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HIGHLIGHTS GRAPHICAL ABSTRACT

e Municipal wastewater derived micro-
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ABSTRACT

Microalgae, originating from a tertiary treatment of municipal wastewater, is considered a sustainable feedstock for producing biochar and hydrochar, offering great
potential for agricultural use due to nutrient content and carbon storage ability. However, there are risks related to contamination and these need to be carefully
assessed to ensure safe use of material from wastewater microalgae. Therefore, this study compared the properties and phototoxicity of biochar and hydrochar
produced via pyrolysis and hydrothermal carbonisation (HTC) of microalgae under different temperatures and residence times. While biochar promoted germination
and seedling growth by up to 11.0% and 70.0%, respectively, raw hydrochar showed strong phytotoxicity, due to the high content of volatile matter. Two post-
treatments, dichloromethane (DCM) washing and further pyrolysis, proved to be effective methods for mitigating phytotoxicity of hydrochar. Additionally, bio-
char had 35.8-38.6% fixed carbon, resulting in higher carbon sequestration potential compared to hydrochar.

1. Introduction microalgae cultivation provides a tertiary biotreatment strategy coupled

with production of potentially valuable biomass (Abdel-Raouf et al.,

In recent years, microalgae have received much attention regarding 2012). Unlike lignocellulosic biomass which mainly consists of cellulose,

their potential role in wastewater treatment, based on their ability to use hemicellulose, and lignin, microalgae biomass contains lipids, carbo-

inorganic nitrogen (N) and phosphorus (P) for their growth, and thereby hydrates, and proteins, which makes it a potential renewable N source
reduce the concentration of these compounds in the wastewater (Moh- for alternative fertilisers, or fertiliser additives (Sun et al., 2021).

senpour et al., 2021). As part of wastewater treatment processing, Remediation of nutrients using conventional treatment technologies
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is costly (Shyam et al., 2022); therefore, exploring an organic and cost-
effective method to recover wastewater nutrients using microalgae
biomass would offer substantial benefits. The primary advantage of
microalgae-based treatment methods is that they do not require addi-
tional energy input to effectively recover nutrients, in contrast to con-
ventional methods like microfiltration and sludge activation, which
need large energy inputs (Li et al., 2022). Dedicated cultivation of
microalgae requires significant nutrient inputs, and therefore growing
microalgae in wastewater presents a win-win scenario where the high
nutrient demand of microalgae cultivation can be largely met by uti-
lising nutrient-rich wastewater from industrial and municipal sources
while simultaneously cleaning it.

Algae derived biochar can be produced using thermochemical con-
version processes, such as pyrolysis and hydrothermal carbonisation
(HTC), which not only have good energy efficiency but also produce
nutrient-rich char products that can be used as fertiliser additives. Py-
rolysis is a thermal decomposition process transforming organic mate-
rial into solid, liquid, and gaseous products under an oxygen-limited
atmosphere at temperatures ranging from 350 °C to 1000 °C (European
Biochar Foundation (EBC), 2016; IBI, 2015). HTC on the other hand,
sometimes referred to as wet pyrolysis, can be used to process a wide
range of moisture-rich feedstocks such as algae biomass, municipal
wastes, and wet lignocellulosic biomass (Bevan et al., 2020). This
feature of HTC makes it an effective thermochemical process without the
need for an energy-intensive and costly drying of the feedstock prior to
carbonisation.

Under HTC conditions, various reactions occur including dehydra-
tion, decarboxylation, decarbonylation, polymerisation, which result in
the formation of carbon-rich solid products and the release of gaseous
and liquid byproducts. The composition of hydrochar, the primary
product of HTC, differs significantly from that of biochar in terms of
carbon and hydrogen percentages, depending on the type of feedstock
used. This is because HTC undergoes less aromatisation and dehydration
(Mumme et al., 2018), while polymerisation and condensation reactions
in the liquid phase lead to the formation of carbon structures (secondary
char) on the surface of the primary char (Lucian et al., 2018). The for-
mation of organic acids also reduces the pH value of hydrochar (Mumme
et al., 2018). Biochar has higher ash content because most minerals are
retained in the solid during pyrolysis, which results in a higher pH value
(Mumme et al., 2018). Compared to biochar, the higher degree of
oxygen-containing functionalities on the hydrochar surface explains its
high affinity for water; hence this property would result in a better water
retention capacity of the soil (Kambo and Dutta, 2015). In addition, the
cost of producing biochar from high-moisture biomass is influenced by
the energy-intensive drying process required, which could also cause
additional environmental concerns. In contrast, HTC can accommodate
high-moisture feedstocks without the need for a separate drying step,
making HTC an attractive option for this type of materials.

Although pyrolysis requires more energy compared to HTC, it has the
advantage of generating syngas than can serve as an energy source to
supply heat for the pyrolysis furnace, making pyrolysis a more practical
option. A previous research conducted by Cong et al. demonstrated that
pyrolysis of corn stover at temperatures ranging from 550 to 650 °C can
produce pyrolytic gas with an HHV of approximately 20 MJ/Nm?,
providing a valuable gaseous fuel to fully meet the heating requirements
of the pyrolysis system (Cong et al., 2018). Additionally, when consid-
ering carbon sequestration potential, biochar exhibits superior carbon
stability compared to hydrochar, making it a more favourable product
(Kambo and Dutta, 2015). In recent years, there has been a growing
interest in studying mineral-rich biochar to enhance carbon sequestra-
tion and improve properties relevant to environmental applications. For
example, Masek et al. (2019) indicated that potassium (K) doping in-
creases biochar carbon sequestration by 45%, which facilitates reaching
a carbon sequestration potential over 2.6 Gt CO»-C(eq) yr . As for
biochar production, higher mineral content feedstocks (both inherent
and added ash-forming elements) usually display higher biochar yields
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(Buss et al., 2021). The catalytic effect of alkaline metals on biochar
formation and the low propensity of ash-forming elements to enter the
vapour phase during pyrolysis are two important factors explaining the
higher solid fraction yield (Buss et al., 2021, 2019; Masek et al., 2019).
Furthermore, mineral species in biomass also affect biochar co-products.
According to research conducted by Wurzer and Masek (2021), biochar
production using Fe-doped feedstock resulted in a significantly higher
pyrolysis gas yield (approximately 50%) and associated energy content
in the gaseous co-products (around 40% HHYV). This, in turn, helped to
reduce the cost of biochar production when the gaseous products were
utilised as energy input. In addition, it was observed that Fe doping
enhanced the removal capacity of biochar adsorbents for organic con-
taminants like caffeine and fluconazole by up to four times (Wurzer and
Masek, 2021).

