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e lvyis a promising biomass feedstock for pyrolysis based biorefinery processes
o A pyrolysis temperature of 400 °C yields high-quality biochars

o Ethanol extractions increase biochar carbon sequestration potential by 20%

e Steam distillations improve biochar’s carbon content (12% at 700 °C)



Abstract

Hedera helix L., the common ivy, is an excellent evergreen climbing plant to be applied in
vertical green walls to improve urban ecosystems. These green walls need to be trimmed
regularly, yielding a biomass stream, which could be promising as a renewable feedstock for
biochar production and the extraction of valuable chemicals. The potential of raw and spent
(extracted) common ivy as a biochar feedstock was evaluated using slow pyrolysis at
different temperatures: 400, 550 and 700 °C. Biochars produced at 400 °C showed a high
carbon, nitrogen and ash content, while still having residual surface functionalities. These
biochars are therefore interesting to be applied as soil fertilizer. Additionally, it was found
that the impact of different green extraction processes (ethanol extraction versus steam
distillation) before pyrolysis on the biochar properties was generally positive. Ethanol
extractions increased biochar yields and the fraction of inorganic nutrients. Furthermore,
ethanol extractions increased the carbon sequestration potential compared to raw ivy.
Steam distilled biochar exhibited a very high carbon content (83%), biochar stability (97%)
and aromaticity (100%). Steam distillation did not affect the carbon sequestration potential.
In conclusion, this investigation affirms common ivy as a promising feedstock for pyrolysis

based biorefinery processes.
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1 Introduction
Urban ecosystems can be improved using common ivy, Hedera helix L., as coverage in green

walls, as this contributes to the phytoremediation of polluted air [1] and it decreases urban
heat island effects [2]. These green walls will produce an ivy biomass stream, as they need to
be trimmed regularly. Therefore, applications for this residual stream should be investigated.
Common ivy could be a promising biomass feedstock for a sustainable biorefinery, due to its
beneficial properties such as fast growth rate and its ability to be cultivated in vertical
systems without the need for large areas of fertile land [3]. Moreover, this plant species
contains a lot of interesting extractable compounds, e.g. triterpenoid saponins and volatile
oils [4-6], useful as building blocks for pharmaceutical and cosmetic industries [7-9]. The
most important triterpenoid saponins for pharmacological applications are hederacoside C
(kalopanax saponin B) (2.2 wt% in leaves [10]) and its derivative a-Hederin (0.04 wt% in
leaves [10]), furthermore minor quantities of Hederacoside B and D (ratio C:B:D is
1000:75:45) are found. Examples of abundant volatile oils include a-, B-pinene, germacrene

D, B-caryophyllene, sabinene, ... [7].



These extracts are currently industrially obtained based on following best available
technologies. On the one hand, an extraction with ethanol is done to produce hederacoside-
rich pharmacological ivy extracts [8,11,12]. A volatile oil extract, on the other hand, of
common ivy can be isolated by steam distillation [13,14]. This extraction approach (i.e.
steam distillation of biomass) as pretreatment prior to further processing was previously
reported for the production of biochars from spent mallee leaves. It improved the nutrient
recycling properties of these biochars, i.e. biochar derived from spent biomass had a lower

nutrient release in leaching experiments compared to raw biomass derived biochar [15].

The valorization strategy described above incites the idea of a new biorefinery concept that
entails the co-production of both ivy extracts coupled with additional value creation by
processing the spent (extracted) ivy biomass, which is conventionally discarded. This can be
accomplished via slow pyrolysis of the spent ivy biomass, which generates three product
streams, of which the solid fraction (biochar) is the most prominent. Liquid- (bio-oil) and
gaseous (syngas) products are produced to a lesser extent in slow pyrolysis processes [16].
The produced biochar can be applied by itself or used as a sustainable carbonaceous
resource for advanced material design [17]. To the best of our knowledge, no biochar studies
using ivy as a feedstock have been published so far, nor has there been any report available

on the effect of the proposed extraction approaches on the ivy biochar properties.

The production of biochar is currently mostly studied in the context of its applicability as
slow-release soil fertilizer [18]. Biochar, derived from plant material, has several beneficial
properties which could improve plant growth after application to soil, such as a large
available nutrient content, high pH (to neutralize acidic soils), low amounts of heavy metals

as well as some beneficial adsorption properties [19]. Biochar with a high degree of



aromaticity is favorable for carbon sequestration, because of its higher stability in soils [20].
This enhanced stability will subsequently improve biochar’s carbon sequestration potential

(>50% of carbon is usually retained in soil) [21].

The aim of this study is to investigate the potential of common ivy as a biochar precursor.

seguestration-purposes. This is done by the characterization of essential properties
(elemental composition, thermal degradation behavior, surface functional groups, stability,
aromaticity and specific surface area) of the biochars produced from raw ivy. In particular,
the biochar production process (i.e. pyrolysis temperature) is optimized depending on these
earlier mentioned properties. Finally, the effect of the extraction treatment (ethanol versus
steam extraction) on the biochar properties is studied. Effects on biochar yield, surface
texture and morphology, elemental composition and ash content are compared with biochar

produced from raw ivy.

2 Materials and methods

2.1 Biomass collection
Mixed (leaves and branches) common ivy samples were collected while pruning in spring

2019, in a rural area near Heusden-Zolder, Limburg, Belgium. To ensure sample
homogeneity, large sample sizes (>10 kg) were collected. Subsequently, the sample was
divided into three batches of approx. 500 g for batch experiments. The first and second
batch were dried at 40 °C for 3 days to constant weight. Afterwards both batches were
shredded (Retsch SM 100, Haan, Germany) and sieved with mesh size 10 (2 mm). The first
untreated batch (raw ivy or RI) was directly pyrolyzed while the second and third batch were

used for extraction prior to pyrolysis. The second batch (ethanol extracted ivy or El) was



subjected to ethanol extraction and afterwards dried to constant weight at 105 °C. The third
part (steam distilled ivy or SI) was shredded to 10x10 mm? immediately after harvesting to
prevent the escape of volatile oils prior to steam distillation. After steam distillation, a
dewatering step was carried out after deposition of the S, followed by drying to constant
weight at 105 °C and shredding to an identical size as Rl and El. After shredding, each batch
was pyrolyzed, resulting in three different types of biochar: raw ivy biochar (further called

RIB), ethanol extracted ivy biochar (EIB) and steam distilled ivy biochar (SIB).

