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Abstract

Background and aims  Phytotoxicity following addi-
tion of hydrothermal-carbonised waste amendments
(hydrochar) to soils is primarily attributed to toxic-
organic compounds formed in hydrochars during
hydrothermal carbonisation (HTC). However, factors
influencing toxin formation in hydrochar and subse-
quent phytotoxicity have not been elucidated. Here,
we investigated the effects of hydrochar feedstock and
HTC temperature on phytotoxicity.

Methods Hydrochars from sawdust, rice straw,
chicken manure, paunch-hair, pig manure, bio-
solids and digestate, produced at three HTC tem-
peratures (170, 200 and 260 °C), were assessed for
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phytotoxicity using plant-bioassays, spectroscopy and
wet-chemistry.

Results Hydrochar had no effect on seed germi-
nation, but reduced (30 to 50%) or had no signifi-
cant effect on wheat growth under limited nutrient
supply. Importantly, under luxury-nutrient supply,
hydrochars (170 and 200 °C) that reduced growth in
limited-nutrient conditions had no significant effect,
and only hydrochars produced at 260 °C consist-
ently reduced (20 to 30%) growth. Elemental-anal-
ysis and fourier transform infrared spectra indicated
an increase in potential toxic functional groups in
hydrochars produced at high temperature (260 °C).
This suggested that phytotoxicity was due to toxic
organic compounds, and occurred at high tempera-
ture. Conversely, at low temperature (170 to 200 °C),
apparent phytotoxicity in nutrient-limited conditions
was not due to hydrochar toxins, but nutrient defi-
ciency exacerbated by hydrochar-induced nutrient
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immobilisation. Feedstock-type had no significant
effect on phytotoxicity.

Conclusion Findings provide new understanding
of hydrochar-induced phytotoxicity. Fundamentally,
hydrochars (170 to 200 °C) are potential soil-amend-
ments, but nutrition regimes to offset nutrient-draw-
down need consideration. Research to mitigate toxic-
ity in hydrochar-260 °C is warranted.

Keywords Plant growth - Toxicity - Hydrochar -
Waste recycling - Nutrient deficiency

Introduction

Exploitation of biowaste resources for use as soil
amendments in agricultural and natural systems is
one of the key strategies to achieve a circular econ-
omy (Barros et al. 2020). Biowaste incorporation in
soil can improve soil health by recycling nutrients
and carbon (C) (Sharma et al. 2019), and promoting
favourable edaphic conditions for soil microorgan-
isms (Luo et al. 2018). Biowaste recycling can also
reduce the amount of greenhouse gas-producing
wastes disposed in landfill (Lou and Nair 2009).

In agroecosystems, biowastes can be applied
directly as soil amendments without treatment, or
treated using biological (e.g., composting and anaer-
obic digestion) or thermochemical methods (e.g.,
pyrolysis and hydrothermal carbonisation (HTC))
(Lohri et al. 2017). Treated wastes are often pre-
ferred to untreated wastes because they contain less
contaminants (e.g., pathogens, antibiotics or phar-
maceuticals), which can have adverse effects on the
environment (Ellis and McCalla 1978; Smith 2009).
Moreover, treated wastes are usually concentrated and
lower in volume, making transportation easier com-
pared to untreated wastes (Lohri et al. 2017). Both
biological and thermal treatments are widely used
for waste valorisation, with thermal methods often
favoured due to their short process duration (min-
utes to hours) (Fang et al. 2018; Tripathi et al. 2016),
and their ability to transform wastes into carbonised
material for soil C sequestration as a climate geo-
engineering solution (Downie et al. 2012; Kambo and
Dutta 2015). Hydrothermal carbonisation is gaining
attention because it converts wet biomass into hydro-
char (C-rich, coal-like material) with significantly
lower energy inputs than pyrolysis (biochar), since
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prior biomass drying is not required (Kambo and
Dutta 2015). The process is autocalytic, autogenic
under subcritical water conditions, and proceeds
at lower temperatures (170-270 °C) than pyrolysis
(300-800 °C) (Gupta et al. 2020; Kambo and Dutta
2015). Furthermore, higher mass recovery of char
is often realised with HTC than pyrolysis because
of lower temperatures and the catalytic nature of the
process (Fang et al. 2018).

Numerous studies have investigated hydrochar as
a soil amendment; however, reported effects on seed
germination and plant growth are inconsistent. Our
recent meta-analysis study on hydrochar effects on
plant growth revealed an overall reduction of both
seed germination (38%) and shoot growth (10%), and
further indicated that interactions among hydrochar
dose, properties and edaphic variables were funda-
mental in understanding when and where benefits may
be achieved (Luutu et al. 2021). Individually, studies
have reported increased plant growth (Bargmann et al.
2014; Fornes and Belda 2018; Mau et al. 2020; Yu
et al. 2019), decreased growth (Bargmann et al. 2013;
Roehrdanz et al. 2019; Schimmelpfennig et al. 2014) or
no effect on growth (de Jager and Giani 2021; George
et al. 2012; Roehrdanz et al. 2019) following hydrochar
addition. Generally, increased plant growth follow-
ing hydrochar addition is attributed to nutrient addi-
tion or enhanced soil physical properties (Malghani
et al. 2015; Schimmelpfennig et al. 2014), and reduced
growth attributed to hydrochar toxicity (Busch et al.
2012; Kalderis et al. 2019) or nitrogen (N) immobilisa-
tion (Gaji¢ and Koch 2012; Subedi et al. 2015). Tox-
icity may be caused by high pH, electrical conductiv-
ity (EC) or heavy metal content of hydrochar (George
et al. 2012; Yue et al. 2017), but it is mainly ascribed to
residual organic compounds on hydrochars, which can
be absorbed by plants and subsequently inhibit growth
(Becker et al. 2013; Poerschmann et al. 2014). These
organic compounds include organic acids, phenolics
and furans (Petrovic et al. 2016; Poerschmann et al.
2015; Stemann et al. 2013).