Some studies have indicated that microalgae hydrochar can also
serve as a plant cultivation media. According to a study conducted by
Chu et al. (2020), the application of Chlorella vulgaris hydrochar to rice
paddy soil resulted in a 26.7% increase in rice yield and a boost in the
production of soluble sugars within the rice grains. A similar study by de
Jager and Giani (2021) concluded that application of plant- and animal-
based digestate-residue derived hydrochar in podzol soil can increase
seed germination rate from about 54 to 80%. However, applying
microalgae hydrochar in the soil might concomitantly increase the NH3
volatilisation and N5O emissions from the soil. Zhou et al. (2018) found
that even with the optimal application rate of hydrochar in soil, the N5O
emissions still amounted to 6.0-32.3%. Thus, finding a cost-effective
and environmentaly-friendly post-treatment that imitigates the in-
crease potential for NHz and N2O emissions from raw hydrochar appli-
cation is critical.

This study is a continuation of previous work conducted by Bena-
vente et al. (2022), in which microalgae biomass was converted into
hydrochar and examined using e.g. Py-GC/MS to identify potentially
phytotoxic components. The previous work found the formation of
secondary char caused the phytotoxicity of hydrochar, and lipid
extraction of biomass can reduce the impact. Subsequently, this study
aims to further examine the toxicological impact of microalgae-derived
biochar and hydrochar, and specifically assess its effect on seed germi-
nation and seedling growth. So far, this is the first study to quantitatively
determine this effect on soil amendment performance of microalgae
biochar and hydrochar. The study provides information that can be used
to conduct an environmental risk assessment of microalgae biochar and
hydrochar. This supports the safe utilisation of biochar and hydrochar in
soil applications.

2. Materials and methods
2.1. Microalgae biomass

This study involved culturing microalgae in two raceway ponds at
the Umed Energi combined heat and power plant in Sweden, using un-
treated municipal wastewater and flue gases containing 10% CO3 (v/v).
Microalgae biomass was harvested from the ponds and characterised to
determine its carbohydrate, protein, and ash contents, with analysis
showing that it had 26.3 + 8.5% carbohydrates, 26.9 + 3.3% proteins,
and 16.4 & 4.6% ash, which were described in Benavente et al. (2022).

2.2. Pyrolysis

The microalgae paste, subjected to a 105 °C oven drying process,
underwent homogenisation, crushing, and grinding using a mortar and
pestle. Subsequently, the resulting solids were sieved to achieve a par-
ticle size range of 0.25-0.85 mm. Approximately 70% by weight of the
initial dry microalgae paste successfully attained the desired target size.
A pyrolysis system at the UK Biochar Research Centre (UKBRC), Uni-
versity of Edinburgh, referred to as Stage I, was used, described in more
detail by Masek et al. (2018). The set-up was a 50 mm diameter vertical
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quartz tube batch reactor, heated by an infra-red gold image furnace
(P610C; ULVACRIKO, Yokohama, Japan). The batch reactor was con-
nected to a condensation system in which different fractions of con-
densable volatile vapours were collected in a heat trap (120 °C), an
ambient trap (25 °C), and two cold traps (both approximately 0-5 °C),
while non-condensable gases were collected in gas bags for further
analysis. A thermocouple was set inside the batch reactor, positioned
approximately 10 mm from the inner surface of the quartz tube. Prior to
the experiment, a nitrogen flow of 40 L/min was supplied to achieve an
inert environment during pyrolysis, and to carry volatile vapours and
gaseous products into the condensation system. Nitrogen flow moni-
toring and gas analysis was conducted using a Volumetric Flow Meter
(TG5; Ritter, Bochum, Germany) and a Multi-gas Analyser (Rapidox
5100; Cambridge Sensotec, UK).

Approximately 20 g of dried and sieved microalgae was placed at the
centre of the heating reactor. The reactor was heated to 450, 550, and
700 °C, respectively, at a heating rate of 25 °C/min. Two different
residence times were examined, i.e., 20 and 40 min, respectively. To
calculate the yields of both solid and liquid, this study used the differ-
ence in weight of each apparatus before and after conducting the ex-
periments. The biochar samples were labelled MAB-T-t, where T refers
to pyrolysis temperature and t refers to residence time.

2.3. Hydrothermal carbonisation (HTC)

HTC processing of microalgae was carried out as described in
Benavente et al. (2022). In brief, 650 g of microalgae paste with 15%
solid content was processed in a stainless-steel reactor equipped with
water-cooling (Amar Equipments Pvt. Ltd.). After the set residence time,
the reactor reached ambient temperature aided by the internal water-
cooling system and was depressurized by discharging the gaseous
products to the fume extractor. To separate the products, the resulting
slurry was centrifuged at 4700 rpm for 20 min. The solid fraction, i.e.,
the hydrochar, was washed twice with 500 mL ultrapure water, and then
dried in an oven at 65 °C.

In this study, raw hydrochars were produced at temperatures of 180,
210, 240 °C, and residence times of 1, 2, and 4 h, resulting in a total of 9
hydrochars. The obtained raw hydrochar samples were labelled MAH-T-
t, where ‘T" refers to HTC temperature and ‘t’ refers to residence time.