2.2 Biomass pretreatment
The ethanol-extractable fraction was obtained from ivy samples using an optimized ethanol

extraction protocol, adapted from ASTM E1690-01 [22]. A Soxhlet extraction was performed
for 4 hours using 160 ml ethanol (296% (v/v), TechniSolv®, VWR Chemicals) on 20 g dried

sample each.

Steam distillations were carried by adding 40 ml of milli-Q water to 60 g of wet shredded
sample in the distillation flask. Distillation was performed with a flow rate of approx. 2.5 ml
water/min for 60 min and at a temperature of 105 °C. After removal of biomass a

condensate fraction was captured, further called steam distillation condensate (SDC).

2.3 Biochar production
Conventional pyrolysis was performed using a home-built stainless steel (AISI 304) batch

reactor with a rotating screw [23], [24]. Biomass input was 40 g per pyrolysis experiment.
The pyrolysis heating rate was set to 20 °C/min, up to set point temperatures of 400, 550
and 700 °C, under a 70 mL/min nitrogen flow rate. Effective pyrolysis temperature logging is
provided and can be found in supplementary data (Figure S1). For the sake of simplicity, set
point temperatures will be used to describe the produced biochars. An isothermal period of

30 minutes was maintained after the set point was reached. Temperature was controlled



using a type K thermocouple and adjusted by a FGH 1000 controller driving a Nabertherm
R50/250/12 tube furnace. After pyrolysis, the resulting biochar was weighed and yields were
determined. Each pyrolysis experiment was repeated in triplicate. Data were reported as
mean values (n = 3) with their respective standard errors (10). To assess significance of data
two tailed student’s t-tests, with a confidence interval of 95%, were done after equality of

variances was established (F-test).

2.4 Biochar and biomass characterization techniques

2.4.1 Ultimate analysis
A Thermo Electron Flash EA1112 elemental analyzer (ThermoFisher Scientific, Waltham,

USA) was used to determine total carbon, hydrogen, nitrogen and sulfur content of all
samples. Calibration was performed using BBOT ((2,5-bis (5-tert-butyl-benzoxazol-2-yl)
thiophene) (pure, ThermoScientific). Ash content was determined using method ASTM
D2866 - 94 [25]. Total oxygen content was calculated by difference (O (wt%) = 100% — C
(wt%) — N (wt%) — H (wt%) — S (wt%) — Ash (wt%)). However, no sulfur could be detected in

the ivy samples.

2.4.2 Proximate analysis
Proximate analysis was carried out by thermogravimetric analysis (TGA), using a TA

instruments Q500 apparatus (TA instruments, New Castle, USA) with the following
temperature program: From room temperature to 600 °C, a 20 °C/min heating rate under
dynamic nitrogen atmosphere (90 ml/min) was employed, while the atmosphere was
switched to oxygen (90 ml/min) and heating was continued, at the same rate, to 900 °C.
Sample sizes were 5-10 mg. For both raw ivy, spent ivy and biochar samples volatile matter
(Mass loss from 20 °C — 600 °C under N2-atmosphere) and fixed carbon (mass loss at 600 °C

under Oz-atmosphere) were determined.



2.4.3 Surface functional groups using FTIR
Fourier-transform infrared spectroscopy (FTIR) was carried out on all biochar samples using a

Vertex 70 Spectrometer equipped with a DTGS detector and attenuated total reflection
(ATR) accessory (diamond crystal) (Bruker, Billerica, USA). Biochar absorbance was measured
from 4000 — 600 cm™, with a spectral resolution of 4 cm™. Baseline correction and
normalization at the largest peak (different for each group of samples) were done. Reference
spectra of cellulose, hemicellulose and lignin were also measured using a-cellulose (Sigma),
xylan from birch wood (Fluka) and lignin, alkali, carboxylated (Aldrich), respectively
(supplementary materials, Figure S3). Band assignment was done following several key

reference papers ([26], [27], [28], [29], [30], [31], [32], [24]).

2.4.4 Specific surface area using BET
The textural characteristics of the biochars were determined by measuring the N, adsorption

and desorption isotherms at 77 K using a Tristar Il 3020 surface area analyzer (Micromeritics,
Norcross, USA). The sample was degassed under nitrogen flow at 150 °C for 16 h prior to
measurement in order to remove any residual moisture and other volatile contaminants.
The specific surface area (Sger) was estimated using the Brunauer-Emmett-Teller theory.
Meanwhile, the microporous surface area (Smicro) Was evaluated using the t-plot method
(Carbon Black STSA thickness curve). The meso and macro pore surface area (Smeso/macro) Was
estimated by the Barrett—Joyner—Halenda (BJH) method. The nitrogen physisorption

isotherms are provided in supplementary materials (Figure S7).

2.4.5 Surface morphology using SEM
To assess biochar morphology Scanning Electron Microscopy (SEM) was used.

Measurements were done with a TM3000 Tabletop Scanning Electron Microscope (Hitachi,
Krefeld, Germany). SEM was performed at an acceleration voltage of 15 kV for all samples.

Magnifications were set at 200x and 800x.



