTL reactions. From
the obtained results (shown in Table 7), it is possible to observe that there is no significant
difference between the biocrude energy yields for the same species grown in the two
different environments, TW and NC. Conversely, the biochar energy yield seems to be more
sensible to the biomass composition, it being possible to observe that two of the TW plants,
Iris pseudacorus and Phragmites australis, produced biochar with a significative difference of
energy yield compared with the plants grown in NC. However, these differences point to
two different directions: while the biochar obtained from Iris pseudacorus in the TW had a
lower energy yield, the one obtained from Phragmites australis produced a higher one.
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Table 7. Calculated HHYV for the feed biomass, biocrude and biochar for the selected plants and the different growing environments.
. . . Biocrude Biochar
Feed Biomass Biocrude Biochar Energy Yield Energy Yield
o HHV (MJ/kg) HHV (MJ/kg) HHV (MJ/kg) N e
Plant Description
™ ™ T™W ™ ™ NC ™ NC ™W NC

1 pseu{ir;zorus 178 £0.1 173 £ 0.1 29.7 +59 28.2 +14.9 254+1.2 253+ 0.6 42.8 +10.0 = 334+74 179 £ 44 1 322+53
2 Juncus effusus 18.3 + 0.2 19.24 0.1 28.8+22 27.8+29 285+ 0.5 28.4+0.2 49.7 +3.4 = 491445 24415 = 258 4+ 2.1
3 P Z‘;«fg{lf:s 188 +0.1 19.7 +0.1 323+17 2834 3.0 272406 2754+13 449486 = 411448 338430 1 270 +5.1
4 Typha latifolia 172402 192423 30.1+3.0 294+58 269 +0.7 27.1+1.0 42.8 +10.0 = 334+ 74 292+ 1.0 = 279 +115

T indicates a positive effect of the TW in the concentration of the reported element. | indicates a negative effect of the TW in the concentration of the reported element
TW in the concentration of the reported element.

. = indicates a not significative effect of the
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Figure 3 shows that since the HHV is more homogeneous for all the studied plants,
the element which generates the difference in the energy yields is the biocrude or biochar
yield. It points to the fact that the combination between all the big chemical structures in
the biomass, named structural sugars, lignin, and protein, is more relevant for the global
potential of a feedstock than the molecular composition (amount of C, H, O, N, and S). It
can be a direct consequence of the chemical reactions that take place in the HTL process
because the elements do not interact directly but are associated with different molecules,
which dictate the chemical pathway. Additionally, the high molecular weight of the organic
compounds contains a lot of energy because of the many chemical bonds between the
elements, particularly carbon, in the molecules, where other elements, such as N and S, are
more loosely bound, which may even occur in inorganic forms.

Biocrude Biochar

Nbiccrude
Nbiochar

& &
5 G
2 2
[+a] o
> S
I [
- S

HHVBlocruda
Y'EIdblocrude

Figure 3. Heat map comparing the energy yields of the obtained biocrude and biochar. The HHYV is
reported in MJ /kg and the yields in %. In the rows, the numbers refer to each plant species: 1, Iris
pseudacorus; 2, Juncus effusus; 3, Phragmites australis; and 4, Typha latifolia. The letters A and B refer to
the growing environments: A = TW, and B = NC environment.

TW conditions do not seem to affect significantly the biocrude energy yield. For the
same plant species in different environments, the biocrude energy yield does not present
significative differences. However, Figure 2 shows significative differences between the
energy vield reported by different plant species. The results suggest that for the biocrude
energy yield, it is more important to select a species with higher biocrude yield (associated
with the content of specific molecules) than the influence of the TW environment and its
effect on the presence of the different elements. On the other hand, it seems that some plant
species tend to produce different energy yields for the biochar, being relevant, in some
cases, even if grown in the same place, to the conditions where they grow.

From the biofuel and bioeconomy perspective, it is relevant to make an assertive
selection of the plants used in the TW in order to obtain higher energy yields in possible
later biocrude production from these biomasses. This study presents for the first time an
energy balance to approach which plant species, commonly used in TW, are more attractive
for biocrude production, with Typha latifolia and Juncus effusus being the most attractive for
this purpose.

3.5. Mass Balance
Carbon Balance

Table 8 shows how C is distributed in the different HTL products, biocrude being
the fraction accumulating the highest portion, reporting values from 35% for the Juncus
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effusus grown in NC, to values of around 59% for Typha latifolia grown in NC, with a global
average of 43.4%. The biochar reported values from around 18% to around 35% for Iris
pseudacorus in TW and Phragmites australis in TW, respectively, with a global average of
28.5%. The AqgP is the third phase that accumulates the most C, reporting values from
around 17% for Juncus effusus in TW to around 20% for Iris pseudacorus in TW, having a
global average of 18.5%. Lastly, the gas phase reported values from around 3.5% to 21.2%,
and an average of 10.1%.