2.4. Proximate and elemental analysis

Proximate analysis is a widely used method for determining mois-
ture, volatile matter (VM), fixed carbon (FC), and ash content of biochar,
as well as hydrochar. Thermogravimetric analysis with differential
scanning calorimetry was conducted using a TGA with autosampler
(TGA/DSC-1; Mettler-Toledo, Leicester, UK) at the UKBRC. Around 10
mg of biochar/hydrochar samples were initially placed in alumina
crucibles, followed by the moisture determination according to the
percentage mass loss on heating to 110 °C under nitrogen flow for 10
min. This step aimed to thoroughly dry the samples and eliminate
moisture absorbed by feedstock and char samples during storage and
transportation. Then the samples were further heated to 900 °C at a
heating rate of 25 °C/min and kept at that temperature for 10 min to
determine volatile matter content. After this, the purge gas was switched
from nitrogen to air and the sample was combusted for a period of 30
min to determine ash content. Fixed carbon content was calculated on a
weight percent basis by subtracting moisture, volatile matter, and ash
content from the initial mass of the sample. Each analysis was performed
in triplicate.

Samples were ground to a fine powder and dried at 105 °C before
elemental analysis. Approximately 1.5 mg of the dried sample was
weighed out with an accuracy of 0.001 mg in a Sartorius SC2 micro-
balance, double wrapped into tin capsules and stored in a desiccator.
The samples then were burned at a high temperature followed by
separating and measuring the gases produced, which allows the amounts
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of carbon, nitrogen, hydrogen and sulphur to be determined. Concen-
trations of oxygen were determined by high-temperature pyrolysis. The
CHNS/O analysis was conducted using an Organic Elemental Analyser
(FlashSmart 2000; Thermo Fisher Scientific, Waltham, MA, USA). Each
analysis was performed in triplicate.

2.5. ICP-MS analysis

The fine-ground (0.06-0.5 mm) biochar and hydrochar samples were
digested with 5% v/v nitric acid solution using the Modified Dry Ash
method, according to Benavente et al. (2022). The obtained solutions
were then diluted to keep dissolved solid contents lower than 0.2%.
Controlled blanks were also included, intended to screen any contami-
nation in the digestion stages. The phosphorus (P), potassium (K), cal-
cium (Ca), magnesium (Mg), sodium (Na), manganese (Mn), and boron
(B) contents were determined using an Agilent 7500ce inductively
coupled plasma mass spectrometry (ICP-MS) (Santa Clara, CA, USA) at
the School of Chemistry, University of Edinburgh, with rf forward power
1,540 W and reflected power 1 W, and Ar gas flows of 0.81 and
0.19 L min — 1 for carrier and makeup flows, respectively. A semi-
quantitative scan was conducted to analyse the elements which were
not presented in calibration solutions. All analyses were performed in
triplicate.

2.6. Electric conductivity (EC) and pH

For pH measurement, 1 g of ball-milled biochar or hydrochar was
mixed with 20 mL of deionized and shaken for 1.5 h to ensure the
equilibration between biochar or hydrochar surfaces and solution ac-
cording to Benavente et al. (2022) which is recommended by the In-
ternational Biochar Initiative (IBI, 2015). A Mettler Toledo FE 30 was
used for pH determination. The EC of biochar or hydrochar was then
determined by a HM digital EC probe (model COM-100).

2.7. Germination test and seedling growth

A 1% application rate (approximately corresponding to 22.5 t/ha) in
pure sand was used. To reach the 1% application rate 29.7 g sand and
0.3 g biochar or hydrochar were mixed, and 6.6 g of DI water was also
added to the mixture to reach 80% of its water holding capacity (WHC).
A filter paper with 0.9 g DI water was used at the bottom of the petri
dish, which was equivalent to 80% of the WHC.

The mixture was weighed in a plastic bag, with approximately 36.6 g
mixture added to each petri dish. Then, 10 seeds of watercress
(Nasturtium officinale) were spread randomly on the top of the mixture.
The germination tests were replicated three times for each sample. The
petri dishes were sealed with parafilm to prevent drying. In this early
stage, the seeds require only small amounts of gases, and mainly oxygen,
all of which should be sufficient also when sealed. The sealed petri
dishes were stored in a temperature-controlled room at around 25 °C.
Each petri dish was placed in an angle of 50° for seven days to germi-
nate. The reason for using a 50-degree angle is to ensure that the roots
grow downwards in a consistent manner, allowing for easier comparison
of root growth. Seeds are considered germinated if the root or shoot is
longer than half the length of the seed. Root and shoot length were
determined by image analysis using software ImageJ version 1.50i. The
whole experiment was kept as clean as possible, ideally sterilising the
equipment as these were perfect conditions for fungal growth in the petri
dishes.

2.8. Post-treatment for hydrochar

The extractable portion of raw hydrochar, which comprised fatty
acids and secondary char, was separated from the insoluble hydrochar
structure assigned to the primary char using dichloromethane (DCM) as
described in Benavente et al. (2022). An Erlenmeyer flask was filled with
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20 mL DCM per gram of dry hydrochar and vortexed for 30 min at room
temperature. Vacuum filtering through a Whatman grade GF/C glass
microfiber filter (1.2 m) was conducted to separate the solid, which was
then washed with 8 mL of fresh DCM per gram of solid. The as-obtained
solids were labelled as MAHW-T-t, where T refers to HTC temperature
and t refers to residence time. The DCM washing was conducted at Umeé
University, Sweden.

Another group of raw hydrochar was further pyrolysed using the
Stage I unit mentioned in Section 2.1. Specifically, all hydrochar samples
were pyrolysed in the batch reactor and heated up to 550 °C at a rate of
25 °C/min and maintained isothermally for 40 min. Afterward, the
reactor was cooled to room temperature at a rate of 25 °C/min. The as-
obtained pyrolysed hydrochar were labelled as MAHP-T-t, where T re-
fers to HTC temperature and t refers to residence time. The DCM washed
hydrochar and pyrolysed hydrochar were kept in centrifuge tubes
(Fisherbrand®) and stored at ambient temperature for further analyses.