Although we found an overall plant growth reduc-
tion upon hydrochar addition in our recent meta-
analysis (Luutu et al. 2021), elucidating which factors
contribute to growth inhibition was difficult because
most experiments simply quantified the net effect of
hydrochar addition rather than attempting to isolate
potential causal factors. This study was therefore
designed to draw out potential feedstock and HTC
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temperature effects on hydrochar-induced phytotox-
icity. Feedstock, and reaction temperature which is
a key regulator of biomass degradation during HTC,
are presumed to be the main factors controlling the
production of toxins (Busch et al. 2013; Sun et al.
2014; Wang et al. 2018). We hypothesised that phyto-
toxic effects of hydrochar are more likely with ligno-
cellulosic feedstocks, and effects would be reduced by
increased HTC temperature. High HTC temperatures,
and the use of animal manure feedstocks rather than
lignocellulosic or biosolid feedstocks, are presumed
to reduce the likelihood of phytotoxicity (Lang et al.
2019; Sun et al. 2014). High HTC temperatures may
promote re-polymerisation of potentially phytotoxic
organic fragments into secondary-hydrochars (Hitzl
et al. 2018; Lang et al. 2019; Li et al. 2017), some
of which are non-polar and may be insoluble in soil
solution (Benavente et al. 2022; Lucian et al. 2018),
thus reducing toxic effects. Animal manure feedstocks
are assumed to consist of less precursors of toxins
(complex organic compounds) (Song et al. 2020; Zhai
et al. 2016) compared to lignocellulosic biomass or
biosolids, and are also likely to have a positive nutri-
ent effect that might outweigh any negative effect of
toxins (Phillips et al. 2000).

Materials and methods
Hydrochar feedstock

Seven different biowastes categorised under three
groups; plant based: rice straw (RS) and eucalyptus-
saw dust (SD); animal wastes: chicken manure (CM),
bovine paunch and hair mix (PH) and pig manure
(PM); and sludges: biosolids (BS) and digestate (D)
from an abattoir solid waste settling lagoon, were
used as HTC feedstocks in this study. Feedstocks were
oven-dried at 40 °C until no further change in weight
was observed, then kept at 4 °C before being ground
in a rotary mill (Gelder & Co., NSW, Australia) fitted
with 2.4 mm sieve (ASTM). Milled materials were
stored at room temperature in airtight plastic bags.

Hydrochar production
Hydrochar was produced by subjecting the seven

feedstocks (oven-dried at 40 °C) to three temperatures
(170, 200 and 260 °C) in a Parr® 4534 floor stand

reactor, with a 2 L stirred vessel and a Parr® 4848
controller, for a reaction period of 1 h. A load of 15%
w/w (dry feedstock: water, 225 g: 1275 g) for SD,
BS, PM, PH, CM and D, and 13% (225 g: 1475 g) for
RS were fed into the reactor-vessel, with the internal
rotary mixer set at 110 rpm. Load capacity with RS
was reduced by 2% compared to other feedstocks to
reduce the mixture thickness hence allow better stir-
ring. The reactor vessel was heated until it achieved
the target temperature, and then temperature was held
for a reaction period of 1 h by manually controlling
the system with an allowance of +6 °C fluctuation.
After 1 h of heating at a target temperature, the cool-
ing system of the Parr heating-element was switched-
on to allow rapid cooling with water (for about
15 min). When material reaction temperature dropped
to below 100 °C (internal temperature), slurries were
ready for collection. Reaction pressure was autogen-
erated, and at end of the processes, a total of 21
hydrochar-slurries were produced. The slurries were
separated by vacuum filtration through a Filtech®
Glass Microfibre 1.2 pm filter paper-Grade 333, and
the recovered 21 hydrochars (Table 1) were oven
dried at 60 °C without prior washing until no further
change in weight was observed (at least 36 h). Dried
hydrochars were then ground to <1 mm and stored at
4 °C in airtight plastic bags before characterisation.

Hydrochar characterisation
Proximate analysis

Moisture content, volatile matter, fixed C and ash
content of hydrochar were determined in accordance
with the modified thermal analysis method (Zhang
et al. 2017). Moisture content was determined as the
weight loss after heating samples at 105 °C for 24 h,
whilst volatile matter was determined as the weight
loss after heating the samples at 450 °C for 1 h. Ash
content was determined as the residue weight after
heating the samples at 750 °C for 6 h whilst fixed C
content was calculated by subtracting the summed-
weight of moisture, volatile matter and ash content
from the original sample weight.