2.4.6 Biochar stability using the Edinburgh Stability tool
Biochar stability was determined using a chemical oxidation resistance test (also known as

the Edinburgh Stability Tool) as described by Cross et al. [33]. This test corresponds to the
stability of biochar in temperate soils during 100 years. Stability was determined by adding 7
ml hydrogen peroxide (5%) solution (diluted from 30% (v/v) H202, Merck) to a known mass
of biochar (corresponding to 0.1 g carbon). Subsequently, the sample was heated to 80 °C
and conditioned for 48 h, whereupon the samples were dried at 105 °C. Both residual mass
and residual carbon content were measured and biochar stability was calculated using the

following formula:

BrXxXBrC
BtXxBtC

Biochar stability (%) = x 100 (1)

With Br, Bt, BrC and BtC corresponding to the residual biochar mass, initial biochar mass,

residual biochar carbon content and initial biochar carbon content, respectively.

2.4.7 Biochar aromaticity using 13C — CP/MAS NMR
Carbon-13 solid-state CP/MAS (Cross-Polarization/Magic Angle Spinning) NMR spectra were

acquired on a Jeol ECZ 600R 600MHz spectrometer (14.1 T magnet) equipped with a 3.2 mm
sHX 32 VT probe. Magic angle spinning was performed at 20 kHz. The aromatic signal of
hexamethylbenzene was used to determine the Hartmann-Hahn condition (w1 = yH B1n = yc
Bic = wic) for cross-polarization (CP), and to calibrate the carbon chemical shift scale at 132.1
ppm. The following acquisition parameters were applied: a spectral width of 95 kHz, a 90°
pulse length of 2.2 ps, a spin-lock field for CP of 85 kHz, a contact time for CP of 1 ms, an
acquisition time of 15 ms, a recycle delay time of 2.5 s and about 30000 accumulations. High
power proton dipolar decoupling during the acquisition time was set to 80 kHz. The aromatic
peak was integrated from around 100 to 145 ppm, the aliphatic peak from around 10 to

50 ppm (Figure S4).



2.4.8 Determination of volatiles in steam distillate by headspace gas chromatography — mass
spectroscopy
Headspace (HS) GC-MS analysis was carried out on a Thermo Scientific Trace 1310 system

(Waltham, USA) coupled to an ISQ LT Quadrupole MS at a constant helium flow of 1.2
ml/min. The column used was a 30 m length x 0.25 mm internal diameter with a 0.25-um
DB5-MS film capillary column. Samples were measured undiluted, NaCl (30 wt/wt%) was
added to improve analyte partitioning before injection. After 30 min headspace at 80 °C, 1
ml was injected in a split mode of 1:10. The injector temperature and the ion source
temperature of the detector were 250 and 210 °C. The oven temperature was 30 °C. Then, at
3 min a 10 °C/min ramp, the temperature was raised up to 280 °C, which was maintained for

2 min. Tracked m/z-ratios ranged from 34 — 550.

2.5 Biochar carbon sequestration
The carbon sequestration of biochars can be determined using two distinct biochar

properties, carbon retention (i.e. amount of biomass carbon retained in biochar, sometimes
referred to as biochar carbon yield [34]) and biochar stability (i.e. amount of the retained
carbon sequestered in soil as determined by the Edinburgh stability tool [33]). Hence, the

amount of biochar carbon sequesterable in soil was calculated using the following formula:

BcC (Wt%) N BS(%)

0, — 0,
Carbon sequestered (%) = BY (%) * Emcwin) * 100

(2)

With BY, BcC, BmC and BS corresponding to respectively biochar yields (%), biochar carbon

content (wt%), biomass carbon content (wt%) and biochar stability (%).

3 Results and discussion

3.1 Characterization of raw and spent ivy biomass as potential pyrolysis feedstock

10



First of all, it needs to be assessed whether raw and spent common ivy can be suitable
biochar precursors. This depends on the biomass’ ultimate analysis, specifically its carbon,
nitrogen and ash contents. In view of the biochar’s applicability as soil fertilizer, large carbon
and nitrogen and moderate ash contents are desirable, as these nutrients are indispensable
for plant growth [35]. Furthermore, the ability of the biomass to be converted into porous
aromatic carbonaceous materials depends on feedstock properties e.g. the presence and
type of lignocellulosic structures (estimated by surface functional groups) and morphology,
which influence the carbonization (e.g. biochar yield) and aromatization (e.g. biochar
aromaticity) processes, and the formation and escape of volatiles during the pyrolysis

process [36].

The ultimate analysis (Table 1) of the ivy biomasses shows that the nitrogen content of Rl is
quite high (2.33%) compared to other commonly used biomass sources, e.g. barley grass
(0.84%) [37], mallee leaf (1.4%) [15] and bamboo (0.27%) [38]. After extraction, this high
amount of nitrogen lowers significantly with 14.6% and 48.9% for El and Sl respectively. This
is caused by nitrogen being mostly present in the form of amino acids in biomass, with
alanine and proline being the most abundant in common ivy [39]. Most of these amino acids
are sparingly soluble in ethanol (except for proline 1.5 g/100 g ethanol at room
temperature), but moderately soluble in water, which explains the elevated release of
nitrogen during steam distillation. At the same time, another nitrogen release mechanism
could be the Strecker degradation of a-amino acids (e.g. alanine and proline) to Strecker
aldehydes, which would release volatile ammonia as a byproduct during the steam
distillation process [40]. This is evidenced by the detection of Strecker aldehydes (2-
methylbutanal and 3-methylbutanal) in the steam distillate (Table S1). Lastly, the detection

of 2,3-butadione and 2-methylfurane in the steam distillate implies that some Maillard-type
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reactions occurred during the steam distillation process which implies that SI’s residual

nitrogen is fixed in large nitrogen rich structures (melanoidins) [41].