2.9. Carbon sequestration potential

For both microalgae biochar and hydrochar, carbon sequestration
potential (CSP) is an important parameter that can be calculated from
the following equation:

Fixedcarbonincharproducts(%) % 100% (@D)]
0

CSP(%) =
(%) carboncontentinmicroalgaebiomass(%)

3. Results and discussion
3.1. Performance of pyrolysis and HTC

The effects of the highest temperature and residence time on biochar
and hydrochar yields are shown in Fig. 1 and pyrolytic product yields
are presented in (see supplementary material). It has been observed that
the solid product yield declines significantly with a rise in temperature,
which is consistent with the findings in the HTC and pyrolysis literature.
With an increase in HTC temperature from 180 to 240 °C, the yields of
hydrochar decreased from 54.9% to 38.7%, as shown in previous study
(Benavente et al., 2022). For the biochar, the yields decreased from
36.9% to 32.2% with an increase in pyrolysis temperature from 450 °C
to 700 °C. Microalgae pyrolysis involves dehydration (<200 °C),
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Fig. 1. Biochar and hydrochar yields from microalgae at different temperatures
and residence times. Biochar samples were labelled MAB-T-t, where T refers to
pyrolysis temperature and t refers to residence time. Similarly, hydrochar
samples were labelled MAH-T-t.
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devolatilisation of carbohydrates and proteins (200-500 °C), decom-
position of lipids (350-550 °C), and decomposition of more heat-
resistant components (550-800 °C), while pyrolysis of lignocellulosic
biomass decompose hemicellulose, cellulose, and lignin at 220-315 °C,
314-400 °C, and 160-900 °C, respectively (Sun et al., 2021). On the
other hand, microalgae HTC decomposes long-chain polymers into small
molecules via hydrolysis and depolymerisation at < 190 °C, and then
dehydration and decarboxylation occurs up to 260 °C (Castro et al.,
2021); this is similar for HTC of lignocellulosic biomass (Khan et al.,
2019). The described reaction mechanisms of microalgae and lignocel-
lulosic pyrolysis and HTC can well explain the decreased solid yields
with increased temperature. As a result, highly aromatic structures were
expected in the high-temperature char products.

On the other hand, the longer residence time can enhance decom-
position and aromatisation during thermal conversion, but the impact
was not as significant as that of temperature. Nevertheless, the hydro-
char yields decreased significantly over the residence time range of 1 h
to 2 h and slightly increased from 2 h to 4 h. This result could be
explained by increased polymerisation and formation of secondary char
on the surface of primary hydrochar during 2-4 h, as described in
Benavente et al. (2022). In contrast to lignocellulosic HTC (Zhang et al.,
2015), the microalgae HTC examined in this study exhibited higher
yields as residence time increased. A possible explanation might be that
protein- and lipid-based microalgae feedstock would generate more
liquid products than lignocellulosic biomass during HTC. The moderate-
temperature environment can promote polymerisation and condensa-
tion, which results in higher solid yields with longer residence time.
Further investigation of the secondary char formed on microalgae
hydrochar is needed for potential applications such nutrient recovery
and electrode material (Sun et al., 2021).

This study highlights how the proximate composition and species of
the algae feedstock can significantly affect the performance of pyrolysis
and HTC. Due to the unique growing environment (wastewater), the
microalgae mixture collected as part of this study exhibited a relatively
high ash content (15.8 wt%) when compared to common microalgae
species such as Nannochloropsis, Spirulina, and Chlorella vulgaris. As a
consequence, high yields of pyrolytic biochar were generated in this
study. The high ash content of the microalgae mixture used here, and of
several common macroalgae species, might make them good feedstocks
for biochar production and hence prospective high-nutrient soil im-
provers. The nutrient content of microalgae biochar and hydrochar are
discussed in Section 3.2. Hydrochars, on the other hand, had greater
solid yields than biochars due to the lower heating temperature. In
contrast to pyrolysis, the hydrochar yield differential between micro-
algae and macroalgae was not significant. Hence, it is critical to select
the appropriate algae species for each specific application. In short, the
high ash content and low volatile matter content of the microalgae
mixture used in this study is indicative of char products which are
promising as soil amendments.

3.2. Material characteristics

The ultimate analysis data is presented on a dry ash-free basis due to
the large difference between the ash contents of biochar and hydrochar
(Table 1). As expected, with increasing temperature the carbon content
in biochar and hydrochar increased considerably, indicating progress of
carbonisation as a result of heating. The N content of produced biochar
(9.3-11.2 daf%) and hydrochar (5.7-6.5 daf%) were significantly higher
compared to other lignocellulose derived biochars and hydrochars, due
to the high protein content in the microalgae biomass. Nitrogen-
enriched biochar possesses several promising advantages such as high
gas adsorption ability (Zhang et al., 2022) and unique soil amendment.
For example, a nitrogen-enriched biochar modified by ZIF-8 grafting and
annealing showed 260% CO, adsorption ability after modification by
enhancing the van der Waals interaction between the biochar and CO4
molecules (Zhang et al., 2022). Another research studied a nitrogen-
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Table 1
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Influence of temperature and residence time on the composition of biochar and hydrochar produced from microalgae biomass, (results are reported as mean +

standard deviation, number of replicates = 3).

Sample name

Proximate analysis (wt%)

Ultimate analysis (dry ash-free basis) (daf%)

VM FC Ash C H N S (0]

MAB-450-20 22.50 £ 0.20 35.81 £ 0.26 41.69 + 0.47 70.88 + 0.09 6.81 +0.13 11.23 +£0.10 0.43 + 0.03 10.65 + 0.05
MAB-450-40 24.63 £1.63 34.10 £ 2.06 41.26 +0.43 70.63 £1.10 3.90 + 0.03 10.32 + 0.07 0.43 + 0.03 14.73 £ 0.04
MAB-550-20 20.10 £ 0.55 36.90 + 0.31 43.00 + 0.86 76.12 + 2.15 3.39 + 0.02 11.14 £ 0.23 0.30 + 0.04 9.05 + 0.75