Elemental analysis

The total C and N content of hydrochars was quan-
tified as per Rayment and Lyons (2011) methods

@ Springer



650

Plant Soil (2023) 493:647-661

Table 1 Physicochemical characteristics of hydrochars and raw feedstocks

Hydrochar/ ~ Temp® °C  Recovery’ % pHc,, ECdS/m VM®% Ash®% FC°% C'% Macronutrients C/N

Raw feed-
stock

N % Pg/kg K gkg

Rice straw
RS-Raw  N/A 5.9 7.2 76.4
RS-170 170 80 4.8 7.1 75.6
RS-200 200 61 4.5 3.8 71.7
RS-260 260 49 4.5 3.6 49.7
Sawdust
SD-Raw  N/A 35 0.3 76.8
SD-170 170 94 32 0.6 73.3
SD-200 200 81 35 0.4 68.8
SD-260 260 60 32 0.8 44.6
Chicken manure
CM-Raw N/A 7.3 7.2 48.6
CM-170 170 82 7.2 33 41.6
CM-200 200 69 6.4 39 41.7
CM-260 260 59 7.1 2.8 37.9
Paunch-hair
PH-Raw N/A 8.4 5.0 524
PH-170 170 83 7.5 4.2 64.4
PH-200 200 73 7.2 32 54.8
PH-260 260 60 7.1 1.9 40.4
Pig manure
PM-Raw N/A 6.4 5.2 66.7
PM-170 170 87 5.6 2.5 66.1
PM-200 200 73 4.7 2.8 66.5
PM-260 260 57 4.7 1.2 47.8
Biosolids
BS-Raw  N/A 6.0 34 45.1
BS-170 170 90 8.5 2.5 60.6
BS-200 200 85 7.1 34 63.9
BS-260 260 62 6.8 34 48.2
Digestate
D-Raw N/A 6.0 2.2 30.3
D-170 170 96 6.2 1.1 30.0
D-200 200 91 5.7 1.5 31.0
D-260 260 82 5.8 0.9 28.9

14.4 92 383 0.51 1.40 9.90 75.1
14.9 95 417 046 1.41 7.73 90.7
16.9 11.4 424 0.52 1.01 6.22 81.5
37.9 124 54.0 0.72 0.75 4.38 75.0

23.1 0.1 485 0.07 0.09 0.14 692.9
26.6 0.1 483 0.02 0.04 0.04 24150
31.1 0.1 50.2 <0.01 0.03 0.03 5020.0
553 0.1 64.6 0.07 0.03  0.02 922.9

17.1 343 281 223 9.79 14.80 12.6
17.7 40.7 264 1.7211.59  7.83 15.4
14.9 434 247 1.8415.53  5.40 13.4
21.9 402 348 2.2524.04  3.66 15.5
9.6 38.0 334 378 152 0.90 8.8
33 323 336 370 1.67 0.73 9.1
9.5 357 268 217 142 038 12.4
135 46.1 29.4 1.88 1.98  0.24 15.6
19.7 136 419 313 972 3.70 13.4
19.0 149 429 2.67 939 219 16.1
17.2 163 453 2.7810.85 1.76 16.3
31.9 203 529 3.0016.50 1.05 17.6
15.5 394 357 1.93 8.08  0.67 18.5
134 260 343 1.59 899 044 21.6
10.7 254 376 1.30 920  0.40 28.9
18.3 335 401 1461322 031 27.5
12.7 570 292 2.96 9.56 1.13 9.9
13.9 56.1 22.8 2.19 9.56 1.00 104
12.0 57.0 235 2.05 8.03 0.69 11.5
21.7 494 343 2.1813.09  0.78 15.7

*HTC temperature;

6B2b and 7AS5, respectively, using a LECO Tru-
Mac CNS Analyser (LECO Corporation, St
Joseph, MI, USA). Phosphorus (P), calcium (Ca),
magnesium (Mg), potassium (K), trace elements
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mass recovery of hydrochar; “volatile matter; dash content; *fixed-carbon; fcarbon

and heavy metals (Cd, As, Hg, Co and Pb) were
determined using Inductively Coupled Plasma-
Mass spectrometry (NexION 350D ICP-MS, Per-
kin Elmer, Waltham, MA, USA) according to
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method 17C1 of Rayment and Lyons (2011), after
digesting samples in nitric acid and hydrochloric
acid (HNOj;: HCI, 1:3).

Hydrochar pH and electrical conductivity (EC)

Hydrochar pH (CaCl,) and EC were determined
according to method 4A1 of Rayment and Lyons
(2011), by mixing hydrochar/water (1:5), and extract-
ing for 1 h on a tumbler. Suspensions were allowed
to stand for 0.5 h, then pH and EC were determined
using an automated pH/EC analyser (ManTech Incor-
poration, Guelph, Ontario, Canada).

Fourier transform infrared (FTIR) spectroscopy

Hydrocar samples for FTIR analysis were pulver-
ised to<1 mm, then FTIR spectra measured using
a Thermo scientific iISSOABX FTIR spectrometer
(Thermo Fisher Scientific, Waltham, MA, USA).
Spectra were obtained from 500-4000 cm™' at 4 cm™!
resolution, and data were processed using the Thermo
scientific OMNIC spectra software (Thermo Fisher
Scientific, Waltham, MA, USA).