Table 1: Biomass proximate and ultimate analysis (RI: Raw lvy, El: Ethanol extracted Ivy, SI: Steam distilled lvy) (all values
are reported on dry basis; U g, n=3)

Sample RI El S|

N (wt%) 2.33+£0.08 1.99+£0.06 1.19+£0.02

C (wt%) 451+0.2 43.0+0.3 47.7+0.1

H (wt%) 6.21+0.02 6.02 £ 0.08 6.49 £ 0.09

O (wt%) 40.7+0.2 426104 40.8+0.2
Ash (wt%) 5.7+0.2 6.4+0.2 3.9%+0.1
Volatile matter (wt%) |75.16 75.54 76.3

Fixed carbon (wt%) 18.5 19.38 18.76

Molar O/C 0.678 £ 0.005 0.743+0.009 0.642 £0.003
Molar H/C 1.65+0.01 1.68 £0.03 1.64 £ 0.02

Carbon contents decreased after ethanol extraction (El), while the opposite was observed
after steam distillation (Sl). The decrease in carbon content for El can be rationalized as
ethanol-mainly extracts polar organic compounds, which relatively enhances the amount of
ash from 5.7 to 6.4 wt% and subsequently results in a lower carbon content (Table 1). The
increase in carbon content for Sl can be explained by the dissolution and extraction of
inorganic matter from the biomass during the pretreatment, as evidenced by the decreased
ash content (Table 1). This extraction occurred due to the condensation of steam on the
biomass surface, which can be viewed as a mild hot water extraction. In addition, similar
observations have been made for the steam distillation of mallee leaf [15], which confirms
the proposed argumentation. For the same solubility-related reasons, ethanol extraction
increased the relative total amounts inorganic nutrients in the biomass (comparing El to Rl),

which increases the potential of these biomass streams as green fertilizers.

The lignocellulosic composition of the three ivy biomasses was investigated by FTIR analysis

(Figure 1). The spectra of lignin, cellulose and hemicellulose can be used as references for
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peak assignment, exemplified in supporting materials (Figure S3). The first broad absorption
peak at 3365 cm™* (1) can be attributed to —OH stretching vibration, its broad profile
demonstrates that it consists of different types of —OH groups (e.g. phenolics, CH,-OH, ...).
The normalized peak intensity is lower for El than for RI, which demonstrates the extraction
selectivity of ethanol towards molecules with polar protic functional groups e.g. waxes, oils
and fatty acids [22]. Steam distillations also decreased this peak, as —OH functionalities are
generally correlated with volatile compounds (e.g. etheric oils), which are identified in HS-
GC-MS measurements (Table S1). The small shoulder above 3000 cm™ (2) originates from
the Csp2-H stretching vibrations from aromatic compounds, e.g. lignin. The peaks at 2927 cm™
(3) and at 2856 cm™ (4), are assigned to CH, asymmetric and symmetric stretching and
originate from both lignin and holocellulose. The band at 1738 cm™ (5) can be assigned to
the non-conjugated C = O stretching vibration in hemicellulose and lignin. The peak intensity
at 1630 cm™ (6) is attributed to the conjugated C = O vibrations in lignin, while the 1514 cm™
(7) signal originates from the aromatic skeletal vibration of lignin. Other bands assigned to
lignin are: 1458 cm™ (8) asymmetric C-H deformation in -CHs, and in-plane scissor vibration
of -CH»- for lignin and carbohydrates, 1230 cm™ (12) syringyl ring and C=0 stretch in lignin
and xylan and shoulder above 3000 cm™ (2). The largest holocellulose peak that originates
from C-C and C-O stretching vibrations at 1020 cm™(15) is used as normalization reference.
Other peaks attributable to holocellulose include 1377 cm™ (10) C-H deformation, 1329 cm?
(11) CH; wagging, 1155 cm™ (13) C-O-C B-(1-->4)-glycosidic bond, 1105 cm™ (14) in plane
cellulose ring stretch and at 900 cm™ (16) C-H deformation in cellulose. Lastly some
absorption bands can be appointed to N-containing compounds (e.g. proteins): the most
relevant are the N-H stretch (1), the NH,-deformation of primary amides (6) and the C-N

stretching of secondary amides (11) [42]. The normalized peak intensities of several

13



absorption bands of S| decrease compared to Rl (most pronounced for peak 6). These
decreases can be maindy attributed to the extraction of a variety of compounds by the steam
distillation condensate, as the FTIR spectrum of the dried steam distillate shows (Figure S2).
From the decrease in N-content, it can be inferred that these extracted compounds contain
water-soluble proteins (inherently present in common ivy [43]) which have infrared-active
functional group vibrations corresponding to the observed decline in peak intensities (6) and
(11) in the Sl spent biomass residue [42]. These observations suggest that both ethanol
extractions and steam distillations do not significantly affect the structural biomass
components of Rl, as the peaks attributed to the structural cellulose-lignin matrix remain

largely unaffected.
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Wavenumber
Nr. Functional grou Ref.
(cm?) group 15

1 3365 O-H and N-H stretch [42], [44]
2 3070 Csp2-H stretching vibration of aromatics (lignin) [45]
3 2927 . ) :
4 2856 CHz asymmetric and symmetric stretching [26]
5 1738 Non-conjugated C=0 stretching vibration (hemicellulose, lignin)  [46]
6 1630 Conjugated C=0 in lignin [47]

NH: deformation in primary amides [42]
7 1514 Aromatic skeletal vibration in lignin [26] H
3 1458 C-H asymmetric deformation in -CHs, -CHa- for lignin and 26]

carbohydrates
9 1421 HCH in plane bending vibration [29]
10 1377 C-H deformation in cellulose and hemicellulose [29]
1 1329 CH: wagging cellulose and hemicellulose [29] 6

C-N stretching secondary amines [42]
12 1230 syringyl ring and C-O stretch in lignin and xylan [30] 14
13 1155 C-0O-C holocellulose (beta 1-4 glycosidic bond) [31]
14 1105 In plane cellulose ring stretch [31]
15 1020 C-C and C-O stretching vibration in cellulose and hemicellulose [31]
16 900 C-H deformation in cellulose [47]

1 11
3 12 13
10
9
4 8
7 16
2
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Figure 1: FTIR spectra for biomass (Black: Raw ivy, Red: Ethanol extracted ivy, Blue: Steam distilled ivy)
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Steam distillations also influence the microscopic surface of the biomass, as indicated by the
SEM-pictures (Figure S5). From a smooth closed surface for Rl, a transition towards a more

rugged, open structure is observed for SI.