MAB-550-40 18.89 + 0.54 37.24 £ 0.07 43.87 £ 0.48 74.68 £ 0.61 3.37 £ 0.04 10.69 + 0.09 0.36 + 0.00 10.90 £+ 0.76
MAB-700-20 16.31 4+ 0.07 38.36 + 1.42 45.32 + 1.49 79.77 £ 0.45 2.40 +0.03 9.47 £ 0.05 0.37 + 0.06 7.99 + 0.22

MAB-700-40 15.00 + 0.67 38.68 +£1.23 46.32 + 0.56 80.64 £ 0.33 2.29 +£0.01 9.31 £ 0.03 0.52 + 0.03 7.23 £ 0.05

MAH-180-1 57.34 £ 0.34 17.05 £+ 0.22 25.61 + 0.57 63.95 + 0.03 7.71 + 0.88 6.50 + 0.23 0.19 + 0.07 21.65 + 1.09
MAH-180-2 58.17 £ 0.15 15.61 + 0.23 26.22 + 0.38 64.86 + 0.86 7.16 + 1.20 6.02 + 0.55 0.01 + 0.00 21.94 £ 0.25
MAH-180-4 56.56 + 1.22 16.20 +1.01 27.24 +0.21 65.60 + 0.34 8.44 +£0.23 5.90 + 0.04 0.14 + 0.01 19.93 £+ 0.62
MAH-210-1 55.47 £ 0.98 17.09 £ 0.44 27.44 + 0.53 67.75 £ 0.65 7.03 + 0.43 5.86 + 0.39 0.28 + 0.02 19.08 + 1.55
MAH-210-2 54.06 £ 0.11 17.24 £+ 0.10 28.70 + 0.01 69.16 +1.23 7.21 £ 0.98 6.01 + 0.02 0.19 + 0.03 17.44 £+ 0.98
MAH-210-4 54.26 £ 0.13 16.68 + 0.22 29.06 + 0.35 68.82 + 0.34 8.93 +1.01 6.42 + 0.56 0.01 + 0.00 15.81 £+ 0.11
MAH-240-1 52.96 + 0.98 17.50 £ 1.11 29.54 + 0.13 71.32 £ 0.54 8.68 +£0.13 6.49 + 0.11 0.28 + 0.04 13.23 £ 0.28
MAH-240-2 53.33 £1.03 17.31 £+ 0.55 29.35 + 0.48 72.84 £ 0.86 7.88 + 0.96 6.43 £ 0.14 0.14 + 0.01 12.71 £+ 0.03
MAH-240-4 54.26 + 0.99 16.86 + 0.23 29.06 + 0.76 73.49 £ 0.87 8.87 £ 0.11 5.72 +£0.95 0.01 + 0.00 11.90 £+ 0.23

enriched biochar that has potential as a fertiliser (Yin et al., 2021). This
biochar has ability to convert Fe>™ and Fe?* in soil, leading to lower
emission of CHy and CO,, which can help improve sustainable food
production and minimise negative environmental impacts. In this work,
although hydrochar had a lower content of N compared to biochar,
when the char yields were considered, the fraction of N contained in the
raw microalgae material that was retained in biochar and hydrochar was
comparable, i.e. 23.2-38.5% in hydrochar and 23.1-34.6% in biochar,
with the rest released in the liquid and gaseous products. The results
indicated that N-containing organic components had great thermal
stability even at the highest temperature (i.e. 700 °C) during pyrolysis.
This high N thermal stability can be possibly used as an effective strategy

for gas adsorption in the future when algae biochar/hydrochar pro-
duction is combined with high-temperature activation (Yin et al., 2021).
This is due to the presence of increased active sites, such as pyrrolic N
and graphitic N, which can enhance the binding between gas molecule
and algae biomaterials which has potential implications for the devel-
opment of more efficient and sustainable methods for gas capture and
utilisation, especially for COy (Yin et al., 2021).

Results in Fig. 2 showed that the hydrogen to carbon molar ratio (H/
C) and oxygen to carbon molar ratio (O/C) for all biochar and hydrochar
samples were in the range of 0.03-1.56 and 0.07-0.37, respectively.
Because most of the VM were reduced during thermal conversion, the H/
C and O/C ratios of all char products were lower than those of the

2.0 "7 K4 I
4 X 0 a E MAB
1.8 - 2 s 7 ® MAH
| 4 " e A MAHW
164 7 -7 o7 7 v MAHP
R R ® Q/x/ N , L, Raw algae
1.4 4 o /"\A 7 R Decarboxylation
1 34{\ ) R R ~a--— Dehydration
o 1.2+ . “ /,'/ /.'/ 7 Demethylation
. , . .
.; L /" /" .'/ .'/ :'/
© . e s R4 R4
o 1.0 -’ X R /" ,° /°
Q | "/ "/ // /,» '/”
v ’ X . .
I 0.8 - \ . 0 R
R R - X s K
1 7 e at ’° Ko
0_6 - "/ "/ ,° '/,o '/, "/.
174 ‘vvvw,/,/ '/. '/. /' "/
. . ¢ . ’
04 - T R 4 o’ o g
o /" X / .'/ /" /'
. /° R4 - ,"
0.2 - /.’ , . X R .
| " u g /s’ 2 e .
¥ oggn B y £ : %
0-0 1] — l‘ T \ T r l‘ " 1 r
0.0 0.2 04 0.6 0.8 1.0 1.2

O/C ratio

Fig. 2. Van-Krevelen-diagram showing raw microalgae, microalgae biochar (MAB), microalgae
(MAHW), and microalgae hydrochar with further pyrolysis (MAHP).