Plant growth

Pot experiments were conducted to test the effect of
hydrochar feedstock and HTC temperature combi-
nations on the growth of wheat (Triticum aestivum
L. cv. EGA-Wedgetail). Soil was collected from
the 0-15 cm layer of an Arenosol (IUSC Working
Group WRB, 2014) near Casino 28.988186° South;
153.008806° East, NSW, Australia, and was air-dried
and sieved to 2 mm. This soil was selected because of
the low pH (1:5, CaCl,) 5.25, EC (dS/m) 0.01, ECEC
(cmol*/kg) 0.88, TC (%) 0.16, TN (%) 0.02 and clay
content, properties thought to minimise the binding
of potential hydrochar-toxic components to soil parti-
cles (see Table S1 for detailed soil properties). Exper-
iments were conducted in a temperature-controlled
glasshouse at NSW Department of Primary Indus-
tries, Wollongbar, Australia, with day/night tempera-
tures maintained at 25 °C/15 °C.

Experiment 1

Air-dried soil (1 kg) was weighed into 1 L, free drain-
ing plastic pots. Basal nutrients were applied to pots

as per Rose et al. (2007) in the following amounts;
0.58 g of N (NH4,NOy), 0.38 g of P (KH,PO,), 1.48 ¢
of K (K,SO,), 0.51 g of Ca (CaCl,.2H,0), 0.27 g
of Mg MgSO, 0.7H,0), 0.54 g of Mn (MnSO,.
H,0), 0.57 g of Zn (ZnSO,.7H,0), 0.57 g of Cu (
CuS0,.5H,0), 0.23 g of B (H;BO;), 0.53 g of Co
(CoS0,.7H,0) and 0.33 g of Mo (Na,Mo00O,.2H,0).
The nutrients in each pot were then mixed by hand,
and after 24 h, 10 g (1% w/w) of ground dry hydro-
char with particle size<1 mm was added to appro-
priate pots and thoroughly mixed by hand. Hydro-
char application rate of 10 g (1% w/w) is equivalent
to 13.3 t/ha which is within the optimum application
rate of 1040 t/ha for biochar (Gao et al. 2021a, b;
Liu et al. 2018). Pots with raw feedstock, and a con-
trol ‘nil amendment’ treatment with no feedstock or
hydrochar amendment (mineral fertiliser only), were
also prepared. There were three replicate pots of each
feedstock x temperature (raw, 170, 200 and 260 °C)
combination, plus three nil-amendment control
pots. All pots were then watered to 75% water hold-
ing capacity (WHC) (Dane and Topp 2020), and on
4 Dec 2020, six wheat seeds were sown at 10 mm
depth in each pot. At 7 d after sowing (DAS), plants
were thinned to three seedlings per pot. Soil moisture
content was maintained at 75% WHC by watering to
weight every day, and pots were randomised daily
throughout the growth period of 38 d.

Experiment 2

In Experiment 1 at sub-optimal nutrient supply
(limited-nutrient conditions), it was unclear whether
reduced plant growth was due to phytotoxicity, or
simply a result of nutrient immobilisation where
applied raw or HTC-treated wastes had a high C:N
ratio. A second experiment was therefore established
to assess plant responses to hydrochar under high-
nutrient supply (luxury-nutrient conditions), i.e.,
where the chance of nutrient deficiency due to nutri-
ent immobilisation was minimised.

In this experiment, the same basal nutrients were
applied at double the dose of Experiment 1 prior to
sowing, with an additional single dose at 7 DAS. Pots
were further replenished with 0.58 g of N (NH,NO;)
and 0.38 g of P (KH,PO,) at 14, 21 and 28 DAS. This
nutrient application regime was determined based on
a preliminary experiment which indicated that any
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more than triple the basal nutrients mixed into the
soil prior to sowing impacted wheat seedling emer-
gence and growth (unpublished data). Hydrochar and
raw feedstock amendments were added to appropri-
ate pots as per Experiment 1 (1% w/w), with three
replicate pots per treatment combination. Three nil-
amendment (mineral fertiliser only) control pots were
also prepared as per Experiment 1. Six wheat seeds
were sown on 14 June 2021, and thinned to three
seedlings 7 DAS.

Measurements

In both experiments, seedling emergence was
recorded at 7 DAS. For shoot biomass, wheat shoots
were cut at approximately 10 mm from the soil sur-
face 38 DAS, oven dried at 40 °C for 5 d (until con-
stant weight was reached), and final weight recorded.
Dried plant samples were ground for nutrient analy-
sis. Shoot N concentrations were determined with a
LECO TruMac CNS Analyser (LECO Corporation,
St Joseph, MI, USA) whilst P, K, trace element and
heavy metal (Cd, As, Hg, Co and Pb) concentrations
were determined using ICP-MS (NexION 350D ICP-
MS, Perkin Elmer, Waltham, MA, USA), following
acid digestion (nitric acid) of dry tissue according to
method APHA 3125 of Rayment and Lyons (2011).
Shoot nutrient content (uptake) was calculated by
multiplying shoot biomass by the respective shoot
nutrient concentration. Soil samples for pH and EC
analysis were prepared by sieving to 2 mm to remove
the roots, and drying at 40 °C overnight in the oven.
Soil pH (1:5 CaCl,) and EC were then measured
using an automated pH/EC analyser (ManTech Incor-
poration, Guelph, Ontario, Canada) according to
method 4A1 of Rayment and Lyons (2011). All sam-
ples were analysed in triplicate.