It can be concluded that common ivy and its spent residue are promising candidates for
carbonization by slow pyrolysis for further valorization as green fertilizer, thanks to its stable
carbon and nutrient content, which will positively impact plant growth as discussed in the
first paragraph of this section. Ethanol extractions and steam distillations do not degrade the
lignocellulosic structure. Furthermore, SEM-pictures indicate some improvements of the
surface morphology of S| compared to Rl, hence can be decided to use Sl and El as a

feedstock for biochar production.

3.2 Biochar production from common ivy

3.2.1 Influence of pyrolysis temperature on raw ivy biochar properties

Slow pyrolysis of Rl at three different pyrolysis temperatures (400, 550 and 700 °C) resulted
in three different biochars, RIB-400, RIB-550 and RIB-700. Biochar yields for RIB ranged from
27.6 to 23.0 wt%, inversely proportional to the applied pyrolysis temperature (Table 2).
Higher pyrolysis temperatures volatize more organic compounds, as a result of further
elimination, cyclisation, condensation and aromatization reactions, which impact the
resulting amount of solid residue. These results are in line with comparable studies carried
out on different types of agricultural residues (apple tree branches, oak tree, rice husk and

rice straw) and bamboo [48-50].
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Table 2: Biochar yields, proximate and ultimate analysis of biochars produced at 400, 550 and 700 °C (RIB: Raw Ivy Biochar,
EIB: Ethanol extracted lvy Biochar, SIB: Steam distilled Ivy Biochar) (all values are reported on dry basis; i £ g, n=3)

Yield N C H Volatile Fixed
O (wt% Ash (wt% matter carbon Molar O/C Molar H/C
sample | o) (Wt%) (Wt%) (Wt%) (wtde) (wt%) / /
(wt%) (wt%)
RIB-400 27.6+0.9 2.06 £0.01 75.0+1.0 2.84 £0.06 4+1 16.4+£0.3 12.56 72.16 0.04 £0.01 0.46 £0.01
RIB-550 254103 2.07+0.01 70.4£0.6 1.71+£0.01 7.2+0.8 18.6+0.5 4.76 69.83 0.077 £ 0.008 0.291 £ 0.003
RIB-700 23.0+£0.6 1.81+0.01 740+1.0 1.69 £ 0.06 2+1 20.0+£0.1 7.24 74.25 0.02 £0.01 0.27 £0.01
EIB-400 30.6+0.7 2.19£0.05 74.0+£1.0 2.55+0.07 4+1 17.1+04 9.54 75.42 0.04 £0.01 0.41+0.01
EIB-550 28.5+0.7 1.98+0.04 723+05 1.77 £ 0.04 41+0.5 19.8+0.3 13.39 69.48 0.043 £ 0.006 0.293 £ 0.007
EIB-700 25905 1.95 £ 0.06 76.3+0.6 1.44 £ 0.06 0.6+0.6 19.7+0.2 10.41 70.34 0.006 £ 0.006 0.227 £ 0.009
SIB-400 25.5+0.5 1.65+0.03 77.1+£0.5 2.22 £0.06 5.0+£0.5 14.0+£0.1 13.12 72.23 0.049 £ 0.005 0.35+0.01
SIB-550 23.310.1 1.61 £0.02 80.5+0.8 1.67 £0.03 25108 13.7+0.3 7.43 77.8 0.023 £ 0.008 0.248 £ 0.005
SIB-700 21.5+0.7 1.83+0.06 83.2+0.3 1.32+0.04 <0.5 14.4+0.4 7.59 77.46 <0.005 0.19+0.01

The pyrolysis process increased the carbon content of all biochars compared to biomass
(Table 1 and 2). In addition, fixed carbon and ash content increased by at least 25 and 50%
respectively. As such, the resulting biochars are relatively enriched with inorganic nutrients
compared to their biomass precursor, as most nutrients do not volatize during the pyrolysis
process. For RIB the increase in ash content from 16.4 to 20.0 wt% is proportional with

increasing pyrolysis temperatures, in correspondence with preceding studies [15,49].

The RIB’s carbon content did not increase proportionally with pyrolysis temperature, which
may seem counter-intuitive. However, due to the large ash content of the biochars, a

maximal carbon content is already achieved at a lower temperature. With increasing
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pyrolysis temperatures, only more carbon, oxygen and hydrogen is released, which increases
the ash content but not the carbon content. The stable carbon content also implies that the
carbonization process is already well advanced at the lowest pyrolysis temperature,
suggesting that 400 °C suffices to produce well-ordered, highly carbonaceous biochars. Only
slight decreases in nitrogen content of maximum 0.52 wt% occurred after pyrolysis,
indicating a stable incorporation of nitrogen (18 — 35% of initial nitrogen retained) in the
biochar structure. Similar values were found by Glarborg et al. [51] for N-retention in wood
and straw. All produced biochars are found to comply with the European Biochar Certificate,

concerning their O/C and H/C ratio (H/C < 0.7 and O/C < 0.4) [52].