hydrochar (MAH), microalgae hydrochar with DCM washed
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precursor microalgae. As the temperature increased, both ratios
decreased, providing further support for increased carbonisation. The
Van Krevelen diagram representing the examined biochars and hydro-
chars (Fig. 2) showed that the H/C ratio of MAB was significantly lower
than 0.7, which met the International Biochar Initiative (IBI) standard as
a material with great fused aromatic ring structures suitable for carbon
sequestration (IBI, 2015). The O/C ratio of MAB was also dramatically
lower than the European Biochar Certificate (EBC) standard limit (0.4),
which indicated great stability of the biochar (European Biochar Foun-
dation (EBC), 2016). The H/C ratio decreased in the order MAHP =~
MAH > MAHP > MAB, implying that 1) MAB had the highest stability;
2) post-pyrolysis can be a possible and effective strategy (H/C modified
from 1.3 to 0.5 approximately) to enhance the stability of microalgae
hydrochar. 3) DCM washing had a mild impact on improving the sta-
bility of microalgae hydrochar. Generally, complex reactions existed in
the pyrolysis and HTC, including decarboxylation, dehydration, deme-
thylation, etc. (Bahcivanji et al., 2020). According to Fig. 2, it can be
assumed that decarboxylation and dehydration reactions dominated
during pyrolysis and HTC, and that a higher extent of dehydration
occurred in pyrolysis due to the high reaction temperature. The dehy-
dration reactions mainly came from the incomplete degradation of
carbohydrates and proteins below 350 °C and the subsequent high
temperature depolymerisation above 350 °C (Fu et al., 2019). Unlike
pyrolysis, HTC provided an aqueous atmosphere to transform lipids into
secondary char observed by Benavente et al. (2022), which can be
responsible for part of the hydrolysis pathway. A noteworthy finding
was the desirable H/C ratio of MAB (0.03-0.10) with high degree of
conversion, which could indicate its suitability as carbon sequestration
agent and as energy-intensive solid fuel. The two post-treatments —
further pyrolysis and DCM washing — will be discussed in Section 3.4 and
3.5.

The results of the proximate analysis for biochar and hydrochar
(Table 1) showed that with pyrolysis temperature increasing from 450 to
700 °C, the VM content of microalgae biochar decreased from 24.6 to
15.0 wt%. A similar effect was observed for the residence time, which
reduced VM content for biochar produced in runs with higher residence
time at peak temperature, as this allowed for a higher degree of con-
version. For biochar produced at 450 °C on the other hand, the VM
content increased with higher residence time. A potential explanation
for this observation could be that the lipids that are more resistant to
heat were not completely broken down during the 450 °C pyrolysis
process, which caused them to remain in the biochar as VM components.
Even with prolonged residence durations, these components did not
decompose (Sun et al., 2021). On the other hand, the other components,
such as indole (Gautam et al., 2017), aniline (Wang and Brown, 2013),
and glucose (Ho et al., 2013), showed a continuous breakdown with
increasing residence durations, resulting in a higher percentage of VM in
the biochar produced at 450 °C pyrolysis with a 40-minute residence
time, as indicated by the biochar yield. Compared to biochar, the VM
content of all hydrochar was considerably higher, ranging between 52.9
and 58.1 wt%. Consequently, the FC content of the hydrochar was lower,
suggesting a lower degree of carbonisation. Both biochars and hydro-
chars showed considerably higher content of ash compared to data for
corresponding products from similar feedstocks in published literature
(Ding et al., 2021; Gai et al., 2013; Lee et al., 2018; Michalak et al.,
2019). The high ash contents were related to the origin of the microalgae
polyculture, i.e. from a wastewater pond, which resulted in nutrient-rich
chars. As a comparison, extensive literature has reported on the ash
content of biochar derived from these single microalgal strains, namely,
Scenedesmus (5.9 wt%) (Magida et al., 2021), Coelastrum (2.7 wt%)
(Zheng et al., 2017), and Chlorella (2.1-6.0 wt%) (Binda et al., 2020),
which were all significantly lower than the microalgae polyculture in
this work (15.8 wt%). As a result, these high ash char products has a
number of potential applications such as soil amendment, adsorption
agent, and catalyst (Sun et al., 2021).

To gain further insights into the composition of mineral matter
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contained in the microalgae biochar and hydrochar, a detailed
elemental analysis was conducted using inductively coupled plasma
mass spectrometry (ICP-MS) (Fig. 3). A number of alkali and alkaline
earth metals were present in the samples, which could explain the
elevated pH of biochar (Table 2), while also increasing the conversion of
organic O into inorganic O, e.g. newly formed carbonates (Bakshi et al.,
2020). The hydrochar samples had relatively low trace element contents
(about 50% lower) compared to biochar, but still notably higher than
that of microalgae biochar produced by previous research (Michalak
et al., 2019). Thus, the microalgae hydrochar produced in this study,
with its potential ability to release nutrients and carbon sequestration,
might also be an environmentally benign soil additive for plant growth,
especially Fe, P, and Ca fertiliser-additives. As shown in Fig. 3, when the
HTC temperature and residence time increased, the Fe, P, K, Ca, Mg, Al,
Mn, Na, and B contents of the hydrochar rose slightly but not as sig-
nificant as in the case of biochar. This phenomenon can be attributed to
the solubilisation of certain trace elements from microalgae biomass in
the supercritical water environment, and their subsequent transfer into
the liquid phase. The percentage of trace element loss appears to be
comparable to the percentage of total solid weight loss. Combing
proximate analysis and ICP-MS results, the biochar had a higher ash
content and the hydrochar had a higher content of organic matter such
as ketones, aldehydes, and carboxylic acids. In addition to the material
characterisation, it is crucial to conduct lab-scale testing to examine the
phytotoxicity of synthesised algal biochar and hydrochar, as these are
proposed to be used as soil ameliorants and carbon storage agents.

3.3. Germination and seedling growth of raw biochar and hydrochar

In comparison to sand-only controls, the germination of Nasturtium
officinale seeds was generally enhanced by biochars ranging from 1.1%
to 11.0%, while it was significantly impeded by hydrochars ranging
from 20.0% to 324.0%. As per the data shown in Fig. 4, MAB-550-20
had the most positive effect, while MAH-210-4 had the greatest negative
impact.

