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Abstract

The feasibility of thermochemical biomass conversion technologies can be improved if value-added applications for all
fractions can be developed. One of such approaches is the use of liquid by-products from slow pyrolysis and hydrothermal
carbonization (HTC) in plant protection. Liquids produced from slow pyrolysis of pine bark, pine forest residues, wheat
straw, and willow, and from hydrothermal carbonization of willow, were analyzed in this study. In particular, potential active
compounds were analyzed, covering the main volatile, simple organic compounds and numerous phenolic substances. Effec-
tivity tests of the liquids as pest repellent (Arianta arbustorum), herbicide (Brassica rapa), and insecticide (Rhopalosiphum
padi) indicated that slow pyrolysis liquid from willow was the most effective pesticide, followed by the liquid from wheat,
bark, and forest residues. HTC liquid did not show any pesticidal activity due to low concentration of organic compounds.
High content of acetic acid and other carboxylic acids, and the presence of dozens of different phenolic compounds seem
to be the main reason for the higher pesticidal activity of willow-derived pyrolysis liquid. Temperature-separated slow
pyrolysis liquids proved to be suitable to be used as pesticides. Consequently there is possibility to improve the feasibility of
thermochemical biomass conversion technologies remarkably by developing the liquid factions to value-added pesticides.
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of thermochemical conversion technologies are strongly
dependent on whether all the produced fractions produced
can be utilized reasonably. Effective practices have not
yet been devised for liquid fraction and therefore new and
well-documented ways to utilize these liquids are needed.
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Potential of various pyrolysis and HTC liquids as pest repel-
lent (Arianta arbustorum), herbicide (Brassica rapa), and
insecticide (Rhopalosiphum padi) were studied. The poten-
tial compounds having pesticidal activity were analyzed.
Slow pyrolysis liquid from willow (WI-PL) was the most
effective pesticide followed by the liquid from wheat (WH-
PL), bark (BP-PL), and forest residues (FR-PL). Instead,
HTC liquid (HTC-L) did not show any pesticidal activity.
Content of acids explains the most differences in pesticidal
activities. Selection of raw material and technology will
determine the quality of liquids and potential to commer-
cialize these products.

Introduction

In recent years, thermochemical conversion technologies
such as torrefaction, slow pyrolysis, and hydrothermal car-
bonization (HTC) have gained increasing interest in convert-
ing various types of biomass to energy and carbonaceous
end-products [1, 2]. Slow pyrolysis is an energy-efficient
and robust process that produces high yields of solid bio-
char from biomass in an inert atmosphere at elevated tem-
peratures (~300-650 °C). In addition to solid biochar,
the process yields liquid and gaseous products that can
be either partly or fully utilized as energy sources at the
production site. In HTC, wet biomass at approximately
10-20% consistency is converted to biochar under pres-
sure (typically <50 bar) at moderate temperatures (approx.
180-260 °C), using water as the carbonization medium.
As a result, a solid carbonaceous biochar (often referred
as hydrochar), a liquid phase consisting of small degrada-
tion products, and a minor gas phase are formed. In general,
thermochemical conversion technologies are flexible with
respect to raw materials and produces solid, liquid, and gas-
eous end-products of varying quality and quantity. Biochar
in particular has recently attracted wide interest because
of its potential benefits in agronomic applications, espe-
cially improving soil fertility and carbon sequestration [2].
Depending on feedstock material and processing conditions,
the chemical composition of products from thermochemi-
cal conversion processes can vary significantly. Typically,
lignocellulosic biomass comprises 20-30% hemicellulose,
40-50% cellulose, and 10-25% lignin. During the thermo-
chemical processing of plant constituents, hemicelluloses
are degraded in the temperature range 180-260 °C, cellulose
at 240-350 °C, and lignin at 280-500 °C [3]. The result-
ing liquids contain e.g., a wide range of organic compounds
such as acetic acid, furfural, and phenolics [3-5]. In HTC
and slow pyrolysis, various chemical reactions occur when
processing heterogeneous biomass. The composition of the
liquid fraction is hence highly dependent on the feedstock
composition, the thermal conversion technology used, and
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process conditions (especially temperature) [2, 5]. Conse-
quently, appropriate analytical procedures to characterize
these liquids are of great importance when assessing the
functionality of these products in various applications.

The overall feasibility, environmental sustainability,
and industrial exploitation of thermochemical conversion
technologies are strongly dependent on whether all the frac-
tions produced can be utilized reasonably. There are various
alternative ways to utilize these liquids, e.g., Keskinen et al.
[6] suggest use of temperature-fractionated slow pyrolysis
liquids for manure acidification. Other researchers suggest
separation of the liquids into fractions of specific compounds
[7-9]. One of the potential ways to get added value for the
liquid fractions is their use for plant protection purposes [5,
10]. However, effective practices have not yet been devised
and therefore new and well-documented ways to their utili-
zation are strongly needed.

In the European Union (EU), there is a generally recog-
nized need to develop alternatives to replace certain groups
of pesticides which have been questioned in integrated pest
management (IPM) (2009/128/EC). Such pesticides include
a broad spectrum of organophosphates, carbamates, and
neonicotinoids. Use of slow pyrolysis liquids (pyroligne-
ous acids) as herbicides, insecticides, and fungicides has
a long tradition in many Asian countries [11-13]. Recent
studies suggest that pyrolysis liquids are effective against a
number of pests [10-12, 14]; exert antifungal activity against
pathogenic fungi and yeasts [15, 16]; and induce systemic
resistance to fungal diseases in plants [17]. However, more
scientific evidence is needed concerning the effectiveness
of liquids from various feedstocks and thermochemical con-
version technologies (processes and conditions) in various
applications and under controlled study conditions.