The biochars contain fewer infrared-active diagnostic vibrations, illustrating a general
decrease in presence of functional groups (Figure 2). All functionalities in the range of 2700 —
3500 cm® (-OH) disappeared at pyrolysis temperatures above 400 °C. For RIB at 400 °C, two
small peaks are still visible, which correspond to residual aliphatic C-H stretching (I, I).
Furthermore, it is demonstrated that the relative intensity of all aromatic bands (650 —

900 cm™?, aromatic C-H out of plane bending (X, XlI, XIll)) increase with increasing pyrolysis
temperatures. Moreover, from 1000-1300 cm™ (mixture of residual biomass originated
moieties [53] (V, VI, VII, VIII)) a large broad plateau can be noted for biochars produced at
400 °C (Figure 2). This plateau gradually shrinks and disappears as a function of pyrolysis
temperature, this indicates that the carbonization and aromatization processes are well
advanced, but not yet fully completed at 400 °C. This observation is confirmed by the
ultimate analysis, where a decrease in H/C ratio occurs with increasing pyrolysis
temperatures which indicates an increase in aromaticity (Table 2). These findings are verified
by NMR measurements, were the aliphatic carbon peak (30 ppm) decreases with pyrolysis

temperature, resulting in spectra with only one broad aromatic peak (125 ppm), which

18



corresponds to 100% biochar aromaticity (Table 3, Figure S4A). Furthermore, from the FTIR
signals at 1400-1450, 875 and 730 cm™ (Figure 2, IV, IX, XII) the presence of carbonates can

be demonstrated, which are mostly present as CaCOs [28].

RIB’s display an open surface after pyrolysis (Figure S4), these structures are already
observed at 400 °C and retained at higher pyrolysis temperatures of 550 and 700 °C.
Moreover, a significant increase in Sger can be noted comparing the RIB produced at 400 and
550 °C with 700 °C (Table 3). This increase is attributed to the creation of micropores (Smicro)
(accountable for 44.15 m?/g on a total of 48.57 m?/g (Table 3)), instigated by the secondary
cracking processes of volatile organic matter and the further removal of heteroatoms (O) in
the examined temperature range [49]. This volatile organic matter mainly constitutes of
lignin and its degradation products as lignin degrades gradually from 150 to 900 °C, while the
degradation of cellulose and hemicellulose is already complete at 400 °C [54]. Thus from 550
to 700 °C only further lignin degradation, into various polycyclic aromatic intermediates [49],

occurred, leading to product volatilization and opening of pores [55].

It can be concluded that common ivy is a viable feedstock for biochar production. The
optimal pyrolysis temperature for biochar fertilizer production is 400 °C: these biochars have
a high carbon content and nitrogen content. Also, a high aromaticity is already established at
400 °C, while some residual functional groups are still present. And lastly, biochars produced
at this temperature have the highest yields. The earlier described properties would be
beneficial for several important properties needed for plant growth, like pH and
conductivity, cation exchange capacity and nutrient availability [35]. High carbon and
nitrogen contents imply that the amount of ash (i.e. inorganic compounds) is low, which is

beneficial for biochar pH and conductivity, as these increase by the leaching of inorganic
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material from the biochar’s [56]. Also, the degree of aromatization (and presence of surface
functional groups) plays a pivotal role in the release of the inorganic nutrients and, as such,
in the development of both pH and conductivity [56]. Higher aromaticity enhances the
leaching of alkalis and alkaline earth metals from biochars, resulting in enhanced pH and
conductivity. Next, the residual (oxygenated) functional groups have a beneficial effect on
both the pH (lowers alkalinity) and cation exchange capacity of the biochars [57]. Lastly,
nutrient availability is positively correlated with high carbon and nitrogen contents as these
are the most important for plant growth, other important nutrients are also removable
during the pyrolysis process (e.g. S, P, Cl, K, ..) which indicates that lower pyrolysis
temperatures increase the amount of available nutrients [58]. The combination of the three
mentioned effects signifies that biochar produced at lower temperatures (400 °C) would be
more beneficial for plant growth, compared to high temperature (700 °C) biochars. In
addition, this finding has been confirmed (data not shown) in preliminary small-scale plant
growth experiments where RIB-400 significantly (p=0.0003) improved plant growth
compared to a control without biochar addition, while RIB-700 did not show any significant

(p=0.634) differences with this control.

3.2.2 Effect of extractions on biochar properties

Common ivy was extracted using ethanol or steam distillation, which resulted in a spent ivy
biomass. After extraction with ethanol, biochar yields increased significantly for EIB
compared to RIB (p < 0.019) (Table 2). Which can be explained by the removal of volatile
compounds (waxes, fats, chlorophylls, saponins ...) by ethanol [22,59], hence the increase in
amount of solid residue after pyrolysis. This phenomenon is confirmed by TGA

measurements: Rl shows a significantly more pronounced decrease in mass below
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temperatures of 170 °C, compared to El (Figure S6A). Conversely, biochar yields were found
to decline after steam distillation (Table 2). This can be mainly attributed to the large
decrease in ash content, from 16.4 to 14.0 wt%, 18.6 to 13.7 wt% and 20.0 to 14.4 wt%
observed when comparing SIBs with RIBs at each of the pyrolysis temperatures (Table 2).
This reduction in solid residue is assignable to the condensation of steam on the biomass
surface. It can be inferred that parts of the solid minerals dissolved into the liquid phase, as

described in section 3.1.

Carbon content increases linearly with pyrolysis temperature for SIB (Table 2). This relation
was also found by Gao et al. for the pyrolysis of steam distilled mallee leaf [15]. On the
contrary, a slight reduction in carbon content from 400 to 550 °C was found for both RIB
(4.6%) and EIB (1.7%). This different behavior of SIB compared with RIB and EIB can be
explained by the decreased ash contents of SIB, which allows the carbon contents to
increase at higher temperatures (Table 2). After pyrolysis, nitrogen contents of the biochars
remained high, ranging from 1.61 — 2.19 wt%, compared with traditional feedstocks with
biochar nitrogen contents of 0.34 -0.76 wt% (oak tree [48]) or 0.43 —0.53 wt% (bamboo
[49]). However, SIB’s contain up to 20% less nitrogen compared with RIB, due to the release
of nitrogen during the pretreatment, as mentioned in section 3.1. These discrepancies in
nitrogen content between different pretreatments lowered with increasing pyrolysis
temperatures: no significant difference is seen between RIB and SIB at 700 °C (p = 0.72). This
implies that during the pyrolysis of SI more nitrogen was retained (31 - 35% compared to 18
—23% for RI). Hence, it can be stated that water-soluble nitrogen species (e.g. amino acids
[58]) are already extracted prior to pyrolysis, while the remaining nitrogen species could
already be incorporated into larger, stable structures (e.g. melainoidins) by Maillard

reactions occurring during steam treatment (section 3.1), hindering the further nitrogen loss
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during the subsequent thermal treatment. As such, the nitrogen content originally lost in the
steam distillation pre-treatment is compensated by the Maillard reaction induced stable
nitrogen incorporation. This finding was previously reported by Xu et al., for the co-pyrolysis
of fiberboard with glucose [60], where an increase in glucose increased the extent of

occurring Maillard reactions, which then resulted in larger nitrogen retention in the biochars.