Statistical analyses

All statistical analyses and visualisation were con-
ducted in R version 2.4.1 (R Core Team, 2005).
Principal components analysis (PCA) was initially
conducted on the complete data set across both exper-
iments to summarise the relationships across samples
and measured variables. Variables were scaled (unit
variance) and the PCA was visualised using the pack-
age ‘factoextra’ (Kassambara and Mundt 2021).

@ Springer

Separate ANOVA models were established for
Experiments 1 and 2 to test the effects of hydrochar
feedstock and HTC temperature on shoot biomass,
soil pH and soil EC, since there were clear differences
between experiments. The experimental design in this
study was augmented, with a 7Xx4 factorial (feed-
stock X HTC temperature) and a control group (i.e.,
no amendment) (Piepho et al. 2006). The data were
therefore clustered into two groups; control-treatment
(C) and test-treatment (T), with a crossed two-way
7x4 structure (feedstock x HTC temperature) nested
within T (McCullagh and Nelder 2019). With this
approach of analysis, full ANOVAs were produced
with all relevant sources of variation using single
models, hence there was no need to specify contrasts.
Data were log transformed prior to analysis to sat-
isfy assumptions of normality, and back-transformed
means are presented.

For seedling emergence, a similar model structure
was fitted as above, except the model was specified
as a binomial generalised linear with emergence suc-
cess as a proportion. Inspection of the emergence data
showed no effect of additional nutrients on germina-
tion in controls (100% germination in both experi-
ments) and suggested similar trends in Experiment 1
and 2, so Experiment was also tested as a categorical
factor in the initial model. This was found to be non-
significant (P=0.53), hence emergence data from
experiments 1 and 2 were pooled to increase the sta-
tistical power to detect potential effects of feedstock/
temperature (i.e., by increasing n=3 to n=6).

Post-hoc pairwise differences between means
(for all response variables) were calculated using
the ‘emmeans’ (Lenth et al. 2018) and ‘multcomp’
(Hothorn et al. 2008) packages. Figures were con-
structed using the package ‘ggplot2’ (Wickham
2016).

Results
Hydrochar physicochemical properties

Mass recovery of hydrochar ranged from 96%
(D-170) to 49% (RS-260) of original feedstock, with
notable reductions in yield at higher HTC tempera-
tures (Table 1). Proximate analysis indicated that
hydrochars produced at high temperature (>200 °C)
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were more likely to have low volatile matter and high
ash content. Fixed C (FC) content varied across feed-
stocks and HTC temperatures (Table 1). Elemental
analysis indicated enrichment of C and P (except for
saw dust, rice straw and paunch-hair), and depletion
of K in hydrochar produced at high temperatures
(Table 1). Hydrochar total N varied across feedstocks
but was not affected by HTC temperatures (Table 1).
Of the heavy metals, only Pb concentrations tended to
increase consistently with increasing HTC tempera-
ture, but only in biosolids, pig manure, paunch-hair,
chicken manure and digestate (Table S9). Hydrochar
pH and EC also varied across feedstock, but only EC
was affected by HTC temperatures (Table 1). Increas-
ing HTC temperature typically reduced hydrochar EC

Rice straw Saw dust
2 3456 7 1 2 3456 7

compared to raw feedstock for all feedstocks except
sawdust and biosolids. With sawdust, increasing HTC
temperature increased hydrochar EC, whilst with bio-
solids, hydrochar EC was not affected by temperature.

The FTIR analysis of chemical bonding revealed
that hydrochars produced from plant-based materials
(saw dust and rice straw) featured a larger proportion
of carboxyl C=0 bonds, while hydrochars from ani-
mal wastes (pig manure, chicken manure and paunch-
hair) were dominated by aliphatic C-H, and those from
sludge wastes (biosolids and digestate) were dominated
by aromatic C-H bonds (Fig. 1). High HTC tempera-
ture (260 °C) increased carboxyl C=0, aromatic C=C,
aromatic C=0 and phenolic O-H, especially in plant-
based hydrochars (RS-260 and SD-260).

Chicken manure Paunch and hair
1 2

e

3456 7 1 2 3456 7

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm-")

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm-")

Pig manure Biosolids
2 3456 7 2 3456 7

4000 3500 3000 2500 2000 1500 1000 500

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm-") Wavenumber (cm-")

Digestate
2 3456 7

J\/\ 260

e

170

N
N

g

e

4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm-") Wavenumber (cm-)

Fig.1 FTIR spectra of hydrochars from rice straw, sawdust,
chicken manure, paunch-hair, pig manure, biosolids and diges-
tate, for raw-feedstock and at HTC temperature (170, 200 and
260 °C). Functional groups of the main FTIR bands: (1) O-H
stretching of carboxylic acids, phenols, alcohols, 3336 cm™';

‘V\ZOO

V\ 170

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm-")

(2) Aliphatic C-H, 2906 cm™'; (3) Carboxyl C=0, 1702 cm™;
(4) Aromatic C=C, 1598 cm™'; (5) Aromatic C=0,
1514 cm™'; (6) Phenolic O-H, 1371 cm™!; and (7) Aromatic
C-H, 609-895 cm.™
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Seedling emergence

There was a significant interaction effect of feedstock
and HTC temperature on seedling emergence response
(P<0.001) (Table S2), with raw chicken manure reduc-
ing seedling emergence by 75% compared to the nil-
amendment control (Table S3).