As the chemical composition of the liquids from slow
pyrolysis and HTC varies significantly, their effectiveness
as a pesticide may also differ. Hossain et al. [11] found that
lignin-based pyrolysis liquids (aquatic and organic phase
bio-oils) produced at higher temperatures (550 °C) were
more toxic to the larvae of Colorado beetle (Leptinotarsa
decemlineata) than those produced at lower temperatures
(450 °C) and concluded that polycyclic aromatic hydro-
carbons (PAHs) are probably the principal compounds
responsible for the observed insecticidal activity of lignin-
based pyrolysis liquids. Hagner et al. [10] found that birch
(Betula sp.)-derived slow pyrolysis liquids containing PAH
substances can repel snails (Arianta arbustorum). As the
PAH compounds are ubiquitous environmental pollutants
with toxic, mutagenic, and carcinogenic effects on vari-
ous organisms, their release into the environment is highly
restricted [18]. Fagernis et al. [19, 20] suggest that, due to
their low tar and PAH content, pyrolysis liquids separated
out at below 300 °C are most promising to commercialize
for various applications. Recent technical development has
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led to new innovations targeting in situ separation of low-
and high-temperature pyrolysis liquids (continuous pyrolysis
device, ongoing patenting), which could facilitate utilization
of pyrolysis liquids [5, 6]. Thus more studies are required to
optimize feedstock materials, pyrolysis conditions, and liq-
uid collection set-ups to produce various slow pyrolysis lig-
uids without carcinogenic PAHs and with well-documented
functionality in various usages.

The aim of the present study was to determine the pesti-
cidal efficacy of various PAH-free liquids from slow pyroly-
sis of pine bark (PB-PL), pine forest residues (FR-PL), wheat
straw (WH-PL), willow (WI-PL), and from hydrothermally
carbonized willow (HTC-L). The effect of the liquids as a
(i) repellent, using the copse snail (Arianta arbustorum), (ii)
herbicide, using turnip rape seedlings (Brassica rapa), and
(iii) insecticide against aphids (Rhopalosiphum padi) was
tested at laboratory scale. An additional aim was to charac-
terize the liquids in terms of potential bioactive compounds
inducing pesticidal impacts including the main volatile, sim-
ple organic compounds and phenolic substances.

Materials and Methods
Feedstock and Process Conditions

The feedstocks used as raw materials for thermochemical
conversion were Scots pine bark, Scots pine forest residues
(composed of small trees with twigs and needles), wheat
straw, and willow (Salix sp., unbarked short rotation cop-
pice). Prior to processing, the raw materials were dried at
<70 °C in a flat-bed drying wagon to a dry matter content
of approximately 90% (w/w) (Table 1) and thereafter shred-
ded in a single-shaft shredder with a 15-mm screen. The
four pyrolytic treatments were conducted in a batch-type
bench-scale slow pyrolysis unit where the reactor is indi-
rectly heated with an electric oven. The pyrolysis unit and

its operations have been described in detail, together with a
photo on its layout, by Fagernis et al. [20]. The capacity of
the reactor was about 6 kg for feedstock. The temperature of
the oven was controlled via a preset program to pass through
multiple steps. In practice, the rate of temperature rise was
approximately 8 °C min~!. Liquid samples for further test-
ing were collected at reactor temperatures below 280 °C, to
obtain liquids with a high content of organic acids and a low
content of tars. After collection of the acidic liquids (used
in this study), the pyrolysis process was continued to reach
the target temperatures (375 and 475 °C) for the production
of tar-rich liquid fraction (derived > 280 °C) and biochar.
The results of tar-rich liquid fraction and biochar will be
published elsewhere.

The HTC treatment (willow only) was carried out in a
10-L Hastelloy C276 stirred autoclave reactor (see Wikberg
et al. [21]). The process sequence consisted of reactor heat-
ing up to 260 °C (~60 min), residence time of 6 h, and a
water cooling period before venting the residual pressure and
opening the reactor. Four sequential runs were performed
while recycling the liquid fraction to make it more concen-
trated. First, willow-water suspension with a consistency
of approximately 4% (w/w) was introduced to the reactor.
Very low consistency was used to ensure that the mixing in
the reactor would work during HTC processing. After the
treatment, the carbonaceous slurry was filtered in a Biichner
funnel and the liquid was collected for reuse. For preparation
of the willow-water suspension for subsequent runs, approxi-
mately 7100 g of the recycled liquid were combined with
400 g of de-ionized water, and then mixed with around 310 g
of dried willow chips. After the fourth repetition, the final
liquid was collected for the study. Further information about
the materials and process conditions is given in Table 1. The
same raw-materials and processing conditions were previ-
ously used in the study of Keskinen et al. [6].

Altogether, five different liquid fractions were pro-
duced: slow pyrolysis liquids originating from pine bark

Table 1 Properties of feedstock materials and process conditions used to produce slow pyrolysis liquids based on pine bark (PB-PL), forest resi-
dues (FR-PL), wheat straw (WH-PL), and willow (WI-PL), and hydrothermal carbonization (HTC) liquid from willow (HTC-L)

PB-PL FR-PL WH-PL WI-PL HTC-L
Feedstock Scots pine bark Forest residue Wheat straw Willow Willow
Process Slow pyrolysis Slow pyrolysis Slow pyrolysis Slow pyrolysis HTC
Process temperature °C 280 280 280 280 260
Moisture % (wt) of feedstock® 7.8 7.3 6.4 5.6 5.6°
Ash content % (wt) dry matter® 2.3 2.0 8.2 1.9 1.9
Volatile matter % (wt) dry matter? 74.3 78.1 75.1 80.5 80.5

2EN 14774-1

®In the HTC process, the feedstock was mixed with water and the final moisture content of Salix sp.+ water suspension was 96%

°ISO 18 122
JENISO 18 123

@ Springer
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(PB-PL), forest residues (FR-PL), wheat (WH-PL), and
willow (WI-PL), and recycled HTC liquid from willow
(HTC-L).