SIBs show several distinct differences with RIB and EIB in their FTIR spectra at each pyrolysis
temperature (Figure 2). At 400 °C, the peaks in the range of 650 — 850 cm™ (X, XI, XIII)
represent the aromatic out of plane C-H bending vibrations, these suggest that SIB has a
more aromatic structure compared with RIB. This is also confirmed by the peaks at 2850 and
2950 cm (I and I1) which correspond to residual aliphatic C-H functionalities, which are still
slightly visible for RIB at 400 °C (Figure 2A). The overall decreased absorbance in the 1000 —
1600 cm™range (bands llI, V, VI, VII, VII1)), corresponding to residual biomass functional
groups (described in section 3.1), also indicates a higher degree of carbonization for SIB
compared with RIB and EIB. This increased carbonization is confirmed by the 1*C-NMR
spectra (Figure S4B), which proves that SIB is more aromatic (98.22%) than RIB (88.22%) and
EIB (94.45%). Also, strong absorption bands corresponding to carbonates (IV, IX, XIl) are
observed for all samples. The previous confirms that SIB is carbonized and aromatized to a

larger extent at 400 °C compared with RIB and EIB.

From 550 °C onward, no bands were observed in the 1800 — 4000 cm* region, which justifies
the x-axis truncation (Figure 2B, C). At 550 °C, the large difference between SIB and RIB/EIB
is maintained. The residual biomass functionality signals (1600-1000 cm™!) gradually deflate
upon increasing temperature, only peak (VIIl) corresponding to a variety of C-O

functionalities remains at this pyrolysis temperature. The biochars produced at 700 °C show
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the weakest absorption bands corresponding to biochar functional groups. Only the
expected aromatic absorption bands (XIlI, Figure 2C) are still very pronounced (Table 3). At
approximately 1000 cm™ (VIII) some functionalities are seen for RIB and EIB, whereas no
signal is observed around this wavenumber for SIB. These signals are assigned to residual C-
O functionalities or derive from a mixture of mineral compounds, e.g. P-species (asymmetric
stretching vibrations of C-O-P and P-O-P, derived from phosphate, polyphosphate or
phosphate esters [61]). The calcium carbonate peaks are also still present at this
temperature, although at a lower intensity for SIB, most recognizable from the peak at 875
cm (IX). This indicates that the carbonate decomposition, starting at 600 °C [62], is already
further advanced for SIB compared to RIB and EIB (Figure 2C). This finding is further
supported by the TGA-curves where a lower mass loss is observed for SIB (1.8%) compared
with RIB and EIB (respectively 4.8 and 5.5%) in the carbonate degradation temperature

interval (Figure S6D).
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Figure 2: FTIR spectra of biochars (Black: Raw ivy biochar, Red: Ethanol extracted ivy biochar, Blue: Steam distilled ivy

biochar)
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The Sger RIB and EIB do not exhibit meaningful differences (Table 3), which indicates that
comparable carbonization and aromatization processes occurred. This is also supported by
previously mentioned results concerning surface functional groups, aromaticity and ultimate
analysis. Furthermore, comparable surface structures can be seen when comparing the SEM-
images of Rl and El (Figures S4A and S4C). An early increase (550 °C) in Sger manifests itself
for SIB’s (Table 3), possibly due to the lower amount of ash in these biochars. Two different
stages in the pyrolysis process can be distinguished: firstly, a cyclization and aromatization
process is observed, where all present carbon is reorganized from its original structure into
new polycyclic aromatic carbons. The duration of this stage is dependent on the amount and
composition of ash present in the biochar, as the inherent nutrients of the biomass promote
a disordered biochar structure [37]. Therefore, a smaller heat requirement is sufficient to
recombine the biomass structural components into ordered aromatic compounds. This
correlation can be confirmed as the SIB were found to be almost completely aromatized at
400 °C, (Table 3) in contrast to EIB and RIB. The second stage, can be described as a pore
formation process (Table 3). In the SIBs, pores already started forming before 550 °C

(11.7 m?/g), while the other samples share a delayed pore formation, which occurs in the
550 - 700 °C temperature range. The created porosity is, just as with the RIB’s, attributable

to the presence of micropores (Smicro) for both SIB and EIB.
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Table 3: Biochar functional properties (N/A = not available; u + g, n=3)

Sample | Biochar stability (%) Aromaticity (%) | Seer (m%/g) Smicro (M?/8) Smeso/macro (M?/g)
RIB-400 |88+1 88.22 0.6 N/A 0.5
RIB-550 |[92+1 100 0.6 N/A 0.4
RIB-700 |94 +2 100 48.6 44.2 3.3
EIB-400 |[92+2 94.45 1.3 N/A 0.7
EIB-550 |95%2 100 1.6 N/A 0.6
EIB-700 |93t1 100 43.4 36.9 4.7
SIB-400 [97+1 98.22 1.4 N/A 0.8
SIB-550 [95%3 100 11.7 10.3 1.5
SIB-700 |97 %2 100 40.0 36.1 3.0