Plant growth and nutrient accumulation
Experiment 1

There was a significant interaction effect of feedstock
and HTC temperature on shoot biomass response
(P<0.001) (Table S2; Fig. 2). Plant-based feedstocks
including rice straw (RS-Raw, RS-170 and RS-200)
and sawdust (SD-170 and SD-200), and biosolids (BS-
170 and BS-200), reduced shoot biomass by 30-50%
compared to the nil-amendment control (Table S4).
Biosolid (BS-Raw) significantly increased shoot bio-
mass whilst animal wastes including pig manure
(PM-Raw, PM-170 and PM-200), chicken manure
(CM-Raw, CM-170 and CM-200) and paunch-hair
(PH-Raw, PH-170 and PH-200) had no significant
effect on shoot biomass compared to the nil-amend-
ment control (Table S4). Also, digestate (D-Raw,

D-170, D-200 and D-260) had no significant effect on
shoot biomass compared to the nil-amendment control
(Table S4). Although not statistically significant, it
was noted that raw amendments of high-nutrient feed-
stocks (pig manure, chicken manure, paunch-hair and
digestate) increased shoot biomass compared to the
nil- amendment control. All hydrochars produced at
high temperature (260 °C) except for rice straw, saw-
dust and digestate, reduced plant growth by 30-50%
compared to nil-amendment control (Table S4).

In reference to critical-threshold values below
which wheat shoot growth is known to be compro-
mised (Reuter and Robinson 1997), plant tissue N
and P concentrations in Experiment 1 were below the
critical values except for P in RS-260 and SD-Raw
(Table S5). Potassium concentrations in plant tissue
were also below the critical value except for PM-200
and PM-260 (Table S5). Other nutrients including S,
Ca, Mg, Na, Cu, Zn, Mn, Fe, B and Mo were essen-
tially within the adequate range as per critical thresh-
old values (Table S6).

Experiment 2

Principal components analysis confirmed that
the addition of nutrients in Experiment 2 led to
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Fig. 2 Effect of hydrochar addition on wheat shoot biomass
compared to nil-amendment control in limited nutrient condi-

tions (Experiment 1). Horizontal dotted line indicates the mean
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shoot biomass of nil-amendment control (untreated) plants,
with 95% confidence intervals (grey shaded area)
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Fig. 3 Effect of hydrochar addition on wheat shoot biomass
compared to nil-amendment control in luxury nutrient condi-
tions (Experiment 2). Horizontal dotted line indicates the mean

substantial differences in overall plant nutrient uptake
compared with Experiment 1 (Figure S1). However,
similar to experiment 1, there was a significant inter-
action effect of feedstock and HTC temperature on
shoot biomass response in experiment 2 (P <0.001)
(Table S2; Fig. 3). Plant-based feedstocks including
rice straw (RS-raw, RS-170 and RS-200) and saw-
dust (SD-200), animal wastes including pig manure
(PM-Raw, PM-170 and PM-200), chicken manure
(CM-Raw, CM-170 and CM-200) and paunch-hair
(PH-Raw, PH-170 and PH-200), and sludge wastes
including biosolids (BS-Raw, BS-170 and BS-200)
and digestate (D-Raw, D-170 and D-200) had no
significant effect on shoot biomass (Table S4). Only
hydrochar produced at 260 °C (except D-260) irre-
spective of feedstock and sawdust (SD-Raw and
SD-170), significantly reduced (20-30%) shoot bio-
mass (Table S4). Digestate (D-260) also reduced
shoot biomass (10%) though the effect was not
significant.

In reference to critical threshold values as per
Reuter and Robinson (1997), tissue N and P concen-
trations were within the critical range (Table S5).
Potassium concentration in plant tissue was above
the critical range with SD-Raw and SD-170

shoot biomass of nil-amendment control (untreated) plants,
with 95% confidence intervals (grey shaded area)

having slightly less K compared to other treatments
(Table S5). Other nutrients including S, Ca, Mg, Na,
Cu, Zn, Mn, Fe, B and Mo were also within adequate
ranges in all treatments (Table S6A, B). The concen-
trations of heavy metals in shoot tissue were gener-
ally not significantly higher in the 260 °C chars than
other chars, with the exception of Co concentrations
in RS-260 and PM-260, and As levels in PM-260
(Table S6C).

Soil pH and EC
Experiment 1

The effect of hydrochar addition on soil pH varied
across feedstocks, and was not impacted by HTC
temperature except for biosolids and paunch-hair
(Table S7). Biosolid hydrochars (BS-170, BS-200
and BS-260) and paunch-hair (PH-260) signifi-
cantly increased soil pH compared to the corre-
sponding raw feedstock (Table S7). Soil pH fol-
lowing hydrochar addition ranged from 7.25+0.07
(BS-170) to 4.75+0.05 (SD-200) whilst soil pH
of the nil-amendment control was 4.95+0.05
(Table S7). Soil pH with raw feedstock addition
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ranged from 7.07+0.07 (CM-Raw) to 4.49+0.04
(SD-Raw) (Table S7).