Analysis of the Liquids

Organic compounds in the liquid samples were analyzed
by gas chromatography (GC), using separate methods
for different compound types. The most volatile com-
pounds were analyzed directly in the aqueous samples,
as described by Lindfors et al. [22] and Fagernis et al.
[20], using a flame ionization detector and an Innowax
capillary column. The aromatic compounds were analyzed
by gas chromatography-mass spectrometry (GC/MS) after
trimethylsilylation, using a method slightly modified from
that of Borrega et al. [23]. In an earlier study, the same liq-
uids were analyzed by capillary electrophoresis for volatile
fatty acids and other simple carboxylic acids [6].

For trimetylsilylation, the aromatic compounds were
extracted twice from the liquids (1-3 mL) with 4-5 mL of
diethyl ether, after addition of salicylic acid as the inter-
nal standard. The organic phases were evaporated to dry-
ness and derivatized in pyridine (0.2 mL) with a 0.2 mL
mixture (3:1) of N,O-bis(trimethylsilyl)trifluoroacetamide
and trimethylchlorosilane. The GC/MS runs were per-
formed with an Agilent 6890 series GC system, equipped
with an Agilent 5973 mass selective detector and a DB-5
MS capillary column (30 m X 0.25 mm, film thickness
0.25 pm). The temperature program applied was 1 min at
70 °C, 10 °C min~! to 300 °C, and 11 min at 300 °C. The
injection split ratio was 50:1. The MS identifications were
based on the use of relevant literature [23, 24] an in-house
MS library, and the commercial Wiley database. Quanti-
tative determinations were based on peak areas without
corrections.

The liquid samples were analysed (Fagernis et al. [19])
by Eurofins Nab Labs Ltd (Finland) for 16 PAH compounds
usually monitored by the US Environmental Protection
Agency EPA. For this, 2-g liquid samples were extracted
with hexane, after addition of four deuterated PAH com-
pounds (naphthalene-d8, anthracene-d10, chrycene-d12
and dibenzo[a,h]anthracene-d14) as internal standards. The
extracts were further cleaned by DMSO liquid-liquid par-
titioning and subjected to the SIM mode GC/MS analysis.
The runs were performed with an Agilent 5973 GC/MS sys-
tem, equipped with an HP-5MS capillary column (25 m X
0.2 mm, film thickness 0.33 um). The temperature program
applied was 1 min at 60 °C, 8 °C min~! to 300 °C, and
10 min at 300 °C. The splitless injection technique was used.
The detection limit for this method is 0.1 pg mL~! sample
and the repeatability +20-40%, depending on the concentra-
tions of the individual components.
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Repellent Experiments

Protocol developed by Lindqvist et al. [14] was used to test
the repellent effect of the five liquids on common garden
snails (Arianta arbustorum). Adult snails were collected
from a fertile grove in Jokioinen, Southern Finland, on
the evening before the test day and placed in a refrigera-
tor (+4 °C). Maturity of snails was ensured by identify-
ing the thickened outer lip framing the aperture of the shell
[25]. The snails were collected on the previous evening of
the testing day and placed in a refrigerator (+4 °C) prior
to testing. The snails were taken into room temperature
(20-22 °C) 15 min before the tests and individuals that woke
within 15 min were selected and immediately used in the
experiments. As snails can sense and be disturbed even by
extremely small concentrations of the test liquids, the tests
were conducted in the three separate rooms during 1 week.
The slow pyrolysis and HTC-L liquidwere tested in 10% and
1% (v/v) concentrations, with each treatment having four
replicates. HTC-L was also tested in 20% concentration.
In addition, commercial BioPlantella snail gel (Unichem
d.o.0.), a commercial product known to repel snails, was
used as an active control. The BioPlantella and water con-
trols (without additions) were replicated every testing day,
i.e., each liquid and concentration tested had a separate con-
trol treatment.

The test arenas were constructed from circular plastic
rings (outer @ 10.5 cm, inner @ 6.5 cm, height 2.5 cm),
which were placed in the test dilutions and left to saturate
for 30 s. The rings were immediately placed on a plastic
base and two snails were positioned in the middle of each
ring. The distance between the test units (plastic rings) was
around 20 cm. Leaves of lettuce were placed outside the
rings to lure the snails to leave the ring. The escape time
of snails, i.e., the time between positioning the snail in the
middle of the ring and recording it (1) on the rim and (2)
fully outside the ring was observed during 60 min. Snails
that left the rings were removed from the experimental area.

Herbicidal Effects

The herbicidal effect of the pyrolysis liquids on turnip
rape (Brassica rapa: Apollo, Boreal Plant Breeding Ltd)
was tested using the Jacobsen germinator (Rubart Appa-
rate GmBH) [26]. It consists of a germination plate that is
temperature-conditioned by means of a water basin below.
Germination spirals (filter papers @ 6 cm) equipped with a
paper wick and a paper substrate were placed on the germi-
nation plate. The wick was led through slots in the germina-
tion plate and into the water bath below, thus supplying the
required humidity and desired temperature (20 °C) to the
paper substrate. Turnip rape seeds (20 pcs) were placed on
germination spirals, which were covered with a transparent
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cover dome to provide the air humidity required for germina-
tion. A little hole in the upper end of the dome ensured a suf-
ficient supply of fresh air and minimum evaporation. After
7 days, the covers were removed, the germinated seedlings
were counted, and the germination spirals with seedlings
were treated with liquid dilutions. Tap water was used as
an inert control and 2-methyl-4-chlorophenoxyacetic acid
(MCPA, 0.5 mL L™!) and Cooper (acetic acid 240 g L',
Berner Oy) were used as active controls. An even deposit
of distillate over the filter paper was achieved using a Pot-
ter precision laboratory spray tower spraying 0.6 mL of the
selected liquid per filter paper. The liquid concentrations
tested were 100, 40, 30, and 20% (v/v) The tests started with
the highest concentration of each liquid. If the liquid dam-
aged > 60% of seedlings, it was included the next test with
more dilute solution. All treatments had four replicates and
each concentration had its own controls (water, Cooper, and
MCPA). The treated germination spirals were returned to
the Jacobsen germinator and the cover domes were set on
their places. The number of living seedlings and the weight
of their wet biomass (without primary seed) were measured
after 7 days.