The biochar stability estimates the carbon sequestration potential of the produced biochars
[33]. The stability of all biochars was very high (>88%, Table 3), which indicates that biochar
originating from common ivy is a very viable candidate to be used for soil carbon
sequestration. The obtained values were comparable to graphite or mixed wood charcoal as
reported by Cross et al. [33]. The biomass’ carbonization is already near completion after
pyrolysis at all tested pyrolysis temperatures. A proportional relation between biochar
stability (88, 92 and 97%) and aromaticity (88, 94 and 98%) can be deduced for the biochars
pyrolyzed at 400 °C (Table 3 and Figure S4B). At higher temperatures (550 and 700 °C) all
biochar’s carbon was aromatic. This was not completely in accordance with the
corresponding biochar stabilities, which are between 92 - 97% (Table 3). Some mass loss
occurred due to the oxidation of residual oxygen-containing functionalities present in the
aromatic structure by H,0,, evidenced by the FTIR peak at 1020 cm™ (VIII, Figure 4 b, c). At
700 °C, the biochar stability is identical (p>0.328) with 550 °C for all biochars, this

corresponds with the identical aromaticity which could be determined by NMR.
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Furthermore, it appears that SIB has a higher stability than RIB when both are produced at
400 °C (Table 3). This observation is in line with the previously discussed observations which
clearly point out that SIB has fewer C-O/C-N containing surface groups (FTIR) and a higher

aromaticity (NMR).
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Figure 3: Biochar carbon sequestration potential (Black: Raw ivy biochar, Red: Ethanol extracted ivy biochar, Blue: Steam
distilled ivy biochar)

To assess the carbon sequestration potential of the biochars, the amount of carbon released
during the pyrolysis process should be taken into account and combined with the biochar
stability. This results in the total quantity of carbon sequestered in soil relative to the total
carbon present in the biomass. The amount of retained carbon decreases with increasing
pyrolysis temperature (Figure 3) from 40 to 36 to 35% with corresponding pyrolysis
temperature of 400, 550 and 700 °C, this makes sense, because at higher pyrolysis
temperatures more carbon is volatized which results in lower solid carbon residue.
Comparing the different pretreatments shows that EIB sequesters more carbon than RIB at
each pyrolysis temperature (respectively 48%, 46 and 43% for EIB to 40,36 and 35% for RIB)

(Figure 3). This is due to the EIB’s having a higher biochar yield at each pyrolysis temperature
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(Table 2) and to El containing less carbon than R, 43 to 45.1% respectively (Table 1). Both
effects signify that the carbon removed by the ethanol extractions (lipids, waxes, saponins
etc.) would have been part of the volatized fraction during pyrolysis, as discussed before in
section 3.2.1. This makes El an effective feedstock for carbon sequestration purposes,
furthermore the carbon sequestration of 48% from EI-400 is comparable to the 50%
proposed by Lehmann et al for biochar soil carbon sequestration [21]. Despite the earlier
mentioned increases in biochar stability, steam distillations do not enhance the amount of
sequestered carbon, SIB and RIB sequester an equal amount of carbon at each pyrolysis
temperature (40, 37 and 36% for SIB’s to 39, 36 and 35% for RIB’s). This identical carbon
sequestration is caused by the increases in biochar stability and carbon contents being
balanced by the decreased biochar yields. Both phenomena originate from the dissolution of
mineral matter during the steam distillation process which lowers the resulting biochar’s ash

content, as discussed in section 3.1.

No negative impacts of ethanol extractions on biochar properties can be deduced, on the
contrary, positive effects occurred: an increase in biochar yields and biochar stability (when
a pyrolysis temperature of 400 °C is applied) lead to an increase in carbon sequestration.
Steam distillations display a net positive effect on several biochar properties: biochar yields
decreased, carbon contents and biochar stabilities increased. Furthermore, biochars were
aromatized at a lower pyrolysis temperature, which is beneficial for the production process
as lower temperatures between 400 and 450 °C suffice. In reference to the biochar’s
applicability as a soil fertilizer, there is no evidence suggesting that the pretreatments would
decrease their effectiveness. Moreover, initial small-scale plant growth experiments (data
not shown) have indicated that both EIB-400 and SIB-400 improve plant growth similarly as

RIB-400 (p=0.999 and p=0.684, respectively).
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Furthermore, this study showed the potential of ivy as feedstock to further develop a scaled
process. However, prior to scaling both a techno-economic analysis (TEA) as well as a life-
cycle assessment (LCA) on the proposed biorefinery process would be indispensable. A
recent TEA provided insight on the viability of an industrial scale slow-pyrolysis plant which
converts comparable biomass residue streams into biochar [63]. This study indicated that
such a process could be profitable for residue streams with comparable characteristics to
common ivy as feedstock. Different independent LCA’s demonstrated that pyrolysis-based
biorefinery processes significantly reduce GHG-emissions compared to direct biomass
combustion [64], biomass combustion coupled with carbon capture and storage [65]. Yang
et al. [65] also confirmed the findings of Haledermans et al. [63] that such a process would
be profitable. From both analyses, TEA and LCA, can be concluded that our proposed
pyrolysis-based biorefinery process with carbon sequestration would be feasible in the near
future. However, it should be noted that further research on the impact of upscaling on

common ivy biochar properties is still pivotal for the process’s large scale application.

4 Conclusions
Common ivy shows great potential as a feedstock for sustainable biorefineries aiming at the

valorization of both extractives and spent biomass. It was shown that biochars produced at
400 °C have the most adequate properties to be used as soil fertilizers, due to their high
carbon and nitrogen contents, residual surface functionalities and lower ash content.
Ethanol extractions had positive effects on biochar yields, ash content and biochar stability
which resulted in increased carbon sequestration. Steam distillations lowered the ash
content, which led to a higher biochar stability and aromaticity as well as an increase in
carbon content compared to Rl biochar. However due to steam distillations lowering biochar
yields, the amount of sequestered carbon remained identical with RIB. Ultimately all three
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biochar streams (RIB, EIB and SIB) would be applicable as green fertilizer while also
sequestering significant fractions of carbon in soil. Future research should focus on further
elaborating on the biochar’s application as a soil fertilizer by performing large-scale plant

growth experiments in different types of soil.
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