Hydrochar addition resulted in varied soil EC
across feedstocks, with a subtle influence of temper-
ature (Table S7). Soil EC following hydrochar addi-
tion ranged from 0.13 +0.02 dS/m (RS-170) to 0.02
dS/m (SD-200) whilst soil EC for nil-amendment
control was 0.02 dS/m (Table S7). Soil EC with
addition of raw feedstock ranged from 0.13+0.02
dS/m (RS-Raw) to 0.02 dS/m (D-Raw) (Table S7).

Experiment 2

The effect of hydrochar addition on soil pH in Experi-
ment 2 followed a similar trend to Experiment 1
(Table S7). Soil pH following hydrochar addition
ranged from 7.01 +0.19 (BS-200) to 4.13+0.11 (SD-
200) whilst soil pH for the nil-amendment control
was 4.95+0.13 (Table S7). Soil pH with raw feed-
stock addition ranged from 6.42+0.17 (CM-Raw) to
4.54+0.12 (SD-Raw) (Table S7).

Hydrochar addition in Experiment 2 had no sig-
nificant effect on soil EC across all feedstocks and
temperatures (Table S7). Soil EC following hydro-
char addition ranged from 0.29+0.03 dS/m (SD-
260) to 0.19+0.02 dS/m (SD-170) whilst soil EC for
control treatment was 0.26+0.03 dS/m (Table S7).
Soil EC with addition of raw feedstock ranged from
0.37+0.04 dS/m (CM-Raw) to 0.18+0.02 dS/m
(PM-Raw) (Table S7).

Discussion

Hydrothermal carbonisation may have a role in the
circular economy by transforming waste products into
soil amendments for sustainable soil performance, but
concerns have been raised about potential phytotoxic
effects of hydrochars on plants (Luutu et al. 2021).
The aim of this study was to resolve the potential
impact of feedstock and HTC temperature on hydro-
char-induced phytotoxicity.

While addition of raw chicken manure reduced
wheat emergence, no other raw feedstock, or hydro-
char, had a significant effect on wheat emergence. The
reduced emergence with chicken manure was likely
due to ammonia or ammonium toxicity (El-Zeadani
et al. 2018; Pan et al. 2016). In contrast to previous
reports of reduced seed germination upon hydrochar
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addition to soil (Bargmann et al. 2013; Busch et al.
2013), hydrochar addition had no significant effect on
emergence in either limited-nutrient (Experiment 1)
or luxury-nutrient (Experiment 2) conditions.

Wheat shoot biomass increase following addi-
tion of raw biosolids, chicken manure, pig manure,
paunch-hair and digestate compared to the nil-amend-
ment control in limited-nutrient conditions is pos-
sibly due to improved N, P and K nutrition as indi-
cated by feedstock nutrient composition (Table 1) and
tissue nutrient content (Table S8). In contrast to the
nutrient-rich feedstocks, raw rice straw and sawdust,
which contained lower nutrients and had high C:N
ratios (Table 1), significantly reduced shoot biomass
compared to the nil-amendment control, as reported
previously for amendments with high C:N ratios
(Truong and Marschner 2019; van der Sloot et al.
2022).

Conversely, addition of biosolids, pig manure,
paunch-hair, chicken manure and digestate hydro-
chars in limited-nutrient conditions reduced wheat
shoot growth compared to the respective raw feedstock
treatments, with a trend towards greater reduction at
higher HTC temperatures (Fig. 2). This trend was not
observed for rice straw or sawdust hydrochars where
growth was instead promoted at the highest tempera-
ture (Fig. 2). These growth reductions are consistent
with several reports from the literature describing
plant growth reductions upon hydrochar addition to
soil (Roehrdanz et al. 2019; Schimmelpfennig et al.
2014; Yin et al. 2022). However, attributing growth
reductions to phytotoxicity can be difficult, because
an apparent phytotoxic effect of hydrochar may be a
result of nutrient deficiency following nutrient immo-
bilisation when hydrochars have a high proportion of C
compared to other key nutrients (N, P, S) (Luutu et al.
2021). Since hydrochar is a labile C source (Libra et al.
2011; Malghani et al. 2015), the potential for microbial
nutrient immobilisation and subsequent deprivation of
nutrients for plant growth is likely (Cao et al. 2021).

The higher shoot biomass production follow-
ing amendment with 260 °C sawdust and rice straw
hydrochars compared to the respective raw feedstock
treatment in Experiment 1 (limited-nutrient) sug-
gests that high HTC temperature of these feedstocks
leads to plant growth stimulation. However, when
adequate nutrients were supplied to the soil in Experi-
ment 2, the results clearly indicated that 260 °C saw-
dust and rice straw hydrochars were phytotoxic, and
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that the nutrient deficiencies in Experiment 1 were
masking the toxicity. The results from Experiment 2
(luxury-nutrient) support the notion that where soils
are nutrient-responsive, any toxicity effects may be
masked by growth stimulation from a fertiliser effect
of nutrient-rich hydrochars. It should also be noted
that the significantly lower biomass production fol-
lowing addition of sawdust amendments (SD-Raw
and SD-170) compared to the nil-amendment con-
trol in Experiment 2 (luxury-nutrient) is likely due to
insufficient K as suggested by tissue-nutrient concen-
trations (Table S5). This is likely because the sawdust
amendment was low in K (Table 1) and K was not
supplemented on a weekly basis like N and P. Ulti-
mately, feedstock had little effect on the phytotoxicity
of hydrochars once nutrient differences between chars
were nullified by application of fertiliser to soils.