Aphid Dip Bioassay

A greenhouse strain of aphids (Rhopalosiphum padi) from
Biotus Oy has been propagated in Natural Resources Insti-
tute Finland since 2015. The colony is maintained in a
growth chamber with growing barley (strain Voitto) as a
food source at 27 + 5 °C, under continuous light (24 h). The
condition of aphids is checked and a new pot of barley is
added weekly. A protocol was developed in this study for
dipping aphids in liquid solution. Barley leaves (3 cm) con-
taining around 10-15 aphids were cut from plants growing
in the growth chamber and dipped immediately for 2 s in
20 mL of tap water (a pure control treatment), Sumi-Alpha
(esfenvalerate 50 g L~!, a commercial control which killed
all aphids), or experimental liquid. After 2 s, the leaf with
aphids was transferred from the solution and blotted in a
clean bowl (30 mL). The bowls were closed using perforated
lids with a 0.7 cm @ hole covered with gauge and held in
continuous light in a water steam (to maintain humidity) in a
growth chamber at 22 °C. After 24 h, a fresh 3 cm barley leaf
was added to each bowl. After another 24 h, the aphids were
counted and classified as dead, knockdown (lying upside
down and moving their legs), or alive. The slow pyrolysis
liquid concentrations tested were 100, 50, 40, 25, 20, 15, 10,
and 5% (v/v), with each treatment having four replicates.
Tests were first conducted with 100% liquids, and solutions
eliminating > 80% of aphids were included in the next test
with more dilute liquids. This protocol resulted in aphid sur-
vival of >95% after 48 h in controls receiving water only,

indicating that the aphid-dip method was reliable for con-
ducting the bioassays.

Statistical Analysis

The normality of data was analyzed using the Kolmogo-
rov—Smirnov and Shapiro—Wilk tests and the homogeneity
of variances with Levene’s test. The data were not always
normally distributed and the variances were sometimes
heterogeneous, so when needed, transformations (log)
were used to normalize data. First, the similarity of con-
trol treatments (snails: water only and BioPlantella; turnip
rape: water only, MCPA, and Cooper; aphids: water only
and Sumi-Alpha) conducted during various days was tested
by one-way ANOVA. The Tukey post hoc test was used for
paired comparisons. As there were no differences in the
repellent effect of controls conducted on separate days, the
data from all treatments were combined and analyzed as
follows:

The repellent effect on snails was analyzed using repeated
measures ANOVA. Response variables were: (1) plac-
ing snails in the ring (mean of two snails per ring) and (2)
snails outside the ring. Treatments (water only, BioPlantella,
PB-PL, FR-PL, WH-PL, WI-PL, and HTC-L) were used as
predictor variables. Data concerning the herbicidal effect of
various liquids on turnip rape seedlings were not normally
distributed even after transformation and were therefore ana-
lyzed using the non-parametric Kruskall-Wallis test. The
Mann—Whitney U test was used for paired comparisons,
using treatment as predictor variable and observed effect
(number of dead/healthy seedlings and biomass) as response
variable. Results of aphid experiments were analyzed using
one-way ANOVA. Percentages of dead and knockdown
aphids were used as response variable and treatment as pre-
dictor variable. In all tests the concentrations were analyzed
separately.

Regression analysis (step-wise model) was used to ana-
lyze the correlation between the concentrations of various
chemicals in slow pyrolysis liquids and observed responses
on test organisms: snails on the rim and outside the ring
(1% liquids), number of dead/healthy seedlings and biomass
of turnip rape (40% liquids), and percentages of dead and
knockdown aphids (40% liquids). The highest pyrolysis
liquid concentration showing statistically significant differ-
ences between products was chosen as the test concentration.

Results and Discussion
Composition of the Liquids

In the GC and GC/MS analyses, more than 200 low-molar
mass compounds were detected in the liquid samples. A
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significant proportion of these were either fully or partly
identified, although only limited attention was paid to com-
pounds present in trace amounts (< 5—10 mg L™!). Most of
the compounds identified represent known products from
pyrolysis, dry distillation, or torrefaction of various lignocel-
lulosic biomasses [20, 27-29], including slow pyrolysis of
pine bark [30], forest residues [31], and willow [32]. How-
ever, some novel or uncommon pyrolytic products were also
detected.

The water content of raw-material influences its behav-
ior during pyrolysis and affects the quality of the produced
pyrolysis liquid. Thus we aimed at drying all feedstock
materials to similar initial levels before thermochemical pro-
cessing; the moisture content of raw-materials varied only
slightly being between 5.6 and 7.8% (Table 1). However, the
variation in the water content of the produced liquids (PB-
PL, FR-PL, WH-PL, WI-PL, and HTC-L) was much higher
being 87.2, 81.5, 74.6, 69.6, and 97.6% (w/w), respectively.
Consequently, at least when water content of feedstock mate-
rials is low, the water producing reactions occurring during
the thermochemical conversion of organic material have
higher impact on the water content of the produced liquids
than small differences in the moisture content of feedstock
materials. As assumed, the most abundant volatile aliphatic
compound in each liquid was acetic acid, most of which is
derived from slow pyrolysis of acetylated hemicelluloses.
The highest acetic acid concentration was found in slow
pyrolysis liquid derived from willow (WI-PL, 162 g L™,
followed by wheat straw-based liquid (WH-PL, 84 g L)
and liquid from Scots pine forest residues (FR-PL 67 g L)
and bark (PB-PL 44 g L™!) (Table 2). These concentration
differences are well in line with the known higher acetyl
content of hardwood and agro-based materials compared
with softwood [33]. In comparison, the acetic acid concen-
tration in the willow-based HTC liquid (HTC-L) was only
9.4 g L', Other major compounds in the slow pyrolysis
liquids included methanol (15-21 g L™!), hydroxyacetone
(8.2-19 g L"), 1-hydroxy-2-butanone (1.3-11 g L), for-
mic acid (4.3-7 g L™!), and propanoic acid (2.8-9.6 g L7!).
Corresponding concentrations in HTC-L were 1.9, 0.1, 0.01,
0.1, and 0.3 mg L™, respectively (Table 2).