Several previous studies have stated that the inhibition of germina-
tion can be attributed to the high/low pH (Kendrick and Drost, 2008;
Mumme et al., 2018) and osmotic potential/salinity (Nhan et al., 2019).
Potassium concentration is likely an important factor for low germina-
tion rate of seeds (Buss et al., 2016; Mumme et al., 2018; Ruttanar-
uangboworn et al., 2017). According to a study by Buss et al. (2016),
excess potassium was found to indirectly hinder plant growth by
elevating the pH levels in the solution. Biochar was observed to contain
an active concentration of K* ions ranging from 154 to 231 mmol/L. The
study concluded that the most probable mechanism for growth inhibi-
tion caused by excess potassium is an increase in osmotic pressure. A
similar conclusion was made by Sosa et al. (2005), showing that Kt was
inhibitory on germination of Prosopis strombulifera seeds irrespective of
the surrounding anion, and its inhibitory effect even stronger than that
of Na*. However, in this study, biochars with a high K content of
15304-26702 mg kg~ ! did not show phytotoxicity but promotion effect,
whereas hydrochars with relatively low K content (1699-2430 mg kg™ 1)
showed inhibition effect. Therefore, K concentration was not regarded
as the dominant toxic effect in this case.

As shown in Fig. 4 the seed germination rate tended to decrease with
HTC temperature increasing from 180 °C to 210 °C, and MAH-210-4
reached the highest phytotoxicity. Table 2 shows that higher HTC
temperature and residence time can increase the pH of microalgae
hydrochar. This is consistent with the content of potentially toxic sub-
stances, mainly carboxylic acids, identified by py-GC/MS total ion
chromatography (Benavente et al., 2022). The presence of fatty acids
containing aliphatic chains in microalgae hydrochar may contribute to
this, as they are resistant to decomposition into smaller molecules dur-
ing HTC at lower temperatures (Sun et al., 2021). As a result, remaining
fatty acids can react with water to generate -COOH groups, leading to
the formation of secondary char on the solid surface and a decrease in
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Fig. 3. Trace element contents in raw microalgae biochar and raw microalgae hydrochar.

Table 2
pH and electrical conductivity (EC) of raw biochar and hydrochar.

Samples pH Electrical conductivity (uS em™h)
MAB-450-20 8.12 1780.0
MAB-450-40 8.22 1880.8
MAB-550-20 9.21 2389.5
MAB-550-40 9.32 3333.3
MAB-700-20 9.68 3250.2
MAB-700-40 9.88 3501.2
MAH-180-1 4.11 148
MAH-180-2 4.31 108
MAH-180-4 4.81 166
MAH-210-1 4.49 139
MAH-210-2 4.92 106
MAH-210-4 5.51 96.8
MAH-240-1 4.69 57.4
MAH-240-2 4.60 68.7
MAH-240-4 4.57 26.3

pH (Ischia et al., 2022). This phenomenon distinguishes microalgae
hydrochar from lignocellulosic hydrochar, and highlights the impor-
tance of considering lipid composition in the production of hydrochar.
Above 210 °C, the higher HTC temperature (240 °C) appears to have
reduced the phytotoxicity of microalgae hydrochar, most likely by
promoting decarboxylation reactions.

The seedling growth tests (Fig. 4) showed that, compared to the
controlled blank group, average shoot and root lengths increased in the
presence of biochar by around 17.2-51.3% and 11.1-52.2%, respec-
tively, while decreased in presence of hydrochars by around 28.3-70.5%
and 19.5-66.7%, respectively. Similar to the germination results, the
tests with biochars showed a significant increase in both shoot and root
lengths, however, its promotion effect did not show the same negative
relationship with pyrolysis temperature (frm 450 to 700 °C) as the
germination rate results. The reason for this might be that the in-
teractions of soil moisture, nutrient adsorption, pyrolysis temperature,
and residence time were very complex, hence, in-depth assessment of
biochar physical properties and soil bioavailability should be explored
in future tests. In this practical study, MAB-550-20 showed the highest
shoot length (39.3 mm) and second highest shoot-to-root ratio (4.2);
MAB-700-40 showed the highest root length (12.9 mm); MAB-700-20
showed the highest shoot-to-root ratio (4.6). Inorganic nutrients, espe-
cially Fe, P, and Ca, can be the major contributor to this phenomenon
(Chew et al., 2022; Ng et al., 2022). As the contents of Fe, P, and Ca in
the microalgae biochars increased with pyrolysis temperature, it is likely
that this contributed to the enhanced shoot and root lengths. Results by

Chew et al. (2022) also support the finding. The study showed that iron-
rich biochar can upregulate root nitrate transporters, promote nitrogen
absorption, and enhanced nutrient element uptake and growth in rice
seedlings, resulting in increased shoot/root length of rice seedlings by
about 33%. On the other hand, Ng et al. (2022) stated that P-rich biochar
can provide available-P during seedling growth and promote formation
polysaccharides and saponins. Comparatively, microalgae hydrochars
still inhibited the growth of shoots and roots, due to the presence of
phytotoxic compounds.

Some studies suggested that the seed germination rate can be
improved by destructing the phytotoxic compounds of hydrochar using
physical (Busch et al., 2013), chemical (Bahcivanji et al., 2020), and
biological treatments (Busch et al., 2013). The phytotoxics compounds
in hydrochars are likely to be solvent-soluble and volatile, and therefore
this study chose two post-treatments aiming to mitigate the phytotox-
icity of as-synthesised microalgae hydrochar in the following sections.