The poor growth of wheat in soils amended with
all hydrochars produced at 260 °C irrespective of
feedstock type or nutrient-condition confirms hydro-
char-induced phytotoxicity at high HTC tempera-
ture. This is contrary to our hypothesis that higher
temperatures would mitigate phytotoxic effects of
hydrochars. Phytotoxicity following hydrochar addi-
tion may be a result of reduced soil pH (George et al.
2012) or increased soil EC (Macdonald et al. 2014),
heavy metals or toxic residual compounds in hydro-
char (Poerschmann et al. 2014). In this study, soil pH
and EC following addition of hydrochar produced
at 260 °C were in a similar range to correspond-
ing hydrochars produced at 170 °C and 200 °C that
did not reduce shoot biomass in Experiments 1 and
2 (Table S7). Moreover, soil pH (4.29 -7.08) and EC
(0.03-0.3 dS/m) with hydrochar produced at 260 °C
were within a range suitable for the wheat variety
(EGA-Wedgetail) used in this study (Zhang et al.
2006). The concentrations of heavy metals in wheat
shoots in the hydrochar 260 °C treatments were not
substantially higher than those from raw or hydrochar
170 °C treatments, with the exception of Co levels in
RS-260 and PM-260, and As levels in PM-260, sug-
gesting heavy metals were not the cause of phyto-
toxicity. This implies that toxic residual compounds
in hydrochar are the most likely underlying cause of
phytotoxicity at high HTC temperature (260 °C).

Since biomass degradation and release of break-
down compounds including potential phytotoxins
during HTC is thought to occur between 200 °C to
240 °C (Funke and Ziegler 2010; Kambo and Dutta

2015), further increase in temperature to 260 °C may
promote adsorption or absorption of these compounds
from the liquid fraction back into the formed hydrochar
(Reza et al. 2013), hence conferring toxicity. Residual
organic compounds on hydrochar may include O-func-
tionalised breakdown products (phenols, acids, lac-
tones, furans/ alcohols/ketones, furfurals, etc.), fatty
acids (a-linolenic, nonanoic, palmitic, etc.), short-
chain carboxylic acids (levulinic, acetic, formic acid,
etc.), N-containing organic compounds (3-pyridinol,
5-oxoproline carboxylate, pyrrolidine, etc.) and polycy-
clic aromatic hydrocarbons (PAH) (benzene, toluene,
naphthalene, etc.), some of which have been associated
with phytotoxicity (Liu et al. 2021; Poerschmann et al.
2014, 2015). This is evident in the present study where
carboxyl C=0, aromatic C=C, aromatic C=0, and
phenolic O-H increased with increasing HTC tempera-
ture, particularly with plant-based hydrochars (RS-260
and SD-260) (Fig. 1). Therefore, it is likely that when
hydrochar produced at 260 °C was added to the soil,
sorbed toxins dissolved into soil pore water, assimi-
lated into the plant system and compromised plant
metabolism (Luutu et al. 2021). It should also be noted
that some studies assume that increasing HTC temper-
ature would reduce hydrochar toxicity owing to possi-
ble re-polymerisation of toxic compounds into second-
ary-hydrochars (Benavente et al. 2022; Lucian et al.
2018), or increasing decomposition rate more than the
synthesis rate of toxic compounds (Gao et al. 2021a, b;
Lang et al. 2019; Li et al. 2017). Unfortunately, with
these studies, no plant growth experiments were con-
ducted to confirm the assumptions. In this study FTIR
results indicated an increase in secondary hydrochars
at higher temperature. However, this was associated
with a decrease in plant biomass, which contradicts the
notion that secondary char formation may reduce tox-
icity of hydrochar.

Conclusion

This study generally revealed that phytotoxicity follow-
ing hydrochar addition to soils is influenced by HTC
temperature irrespective of feedstock type. Hydrochar
produced at high HTC temperature (260 °C) is phyto-
toxic and can reduce shoot growth up to 30% but has
no effect on seedling emergence. Conversely, hydrochar
produced at low HTC temperature (170-200 °C) is not
phytotoxic per se. However, a seeming phytotoxic effect
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with hydrochar produced at low HTC temperature may
occur as a result of nutrient deficiency, likely induced
by nutrient immobilisation when hydrochars have a high
proportion of C compared to other key nutrients (N, P,
S). Results also indicated that phytotoxicity effect of
hydrochar can be masked by nutrient deficiency in soils.

These findings highlight the prospects of applica-
tion of hydrochar produced at low HTC temperature
in agroecosystems. Moreover, results highlight the
need for further research to mitigate the phytotoxic
organic compounds in hydrochars produced at high
HTC temperature (260 °C). Of importance, the use of
HTC at low temperature (170-200 °C) for wet feed-
stocks, and the use of pyrolysis where positive results
regarding crop production have been shown (Jeffery
et al. 2011) for low moisture feedstocks, could be a
suitable strategy. In this case, care needs to be taken
to ensure adequate nutrition where nutrient drawdown
caused by hydrochar addition could occur.
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