The aromatic compounds comprised complex mixtures
of well-established lignin-derived phenolic compounds
(Table 3). In many cases, similar guaiacyl and syringyl
compounds were formed from the two main raw material
types (in terms of their lignin structures). For the soft-
wood-based raw materials, i.e., pine bark and forest resi-
dues (PB-PL and FR-PL), these mainly included different
guaiacyl (4-hydroxy-3-methoxyphenyl) compounds and
catechols (Table 3). One of the most striking differences
was in the arylalkanols, as e.g., dihydroconiferyl alcohol
was one of the main products in slow pyrolysis liquids
originating from softwood, but only traces were found in
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Table 2 Concentrations (mg LY of the most volatile compounds in
the slow pyrolysis liquids based on pine bark (PB-PL), forest residues
(FR-PL), wheat straw (WH-PL), and willow (WI-PL), and hydrother-
mal carbonization (HTC) liquid based on willow (HTC-L), as ana-
lyzed by GC-FID on an Innowax column, using direct injection of the
aqueous samples

Compound PB-PL FR-PL WH-PL WI-PL HTC-L
Furan 70 140 200 30 25
Methanol 17,300 21,000 15,000 20,100 1880
Ethanol 150 170 100 140 40
2-Propanol 940 330 150 100 50
Acetaldehyde 750 1050 880 330 60
Glycolaldehyde 690 1020 1500 1020 100
Furfural 3230 1270 530 1170 35
5-Methylfurfural 1560 680 160 790 10
2-Acetylfuran 310 260 330 490 80
Acetone 870 760 550 330 480
Hydroxyacetone 8200 14,900 18,600 14,700 95
2-Butanone 330 520 760 330 160
1-Hydroxy-2-bu- 1270 2980 11,300 5580 10
tanone
Formic acid 4300 7000 4600 5300 100
Acetic acid 43,900 66,800 84,400 162,000 9390
Propanoic acid 2800 3690 9560 5470 310

Formic acid data is from Keskinen et al. [5]

liquids originating from willow (WI-PL) and wheat (WH-
PL). In contrast, WI-PL and WH-PL contained a variety
of syringyl (4-hydroxy-3,5-dimethoxyphenyl) compounds,
but only traces were found in the softwood-based liquids
(Table 3). Catechol was the main phenolic compound in
all liquids tested. Although substantial amounts of the
methylcatechols and 4-ethylcatechol were also present,
the overall profiles of different catechol compounds were
relatively simple (compared with the guaiacyl and syringyl
compounds).

One of the catechol compounds deserves special attention
due to its unexpected occurrence in moderate amounts in
the samples. This compound was found in all liquids, with
the highest concentrations in those from wheat and willow.
It was finally identified as 3-(2,3-dihydroxyphenyl)propa-
noic acid with the help of a commercial model compound
(Toronto Research Chemicals). The mass spectrum [m/z (%
rel. int), 398 (M+, 55), 383 (44), 293 (13), 253 (18), 193
(19), 179 (100), 147 (30), 73 (90)] is also in good agreement
with data in Snook et al. [34] and Burlingame and Chap-
man [35]. To our knowledge, this catecholic carboxylic acid
has not been found previously among the pyrolytic products
of any lignocellulosic material. Other phenolic substances
detected included phenol and its simple alkyl derivatives,
4-hydroxyphenyl compounds, and benzenediols other than
catechols.
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Table 3 Indicative
concentrations (mg LY of
the main aromatic compounds
identified as their trimethylsilyl
derivatives (with the exception
of phenol analyzed by direct
water injection) in the slow
pyrolysis liquids based on pine
bark (PB-PL), forest residues
(FR-PL), wheat straw (WH-
PL), and willow (WI-PL), and
hydrothermal carbonization
(HTC) liquid based on willow
(HTC-L)

Compound PB-PL FR-PL WH-PL WI-PL HTC-L
Benzoic acid 52 72 0 29 0
Phenol 92 356 90 486 122
2-Methylphenol 15 32 22 58 0
3-Methylphenol 30 136 66 218 0
4-Methylphenol 15 104 77 131 0
Miscellaneous alkylphenols 24 44 44 0
4-Hydroxyacetophenone 280 0 0 0
4-Hydroxybenzoic acid 0 72 0 0 22
3-(4-Hydroxyphenyl)-1-propanol 37 88 0 0 0
Guaiacol 37 264 363 522 29
4-Methylguaiacol 111 232 121 174 0
4-Ethylguaiacol 22 32 121 160 0
4-Propenylguaiacols (3 isomers) 0 0 0 145 0
Vanillin 222 160 220 319 0
Acetovanillone 67 88 154 73 19
Guaiacylacetone 111 272 176 261 15
Vanillic acid 74 56 11 15 0
Homovanillic acid 15 0 0 0 0
3-Guaiacylpropanoic acid 74 16 11 0 24
1-Guaiacylethanol 81 0 11 29 0
Dihydroconiferyl alcohol 422 560 11 29 14
1-Guaiacyl-1-hydroxyacetone 81 32 11 0 0
Other guaiacyl compounds 118 64 88 87 20
Syringol 0 0 770 1088 136
4-Methylsyringol 0 0 165 493 0
4-Ethylsyringol 0 0 99 406 14
4-Propylsyringol 0 0 22 87 0
4-Propenylsyringols (3 isomers) 0 0 22 116 0
Syringaldehyde 0 0 22 290 0
Acetosyringone 0 0 88 203 19
Propiosyringone 0 0 0 73 0
Syringylacetone 0 0 66 276 22
1-Hydroxy-1-syringylacetone 0 0 11 87 0
Other syringyl compounds 0 0 55 116 24
1,2,4-Benzenetriol 0 0 0 0 61
Hydroquinone 178 328 440 450 102
2-Methylhydroquinone 52 40 176 174 46
Catechol 1628 1280 1342 1175 146
3-Methylcatechol 104 136 77 102 0
4-Methylcatechol 363 240 407 334 31
4-Ethylcatechol 111 104 198 145 7
3-Methoxycatechol 0 0 220 348 73
3-(2,3-Dihydroxyphenyl)-propanoic acid 59 88 407 319 20
Other catechol compounds 89 56 66 131 31