Table 8. Carbon balance ! for the different HTL fractions obtained from the selected plants and the different growing

environment.
Plant Biocrude Biochar AqP3 Gas?
Description ™ NC ™ NC ™ NC ™ NC
Iris pseudacorus 40.5 + 8.5 = 4414285 182440 il 339+57 201404 1t 184+07 212447  35+240
Volatile C 102+ 1.7 202+ 3.7
Fixed C 7.6 +23 il 13.0 + 2.0
Juncus effusus 443+24 = 354+182  232+13 = 271422 167+14 | 183+05 158440 192+176
Volatile C 122+12 132413
Fixed C 10.7 £ 2.5 il 13.6 + 0.9
Phragmites 402470 = 39.1+44  352+30 2
auseralis 247 = 144 243 1 9.5 4 5.0 195417 1+ 168+13 51463 14.6 £ 0.9
Volatile C 183 4 2.0 152421
Fixed C 165+ 0.9 1 13.8 £ 2.8
Typha latifolia 49.6 £17.4 = 53.4 £ 16.6 30.8 £ 0.6 = 29.7 £11.4 185+ 0.2 1 19.5 +5.9 1.14+171 0.6 £21.8
Volatile C 159 + 0.5 15.1 4+ 4.9
Fixed C 144402 = 141+ 6.1
Mean 434 285 18.5 10.1
SD 13.9 6.9 23 14.7

! The values are reported in % in reference to the amount of carbon present in the biomass feed. 2 The value of gas is the difference between
100% and the addition of the biocrude, biochar and AqP fractions; it means gas = 100 — (biocrude + biochar + AqP). 3 The value is obtained
from the TOC concentration in the AqP and the amount of water in the reaction. 1 indicates a positive effect of the TW in the concentration
of the reported element. | indicates a negative effect of the TW in the concentration of the reported element. = indicates a not significative
effect of the TW in the concentration of the reported element

Regarding the fixed carbon, it is possible to observe that the highest value of fixed car-
bon was found for Phragmites australis grown in TW (16.5%) and the lowest was reported for
Iris pseudacorus in the NC (7.6%). The statistical analysis for the comparison of fixed carbon
in the different biochar shows for Iris pseudacorus, Juncus effusus, and Phragmites australis a
significative difference in the fixed carbon content between the plants grown in TW and
the ones grown in NC. The TW showed a positive effect in the fixed carbon content for the
Phragmites australis, and a negative effect on the Iris pseudacorus and Juncus effusus. Typha
latifolia did not show significative differences between the two growing environments.

4. Conclusions

The results of this study show that biomass from TW is suitable for biocrude produc-
tion. In general, the TW conditions did not affect the biocrude yields of the HTL reaction;
however, the biochar yield seems to be more sensitive to the biomass composition, showing
yield differences between both environments, TW and NC, and those differences are more
evident between plant species. The amount of fixed carbon in the biochar also seems
to depend on the plant species, showing also differences between the growing environ-
ments. Lastly, the AqP composition showed to be different according with the growing
environment and the plant species. This was confirmed by LC-HRMS analysis performed.

The biomass produced in TW can produce biochar and biocrude in similar amounts
to the plants grown in NC, being a suitable source of sustainable biomass to be used in
biorefinery processes, which demand, based on the bioeconomy concepts, sustainable
and sources of biomass. The environmental value of the TW plants lies in the fact that
the biomass is considered a residual product and up to now, no aggregated value has
been found from this wastewater treatment; the plants capture the CO; that later can be
emitted by the combustion of the biofuels, and to produce these TW plants, no extra land
or nutrients are needed for growing the plants.
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However, further studies dealing with the primary production of the plants, HTL
pathways, uses of the AqP, and alternatives to treat the AqP are needed. Additionally,
and to increase the global impact of the study, it would be relevant to select other species
used in TW, especially for systems running in warm and tropical countries where TW
are becoming widely used. The approach from this study can transform the wastewater
treatment process into a productive system, simultaneously improving water quality and
generating resources.

Lastly, the use of the HTL technology represents new environmental concerns, such as
the management of the AqP, which has up to 70 times the pollutant concentration found in
typical municipal wastewater. In this context, it seems that it is necessary to explore more
and new biorefining process to produce from the AqP new products that take advantage of
the high concentration of N and C.

This study is evidence of the possibilities of the circular economy concepts, where the
biomass that already has been used for treating wastewater in a previous and sustainable
way can be used and re-used not only once, but many more times. Moreover, it shows that
the use of sustainable sources of biomass for producing biofuel and later bioenergy allows
to bring to the present the future externalities caused by fossil fuels, which are even cheaper
in present value and have a high cost because of the future environmental externalities.

Lastly, the study supports the bioeconomy values, where environmental externalities
are controlled and managed in the present time. This model can create an invisible self-
regulated system, compared to and readapted from the concept of the invisible hand
of Adam Smith [1], where the development is invisibly controlled by the capacity of the
systems to keep and control in the present, using sustainable resources for energy and goods
production, the environmental externalities for their activities, avoiding the inheritance of
environmental problems by the future generations because of present actions.
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