3.4. Impact of post-treatments (DCM washing and further pyrolysis) on
hydrochar and its phytotoxicity

Since organic acids represented the main source of phytotoxic
compounds, this study used DCM as a volatile and polar solvent to
extract them as well as other VM from microalgae hydrochar, e.g., al-
dehydes, ketones, benzene, etc. (Benavente et al., 2022). With DCM
washing, the VM content of hydrochar decreased by 0.5-38.9%. The
highest VM variation was observed for the most severe HTC conditions
(MAHW-240), indicating that high-temperature hydrochars were richer
in extractable organic compounds as reported in Benavente et al. (2022),
which was also in agreement with the germination results in Section 3.3.
However, 51.4-57.6% of VM still remained in WAHW-240, while
33.1-41.49%, 41.4-46.4% remained in MAHW-180 and —210, respec-
tively (see supplementary material). This implies that HTC with higher
temperature transfer more extractable VM into non-extractable VM.
However, the non-extractable contents of hydrochar have no significant
impacts on the seed germination performance as shown in (see supple-
mentary material). In addition, with the DCM washing treatment, ash
contents of MAHW significantly increased by 4.3-85.1%. The reason for
this would be that post-treatment with DCM was intended to separate
the extractable fraction, especially VM, which included secondary char
and fatty acids. However, ash contents cannot be dissolved in DCM so-
lution, resulting in lower total solid yield accompanied with higher ash
percentage. On the other hand, C and H daf% decreased dramatically,
while the N, S, and O contents remained stable (see supplementary
material), also mainly due to the removal of organic matters from the
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MAH.

DCM washing significantly improved the germination rates
compared to that of MAH and even the blank controls. Especially, the
highest promotion effect was shown in high-temperature MAHW, which
indicated that phytotoxic organic compounds were effectively elimi-
nated by DCM. This also provides indirect evidence that the toxic
components are mainly present in the extractable fraction. The shoot
and root lengths of DCM washed hydrochar were considered as expected
results contributed by high ash/nutrient contents. The shoot and root
lengths were enhanced by 52.9-242.0% and 15.7-148.2%, respectively
(see supplementary material). The germination results implied that the
interaction of nutrient content, ash content, extractable organic com-
pound, and the resulting germination rate was complex. In short, DCM
washing can substantially reduce the phytotoxic substances corre-
sponding to organic compounds, and the promotion effect of microalgae
hydrochar with high ash content as a soil amendment on seed germi-
nation needs to be further investigated. Importantly, the high ash/
nutrient content of microalgae hydrochar can boost the shoot and root
growth, but this promotion effect can be severely inhibited by the
presence of organic compounds such as carboxylic acids, aldehydes,
ketones phenolics, and benzene.

As discussed in previous sections, there is strong evidence that the
phytotoxic substances contained in hydrochar were volatile organic
compounds. Therefore, this study used pyrolysis as another post-
treatment method to further treat MAH for reducing their toxicity.
The pyrolysis condition was set to 550 °C, 25 °C/min heating rate, and
20 min residence time, since the MAB-550-20 showed the highest
germination rate and shoot length, as well as relatively high root length.
From the initial biomass, the total mass yield of MAHP varied from 20.7
to 24.9%. The solid yields of all MAHP remained almost consistent,
unlike the yield performance of MAHW (Fig. 5). The further pyrolysis of
hydrochar resulted in further devolatilisation and transfer of higher
boiling point volatiles into liquid and gaseous products, further
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mitigating the phytotoxicity although not dramatically (see supple-
mentary material). Generally, phytotoxicity was reduced in all MAHP
(as compared to the control group), and seed germination performed
best when grown in MAHP-210 environment (germination rate of
83.3-86.6%, shoot length of 31.0-32.6 mm, shot length of 7.0-9.6 mm,
and shoot to length ratio of 3.2-4.9). It was observed that when applying
pyrolysis as a post-treatment, the temperature and residence time in the
initial HTC stage had minimal impact on the seed germination rate, and
a high pyrolytic temperature of 550 °C effectively eliminated toxic
substances present in the HTC char.

The MAHP exhibited a greater germination rate and shoot/root
length than the MAHW, but shoot and root lengths were not substan-
tially different and both were lower than in case of MAB, likely owing to
the nutrient loss. Nutrients were transferred into the liquid phase during
HTC stage, with only a small further loss in the DCM wash and further

pyrolysis.

3.5. Carbon sequestration potential

The results clearly showed that MAHP is effective in enhancing seed
germination and providing nutrients for seedling growth. However, it
was found that it can only sequester 2/3 as much carbon as MAB due to
primary C loss during the HTC process (as shown in Fig. 6). While bio-
char has the potential to mitigate climate change by sequestering carbon
in the soil for several hundred to thousands of years, the use of hydro-
char as a soil amendment may increase CO; and CH,4 emissions (Zhou
et al., 2018). Therefore, it is crucial to perform carbon balance calcu-
lations for microalgae biochar and hydrochar. In terms of carbon
sequestration, MAB performed better than MAHP, retaining 31.8-34.7%
of carbon from the raw microalgae biomass compared to 20.3-25.5% in
case of MAHP. On the other hand, while both MAH (up to 58.8%) and
MAHW (up to 47.8%) retained more carbon than MAB (up to 34.7%),
this consisted mainly of unstable carbon due to the low temperature in
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Fig. 5. Total solid yields of raw hydrochar and hydrochar with two post-treatments.
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Fig. 6. Carbon sequestration potential of microalgae biochar and hydrochar.

the HTC process. Only 15.6-17.3% and 13.0-18.8% fixed carbon were
presented in MAH and MAHW, respectively, compared to 35.8-38.6%
fixed carbon found in MAB (Table 1; Fig. 6; see supplementary material).
Long-term pot testing for the carbon stability comparison of microalgae
biochar and hydrochar were suggested because this study only con-
ducted 7-day germination and seedling growth tests.

DCM washing and further pyrolysis are effective post-treatment
methods for producing hydrochar suitable for use as a soil amend-
ment. However, they have several drawbacks such as lower carbon
sequestration rates and higher operational costs.

4. Conclusion

The results of study comparing microalgae biochar and hydrochar
for soil application indicated that while biochar can be used directly,
hydrochar requires post-treatment to reduce phytotoxic compounds.
Chemical or thermal processes effectively reduce these compounds, as
demonstrated by DCM washing and pyrolysis. This mitigates the
phytotoxicity of hydrochar and highlights the potential of HTC for
producing microalgae-based hydrochar with minimal environmental
impact. However, further comprehensive assessment is necessary to
understand its complete life cycle impact and carbon storage potential.
Additionally, the high nitrogen content of algae-based biochar suggests
potential benefits in other applications, which require further
investigation.
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