Low PAH content of the liquid products was ensured, as
the concentrations of the 16 EPA PAH compounds (naphtha-
lene, acenaphtylene, asenaphthene, fluorine, phenanthrene,
anthracene, fluoranthene, pyrene, bentso(a)anthracene,
chrysene, bentzo(b)fluoranthene, bentzo(k)fluoranthene,

bentzo(a)pyrene, indeno(1,2,3-cd)pyrene, dibentzo(a,h)
anthracene and bentzo(g,h,i)perylene) analyzed in the liq-
uids were all below detetion limit (<0.1 mg L") apart from
the concentration of 0.4 mg L™ naphthalene in FR-BL
being very low in compared with those reported in other
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publications (e.g., Fagernds et al. [19]). The total con-
centrations of PAHs were <0.1 mg L™! except in FR-BL
(0.4 mg L7h.

Pesticidal Effects of the Liquids on Target Species

The willow-based pyrolysis liquid (WI-PL) was the most
effective repellent against the snails in all concentrations
tested, followed by WH-PL, PB-PL, and FR-PL. When used
at 10% concentration (v/v), all pyrolysis liquids induced a
clear repellent influence on snails (p <0.01) (Fig. 1). WI-PL
was as effective as the commercial repellent BioPlantella
(p=1.000), while the repellent impact of WH-PL, PB-PL,
and FR-PL was 76%, 61%, and 53% of that of BioPlantella
(p<0.05). At lower concentrations (1% v/v) there were more
distinct differences between the products. For example, the
repellent effect of WI-PL differed significantly from that
of FR-PL and PB-PL (p=0.034, p=0.012, respectively)
and there were no differences between the repellent impact
of the inert control, WH-PL, PB-PL, and FR-PL (1% v/v)
(p>0.05 in each case) (Fig. 1). HTC-L had no repellent
effect on snails even at the 20% and 10% concentrations
(v/v) (p=0.919).

The herbicidal effect of liquids was tested using turnip
rape as the test species. In the control spirals receiving water
only, the germination of seeds was > 80% during the first 7
days, and the proportion of dead seedlings between 7 and 14
days was only 2.8%. Pesticide controls sprayed with MCPA
and Cooper eliminated 91.4 and 89.6% of seedlings, respec-
tively. At 100% concentration, all pyrolysis liquids showed a
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Fig.1 Escape time (s) of snails from rings treated with 10% (v/v)
hydrothermal carbonization liquid (HTC-L) based on willow, slow
pyrolysis liquids (10 and 1% concentrations, v/v) based on pine bark
(PB-PL), forest residues (FR-PL), wheat straw (WH-PL), and wil-
low (WI-PL), commercial repellent (Plantella), and control rings
(=without additions) after 60 min exposure. In =snail located on the
rim of the ring, Out =snail outside the ring. **Significant difference
(p<0.01) compared with control
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clear herbicidal effect on turnip rape seedlings, eliminating
82.3-92.5% of seedlings (significance to control p <0.01 in
all cases, Mann—Whitney) (Table 4). WH-PL and WI-PL
were as effective as the MCPA (p=0.862 in both cases) and
Cooper controls (p=0.684). At 40% concentration (v/v),
there were clear differences between products. The effect
of WI-PL was still comparable to that of the herbicide con-
trols, as 97.3% of seedlings died, while WH-PL and FR-PL
eliminated 70.2% and 65.0% of seedlings, respectively (sig-
nificance to control WH-PL: p<0.01, FR-PL: p <0.05).
The effect of PB-PL was significantly lower than that of
the other slow pyrolysis liquids, as it eliminated only 23.5%
of seedlings (significance to control and all other liquids:
p <0.05). In more dilute concentrations (<40%) the differ-
ences were even more evident, with WI-PL always being
the most effective, followed by WH-PL, FR-PL, and PB-PL
(Table 4). HTC-L had no herbicidal effect on seedlings even
at 100% concentration.

At 100% concentration, all pyrolysis liquids eliminated
98-100% of aphids (in all cases p<0.05 compared with con-
trol) (Fig. 2) and no differences between the liquids were
observed (p=1.000). However, 100% HTC-L had no effect
on aphid survival or condition (p=1.000). At 50% concen-
tration, the effect of all slow pyrolysis liquids differed from
that of the water control (in all cases p <0.05), but there
were also clear differences between products. For example,
WH-PL and WI-PL were still as effective as the Sumi-Alpha
control (p=0.990 compared with Sumi-Alpha), eliminat-
ing > 90% of aphids, while PB-PL and FR-PL eliminated
59% and 67% of aphids, respectively (compared with Sumi-
Alpha: p<0.001 p=0.039, respectively) (Fig. 2). In 20%
concentration, WH-PL and WI-PL were still as effective in
eliminating aphids as the commercial product Sumi-Alpha
(p=0.855, p=0.758, respectively). The insecticidal effect of
WH-PL decreased to below 50% at 15% concentration, while
WI-PL still had almost 90% insecticidal effect on aphids
(Fig. 2).

Regression analysis showed a correlation between acetic
acid concentration of the slow pyrolysis liquids and time
taken for snails to escape outside the rings (R>=0.913,
p=0.045). However, no correlation was found between the
other individual compounds of liquids and observed efficacy
in controlling snails, aphids, or weeds (step-wise regression
analysis, p> 0.05).

Pesticidal Activity in Relation to Specific Compounds
in Slow Pyrolysis Liquids

The concentrations of organic compounds in the final
HTC liquid remained very low and it had no pesticidal
effect on target organisms. Concentrations of organic com-
pounds in slow pyrolysis liquids varied between 12.8 and
30.4% (Table 4) and might explain some, but not all, of the
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Table 4 Percentage (%) of dead, healthy, and damaged turnip rape
seedlings after 7 days of exposure to various concentrations of hydro-
thermal carbonization liquid (HTC-L) based on willow, slow pyrol-

ysis liquids based on pine bark (PB-PL), forest residues (FR-PL),

wheat straw (WH-PL), and willow (WI-PL), the commercial herbi-
cides MCPA and cooper (active controls) and water (inert control-
H,0) (mean+ SE)

Product Conc., % OMC % Dead seedlings % Healthy seedlings % Damaged seedlings %
Control-H,0 100 0 28+1.3 85.8+2.3 11.3+24
Control-MCPA 0.5 n.d. 91.4+3.8 6.8+3.0 1.9+1.1
Control-cooper 25 n.d. 89.6+8.0 59+5.0 4.5+45
HTC-L 100 4.0 7.7 £3. 10k 78.0 47,704k 143+49
PB-PL 100 12.8 82.6+ 13.3%#* 8.8+4.8%x* 8.6+8.6
FR-PL 100 18.5 82.3 £ 8.4k 3.942.30%* 13.7£7.0
WH-PL 100 254 92.5+4.4%%* 5.8£3.9%%* 1.7+1.7
WI-PL 100 304 92.3+4.5%%* 6.0+3.9%%* 1.8+1.8
HTC-L 40 1.6 2.6+ 150w cokx 94.7 4230w ot 2.8+2.8
PB-PL 40 5.1 23.5+17.2%* 68.9+18.2%* 7.6+24
FR-PL 40 7.4 65.0+7.5%%* 21.045.8%%* 14.0+8.8
WH-PL 40 10.2 70.2+10.1%%* 25.1£8.5%** 47+33
WI-PL 40 12.2 97.3£0.7%%* 0.0+0.0%%* 27+1.6
HTC-L 30 - n.d. n.d. n.d.
PB-PL 30 - n.d. n.d. n.d.
FR-PL 30 5.6 21.2.4£7.90 4k 57.4 £ 17.5% 8Dk corx 214+11.6
WH-PL 30 7.6 71.6+18.5%** 5.6+5.6%%* 22.8+13.8
WI-PL 30 9.1 79.2 4 8.3 234230k 18.5+8.8
HTC-L 20 - n.d. n.d. n.d.
PB-PL 20 - n.d. n.d. n.d.
FR-PL 20 - n.d. n.d. n.d.
WH-PL 20 5.1 39.7 £ 12,9 Dok ot 44,1 £9. 7w Dosexcxx 16.2+3.7
WI-PL 20 6.1 56.8 £ 13.5% 4 Dot Cotor 29.8 9.9k Dot ot 13.4+6.7

OMC % Organic matter concentration of the dilution (%)
Different letters indicate significant difference (*p <0.05 or **p<0.01) of treatment compared with the H,O (*), MCPA (®) and Cooper (°) con-

trols

Fig.2 Percentages of dead
(black column), knockdown
(grey), and live (white) aphids
dipped in 100, 50, 40, 25, 20,
15, 10 or 5% dilutions of slow
pyrolysis liquids based on pine
bark (PB-PL), forest residues
(FR-PL), wheat straw (WH-PL),
and willow (WI-PL), hydrother-
mal carbonization (HTC) liquid
based on willow (HTC-L),
active control herbicide (Sumi-
Alpha 0.5 mg L") or water
only. Different letters denote
significant difference (p <0.05)
compared with water (a) or
Sumi-Alpha (b). A dilution
eliminating > 80% of aphids was
carried on for testing at the next
dilutions
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observed responses on target organisms. For example, the
40% dilution of WH-PL contained 10.2% organic matter and
eliminated 70% of rape seedlings and 84% of aphids, while
the 40% dilution of PB-PL, which contained 5.1% organic
matter, eliminated only 23% and 34% of aphids, respectively,
i.e., the difference in effect was greater than the variation in
organic matter content of the solutions (Table 4).

The content of acids, resulting mainly from high con-
centrations of acetic acid (Table 2), was most probably the
main reason for the higher pesticidal activity of willow-
based pyrolysis liquid (WI-PL) compared with the other
liquids (PB-PL, FR-PL, WH-PL). Acetic acid has long
been applied in plant protection. It is an approved active
substance in Europe and listed as a biopesticide in the USA
[36, 37]. The acetic acid content of WI-PL was about 16.2%
(w/v), whereas that of PB-PL was only around a quarter
of that level (4.4%). Acetic acid has been shown to be one
of the strongest termiticides in pyrolysis liquid (wood vin-
egar) [10]. According to Kim et al. [38], most of the con-
tact poison properties of pyrolysis liquid (liquid smoke) are
explained by the content of acetic acid, which can damage
the cuticle permeability of an insect, causing it to die. Other
volatile fatty acids such as formic acid, valeric acid, and
propanoic acid have also been shown to have termiticidal
activity [12]. In the present study, the concentration of pro-
panoic acid was higher in WI-PL and WH-PL than in the
softwood-derived liquids, which contained similar or even
higher concentrations of formic acid.

In addition to acetic acid, other major volatiles detected
included methanol, furfural, hydroxyacetone(1-hydroxy-
2-propanone), formic acid, and 1-hydroxy-2-butanone
(Table 2). Among these, the concentration of methanol
(1.5-2%) did not vary significantly between the slow pyroly-
sis liquids tested. Methanol does not repel snails [10] and
it has not been used as a pesticide. However, furfural has a
long tradition in plant protection, where it has been used
due to its antifungal and nematicidal activity [39]. In the
present samples, the overall furfural concentrations were
relatively low and no clear link (step-wise regression anal-
ysis: p>0.05) was found between the responses of target
organisms and furfural concentration in the liquids. In fact,
among the pyrolysis liquids PB-PL was the least effective
as a pesticide although it contained the highest furfural
concentrations (Table 2). This is an important observation
for commercialization of slow pyrolysis liquids, as furfural
is not approved as an active pesticide substance in Europe
[37]. Of the slow pyrolysis liquids tested, PB-PL (8.2 g L™})
contained the lowest concentrations of hydroxyacetone,
but there were no significant differences between the other
liquids (15-19 g L") (Table 2). Both hydroxyacetone and
1-hydroxy-2-butanone have been reported to be safe food
flavoring agents [40] and no toxicity values for insects or
weeds are available in scientific databases. Overall, it can
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be presumed that, because of its high content in pyrolysis
liquids, acetic acid is mainly responsible for the pesticidal
activity on soft-bodied pests such as aphids and snails. Due
to its high acidity, pyrolysis liquid has also a strong herbi-
cidal activity when used in high concentrations. Our results
suggests that the potential effectivity and required dose of
various slow pyrolysis liquids, when used against soft-bod-
ied insects and broadleaf weeds, can be evaluated according
to the total content of acids in the product (Table 2).

Various phenols found in slow pyrolysis liquids have been
reported to have pesticidal activities, for example against
termites [12]. Most of these phenols are produced during
pyrolysis of lignin (>375 °C). As the liquids in the present
study were collected below 280 °C, the concentration of phe-
nols was quite low (< 1%) compared with that reported by
e.g., Yatagai et al. [12] (> 1.5%). The concentration of phe-
nols, especially syringol derivatives, was highest in WI-PL
followed by WH-PL, which were also the most effective pes-
ticides among the liquids tested. However, the low overall
concentration of phenolic compounds makes it reasonable
to believe that these compounds explain only part of the
observed responses.

In earlier work, we examined the repellent effect of
various constituents of birch (Betula sp.)-derived pyroly-
sis liquid on snails [10] but in that study the liquid con-
tained significantly higher amounts of PAH compounds
(21-290 mg kg™') and it was therefore concluded that the
observed repellent impact on snails might be partly due
to these PAH substances. In addition, Orihashi et al. [41]
found that wood vinegar (without the less-soluble tar frac-
tion) did not reduce barking damage by vole (Clethrionomys
rufocanus bedfordiae) and concluded that the tar fraction is
crucial in deterring voles. Also Hossain et al. [11] concludes
PAHSs likely to be the principal compounds responsible for
the observed insecticidal activity of pyrolysis bio-oils. In
the present study, the concentrations of 16 EPA PAHs in the
slow pyrolysis liquids were <0.1 mg L™!, and therefore PAH
substances can not explain the observed efficacy of the slow
pyrolysis liquids against snails, aphids, and broadleaf weeds.

Slow pyrolysis and HTC are both promising technolo-
gies for producing high quality biochar for various pur-
poses [42, 43]. In HTC, biomass is typically processed at
approximately 10-20% consistency, i.e. in a high amount
of water in the process. In this study, the liquid fraction
from willow was recycled four times in the HTC process
to make it more concentrated for the plant protection tests.
However, the dry matter content of the willow-water slurry
was only 4% in each run. Due to dilution effect, the con-
centration of organic compounds in the final HTC liquid
remained very low and no pesticidal effects on target
organisms were seen. Consequently, dilute HTC liquids
from plant biomass processing as such are not suitable for
pesticides. However, temperature-separated slow pyrolysis
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liquids proved to be suitable as pesticides. To achieve suf-
ficiently concentrated liquids, attention has to be paid to
feedstock dryness and quality. By collecting slow pyroly-
sis liquids before the main lignin degradation phase, i.e.,
below 280 °C, it is possible to produce high quality slow
pyrolysis liquids with low phenol and PAH concentrations
to be used e.g., in plant protection according to IPM prac-
tices. However, it is especially challenging to commercial-
ize the liquid fractions from slow pyrolysis due to exten-
sive and costly determination of their detailed composition
required during registration of active substances according
to the REACH and plant protection product regulations in
the EU [4, 8].

Conclusions

The liquid by-products from thermochemical conversion
technologies are currently under-utilized or disposed. To
increase the economic feasibility of these technologies,
better exploitation of the liquid fraction is required. In
this study, liquids from slow pyrolysis and hydrothermal
carbonization were analyzed and tested in plant protection.
Willow-derived slow pyrolysis liquid was the most effec-
tive pesticide against test pests (snails, aphids, broadleaf
weeds). The repellent effect of the slow pyrolysis liquids
was due to the combined chemical constituents rather than
a single compound, confirming previous findings. How-
ever, in most cases the total acid and acetic acid concen-
tration of the slow pyrolysis liquids could be used as an
indicator of their usability and efficiency in pest control.
Selection of raw material and technology will determine
the quality of liquids and potential to commercialize these
products.
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